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Abstract

This study was undertaken to investigate the inhibitory effects of granulocyte-macrophage

colony-stimulating factor (GM-CSF) on dimethylnitrosamine (DMN)-induced liver fibrosis in

rats. Liver fibrosis was induced in Sprague-Dawley rats by injecting DMN intraperitoneally

(at 10 mg/kg of body weight) daily for three consecutive days per week for 4 weeks. To

investigate the effect of GM-CSF on disease onset, GM-CSF (50 μg/kg of body weight) was

co-treated with DMN for 2 consecutive days per week for 4 weeks (4-week groups). To

observe the effect of GM-CSF on the progression of liver fibrosis, GM-CSF was post-treated

alone at 5–8 weeks after the 4 weeks of DMN injection (8-week groups). We found that

DMN administration for 4 weeks produced molecular and pathological manifestations of

liver fibrosis, that is, it increased the expressions of collagen type I, alpha-smooth muscle

actin (α-SMA), and transforming growth factor-β1 (TGF-β1), and decreased peroxisome

proliferator-activated receptor gamma (PPAR-γ) expression. In addition, elevated serum

levels of aspartate aminotransferase (AST), total bilirubin level (TBIL), and decreased albu-

min level (ALB) were observed. In both the 4-week and 8-week groups, GM-CSF clearly

improved the pathological liver conditions in the gross and histological observations, and

significantly recovered DMN-induced increases in AST and TBIL and decreases in ALB

serum levels to normal. GM-CSF also significantly decreased DMN-induced increases in

collagen type I, α-SMA, and TGF-β1 and increased DMN-induced decreases in PPAR-γ
expression. In the DMN groups, survival decreased continuously for 8 weeks after DMN

treatment for the first 4 weeks. GM-CSF showed a survival benefit when co-treated for the

first 4 weeks but a marginal effect when post-treated for 5–8 weeks. In conclusion, co-treat-

ment of GM-CSF showed therapeutic effects on DMN-induced liver fibrosis and survival

rates in rats, while post-treatment efficiently blocked liver fibrosis.
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Introduction

Liver fibrosis due to chronic liver injury is a major cause of mortality [1], and a global study

reported that liver fibrosis accounted for 2.2% of deaths [2]. Liver fibrosis is a wound-healing

response to chronic liver injuries resulting in excessive accumulation of extracellular matrix

(ECM) proteins in hepatic tissues. Progressive liver fibrosis advances to cirrhosis, liver fail-

ure, portal hypertension, and eventually hepatic dysfunction [3]. Various etiologies such as

chronic viral hepatitis, fat accumulation, alcoholic and nonalcoholic hepatic injuries, and

toxin/drug-induced metabolic or autoimmune diseases that cause repeated damage to liver

tissue have been implicated in liver fibrosis [4, 5]. Dimethylnitrosamine (DMN) is a well-

known hepatotoxin that induces liver fibrosis in rats [6], and the DMN-induced liver fibrosis

model closely resembles liver damage development in humans, which includes nodule gen-

eration, ascites, ECM deposition, biochemical alterations, and histopathological manifesta-

tions [7].

Pathophysiologically, chronic hepatic injuries initiate the production of various fibrogenic

cytokines in liver tissue, and the continued production of fibrogenic cytokines, such as trans-

forming growth factor-beta (TGF-β), connective tissue growth factor (CTGF), and platelet-

derived growth factor (PDGF), causes the transdifferentiation of quiescent nonparenchymal

hepatic stellate cells (HSCs) into fibrogenic myofibroblast-like cells [8]. This phenotypic trans-

formation of HSCs into the active myofibroblast-like proliferative state triggers the production

of a massive amount of ECM proteins, primarily fibrillar collagens, fibronectin, and alpha

smooth muscle actin (α-SMA), and ultimately leads to hepatic fibrosis [9–11]. Activated HSCs

are also responsible for the proliferation and migration of phenotypically transformed fibro-

blasts and the binding of TGF-β1 to its receptor, which triggers the migration of such fibro-

blasts [12]. Binding of TGF-β1 with type II receptor results in the recruitment and

phosphorylation of type I receptor and phosphorylates suppressor of mothers against decapen-

taplegic (Smad) 2 or 3 proteins. Phosphorylated Smad2 and Smad3 bind to Smad4 to form a

heterotrimeric complex, which translocates to the nucleus and transcribes genes involved in

ECM synthesis and deposition [13]. Due to the importance of TGF-β signaling, ECM synthe-

sis, and HSC transformation in the pathophysiology of liver fibrosis, state-of-the-art antifibro-

tic strategies that target the ECM [14] and HSCs [15] and stem cell-based therapies [16] that

target TGF-β1 [17] and enhance antifibrotic efficacy [18] are currently used to treat liver

fibrosis.

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a multipotent cytokine

synthesized by macrophages, lymphocytes, fibroblasts, endothelial cells, and others [19].

GM-CSF has been implicated in a multitude of biological functions such as the chemotaxis of

inflammatory cells to wound sites [20], the proliferation and differentiation of early hemato-

poietic progenitor cells [21], epithelial regeneration [21], and wound-healing and neovascular-

ization [22]. GM-CSF plays a complex tissue-dependent role in fibrosis [23], and has antiviral

and immunoregulatory effects in chronic hepatitis B [24]. Furthermore, GM-CSF has been

shown to promote hepatic regeneration after 70% hepatectomy by enhancing hepatocellular

DNA synthesis in a rat model [25].

Previously, we demonstrated that GM-CSF inhibits glial formation and has a long-term

protective effect after spinal cord injury [26]. Additionally, we have shown that GM-CSF has

therapeutic potential for the remodeling of vocal fold (VF) wounds and promotion of VF

regeneration [20], and the stimulation and mobilization of bone marrow mesenchymal stem

cells (MSCs) [27]. Furthermore, in a previous study, we showed that GM-CSF inhibited the

TGF-β-induced Rho-ROCK pathway and reduced excessive expression of chondroitin sulfate

proteoglycan (CSPG) core proteins in rat primary astrocytes [28]. In the present study, we
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produced a rat DMN-induced liver fibrosis model and examined the anti-hepatofibrotic effects

of GM-CSF on liver fibrosis. The potential mechanisms responsible for the attenuation of liver

fibrosis by GM-CSF are discussed.

Materials and methods

Chemicals and antibodies

DMN was purchased from Wako Pure Chemical Industries (147–03781, Richmond, VA,

USA). Recombinant mouse GM-CSF was obtained from Chemicon (Temecula, CA, USA).

Anti-collagen type I antibody (ab34710, rabbit polyclonal), anti-α-SMA antibody (ab5694, rab-

bit polyclonal), and goat anti-rabbit IgG H&L (HRP) antibody (ab205718) were purchased

from Abcam (Cambridge, MA, USA). Anti-β-actin antibody (sc-47778) was purchased from

Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-TGF-β1 antibody was purchased from

Sigma (St. Louis, MO, USA); and anti-peroxisome proliferator-activated receptor-gamma

(PPAR-γ) antibody (A3409A) was purchased from Thermo Fisher Scientific (Waltham, MA,

USA).

Experimental design

The study was carried out in compliance with ARRIVE guidelines (https://arriveguidelines.

org). The experimental protocols for the animal study were approved by the Inha University

Institutional Animal Care and Use Committee (INHA-IACUC, approval ID: INHA 170228-

484-2). All methods were carried out in accord with relevant guidelines and regulations. All

animals were treated strictly following approved protocols. Sixty male Sprague-Dawley rats

(8 weeks, 300 g) were purchased from Orient-Bio (Gyeonggi-do, South Korea). Rats were

housed in a pathogen-free animal facility under 12 h light/dark cycle at constant tempera-

ture and humidity throughout the experiment. All rats were fed with standard rat chow with

access to tap water ad libitum. After 1 week of acclimatization, animals were assigned ran-

domly into 6 groups (n = 10 per group). Liver fibrosis was induced in the rats by intraperito-

neal (IP) injection of DMN (10 mg/kg body weight daily) three times weekly for 4 weeks

and sacrificed 4 or 8 weeks after commencing DMN administration using carbon dioxide

(CO2).

For GM-CSF treatment, rats in the 4-week groups received GM-CSF (50 μg/kg body weight

daily, IP) from the day of commencing DMN administration twice per week for 4 weeks,

whereas rats in the 8-week groups received GM-CSF using the same protocol during the 5th to

8th weeks after commencing DMN administration. Sham controls were administered equal

volumes of saline (0.9%, IP). The experimental groups were as follows:

1. Control-4w (saline for 1–4 weeks; sacrificed at the end of the 4th week)

2. DMN-4w (DMN only for 1–4 weeks; sacrificed at the end of the 4th week)

3. DMN+GM-4w (DMN and GM-CSF for 1–4 weeks; sacrificed at the end of the 4th week)

4. Control-8w (saline for 1–4 weeks; sacrificed at the end of the 8th week)

5. DMN-8w (DMN only for 1–4 weeks; sacrificed at the end of the 8th week)

6. DMN+GM-8w (DMN for 1–4 weeks; GM-CSF for 5–8 weeks; sacrificed at the end of the

8th week).

Body weights were measured 3 times per week and once immediately before excising livers.
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Serum biochemical analysis

Blood samples were collected from heart chambers 4 or 8 weeks after commencing DMN

administration. Samples were left at room temperature (RT) for 30 min, centrifuged at 3000

rpm for 10 min, and serum was stored at −70˚C until required for the analyses of aspartate

aminotransferase (AST), albumin (ALB), and total bilirubin (TBIL), which was performed by

spectrometry using a Beckman Coulter AU680 Chemistry Analyzer (Beckman Coulter Life

Sciences, Ariake Koto-Ku, Tokyo, Japan).

Histopathological examination

After sacrifice, whole livers were excised, weighed, and fixed in 10% neutral formalin solution.

Histopathological slides of tissue samples were prepared by a certified histopathologist. Briefly,

fixed liver samples were embedded in paraffin blocks, and 5 μm thick sections were prepared.

Paraffin-embedded sections were deparaffinized and processed for Sirius Red and hematoxy-

lin-eosin (H&E) staining, which have been previously used to evaluate the progression of liver

fibrosis [29, 30].

Immunohistochemical examination

Thin liver tissue sections with 5 μm thickness were prepared and mounted on slides, deparaffi-

nized in xylene, and rehydrated using an alcohol series. The levels of collagen type I, α-SMA,

TGF-β1, and PPAR-γ were determined by immunohistochemical staining using appropriate

primary antibodies as described in ’Chemicals and Antibodies’ according to the manufactur-

er’s instructions.

Western blot analysis

Total proteins in liver tissues were obtained using RIPA buffer (Thermo Fisher Scientific),

according to the manufacturer’s instructions. Liver tissues were homogenized in 300 μL RIPA

buffer [0.5% Nonidet P-40, 20 mM Tris-Cl (pH 8.0), 50 mM NaCl, 50 mM NaF, 100 μM

Na3VO4, 1 mM dithiothreitol, 50 μg/mL phenylmethylsulfonyl fluoride] containing protease

inhibitors, and homogenates were centrifuged at 13,200 rpm for 30 min at 4˚C. Proteins

(30 μg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) and electrotransferred to polyvinylidene difluoride (PVDF) membranes, which

were blocked with non-fat milk solution in Tris-buffered saline containing 0.1% Tween-20

(TBST) for 1 h at RT. Membranes were then incubated with primary antibodies (α-SMA, col-

lagen type I, TGF-β1, or β-actin) at manufacturers’ recommended concentrations overnight at

4˚C. After washing, membranes were incubated with horseradish peroxidase (HRP)-conju-

gated anti-rabbit secondary antibodies directed against primary antibodies for 1 h at RT. Blots

were detected using an enhanced Bio-Rad Western blot detection system (Bio-Rad Laborato-

ries, Hercules, CA, USA). The antibodies used were the same as those used for

immunohistochemistry.

Image analysis

Prepared histopathological or immunohistologic slides were examined under a microscope

(DMi8, Leica Microsystems Inc., Buffalo Grove, IL, USA), and acquired images were analyzed

quantitatively using Image J software [31]. Briefly, acquired images (n = 5 for each group)

were deconvoluted, threshold adjusted, and percentage expressions were calculated. Results

are presented as means ± standard errors of means.
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Statistical analysis

Statistical analyses were performed using SPSS software (Version 20, IBM SPSS Statistics, IBM

Corp., Armonk, NY, USA). Results are presented as means ± SEMs (standard error of means).

One-way analyses of variance (ANOVA) followed by Tukey’s post hoc test was used to deter-

mine the significances of intergroup differences. Statistical significances are represented as
���p� 0.001, ��p� 0.01, or �p� 0.05, and ns (not significant).

Results

GM-CSF reduced DMN-induced hepatofibrosis

DMN administration induced significant hepatofibrotic changes in liver tissues in the DMN-

4w and -8w groups. Qualitative examination of H&E-stained slides showed that DMN induced

distinct changes in the cellular architecture of liver tissue, which exhibited bands typical of

fibrotic liver (Figs 1 and 2). These fibrotic bands were not observed in the corresponding

sham-treated groups. In addition, liver sections in the DMN-4w and -8w groups exhibited

abnormal hepatic plate arrangement, inflammatory cell infiltration, collagen fiber deposition,

and fibrosis (Figs 1 and 2). Sham controls had a normal lobular architecture with structurally

intact hepatic lobules and an orderly arrangement of hepatic plates (Figs 1 and 2). DMN-

induced hepatofibrosis was further confirmed by elevated collagen expression as determined

by Sirius Red staining. Sirius Red-staining showed that DMN increased extracellular collagen

deposition in liver tissue in both the DMN-4w and -8w groups (Figs 1 and 2). Furthermore,

immunohistochemical staining showed a marked increase in the levels of collagen type I and

α-SMA expression in the DMN-treated groups. Both DMN-4w- and -8w groups demonstrated

significantly higher collagen type I expression and α-SMA-positive cell numbers than the cor-

responding sham-treated control groups (Figs 1 and 2).

In the DMN+GM-4w and -8w groups, GM-CSF treatment prevented DMN-induced liver

damage. H&E staining showed a normal arrangement of hepatic plates, a reduction in inflam-

matory cell infiltration, and thickening of collagen bundles in the DMN+GM groups as com-

pared with the corresponding DMN groups (Figs 1 and 2). Sirius Red staining confirmed

GM-CSF treatment reduced DMN-induced collagen deposition. Consistent with Sirius stain-

ing results, GM-CSF treatment significantly suppressed the DMN-induced expressions of col-

lagen type I and α-SMA in the DMN+GM-4w and -8w groups (Figs 1 and 2).

Sirius-Red-positive cell changes in the DMN-4w and DMN+GM-CSF-4w groups were

22.58 (± 0.59) and 3.52 (± 0.46), respectively, and in the DMN-8w and DMN+GM-CSF-8w

groups were 18.36 (± 1.44) and 3.69 (± 0.18), respectively, as compared with corresponding

sham-treated control groups (Fig 3A). DMN treatment significantly increased Sirius-Red-pos-

itive cell counts in the DMN+GM-4w and -8w groups (p� 0.001), and Sirius-Red-positive cell

counts were significantly lower in the DMN-4w and -8w groups than in the corresponding

DMN+GM-4w and -8w groups (p� 0.001).

Likewise, fold increases in collagen type I in the DMN-4w and DMN+GM-4w groups were

28.10 (± 1.16) and 2.71 (± 1.16), respectively, and in the DMN-8w and DMN+GM-8w groups

were 19.68 (± 1.34) and 2.69 (± 1.34), respectively, versus corresponding sham control (Fig

3B). Expressions of α-SMA were also 15.21 (± 1.15) and 11.84 (± 0.59) fold higher in the

DMN-4w and -8w groups, respectively, than in the corresponding control groups, and these

expressions were substantially lower in the DMN+GM-4w and -8w 1.67 (± 0.09) and 1.48

(± 0.26) folds, respectively (Fig 3C). Furthermore, these increases in collagen type I and α-

SMA expression levels in the DMN-4w and -8w groups were significant (p� 0.001), as were

observed reductions in the expressions of collagen type I and α-SMA (p� 0.001).
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Fig 1. Effects of GM-CSF on DMN-induced histopathological changes in the 4-week group. Liver tissues were collected 29 days

after initial DMN administration and fixed in 10% neutral formalin. Thin sections (5 μm) were cut and stained with hematoxylin

and eosin (H&E) and Sirius Red. Collagen type I and α-SMA proteins were detected immunohistochemically. Scale bar = 100 μm.

https://doi.org/10.1371/journal.pone.0274126.g001
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Fig 2. Effects of GM-CSF on DMN-induced histopathological changes in DMN+GM-8w group. Liver tissues were collected 57

days after initial DMN administration and fixed in 10% neutral formalin solution. Thin sections (5 μm) were cut and stained with

hematoxylin and eosin (H&E) and Sirius Red. Collagen I and α-SMA proteins were detected immunohistochemically. Scale

bar = 100 μm.

https://doi.org/10.1371/journal.pone.0274126.g002
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GM-CSF reduced DMN-induced liver damage and inhibited hepatotoxicity

Qualitative visual inspection of excised livers showed that the liver lobes in the sham-treated

control groups were brown, smooth, and soft with glossy surfaces (Fig 4A). Surfaces of DMN-

treated livers were rough, coarse, hard, shrunken, scarred, and dark, whereas livers in the

GM-CSF groups had smoother surfaces, an enhanced brown texture, no scars, and a texture

similar to that of sham controls. The DMN-4w and -8w groups had significantly lower liver

Fig 3. The effects of GM-CSF on DMN-induced histopathological changes. (A) Sirius Red staining, (B) collagen type I content, and (C) α-SMA

expression. Data were calculated from liver tissue sections (Figs 2 and 3). Colors corresponding to Sirius Red, collagen type I, and α-SMA for each rat

were separated by deconvolution, and color intensities corresponding to Sirius Red, collagen type I, and α-SMA were measured. Results were averaged

and normalized with respect to the corresponding control groups and are presented as fold-changes, expressed as means (± SEM) was significantly

different between the control and DMN-treated groups and between the DMN-treated groups and DMN+GM-CSF groups (���p� 0.001).

https://doi.org/10.1371/journal.pone.0274126.g003

Fig 4. Effects of GM-CSF on DMN-induced changes in liver morphology, texture, and weight. (A) Images showing the morphology and

texture of liver lobes in the control group, DMN-4w and -8w groups, and DMN+GM-4w and -8w groups. Note that DMN-treatment markedly

changed both liver morphology and texture, and that GM-CSF treatment prevented DMN-induced changes in liver morphology and texture in

the DMN+GM-4w and -8w groups. Scale bar = 1 cm. (B) Histograms showing changes in liver weight with respect to the corresponding controls

in the DMN-4w and -8w and DMN+GM-4w and -8w groups. GM-CSF treatment significantly suppressed DMN-induced reductions in liver

weight in both the 4- and 8-week treatment groups (���p� 0.001).

https://doi.org/10.1371/journal.pone.0274126.g004
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weights, when compared to the decrease of corresponding body weights. Mean liver weight

was 3.91 (± 0.09) g in the Control-4w group and 2.94 (± 0.15) g in the DMN-4w group and

3.87 (± 0.06) g in the Control-8w group and 2.66 (± 0.23) g in the DMN-8w group. Percentage

decreases in liver weights in the DMN-4w and DMN-8w groups were 24.85 (± 1.13) % and

25.91 (± 1.28) %, respectively, as compared with corresponding sham-treated controls (Fig

4B). GM-CSF significantly reduced DMN-induced liver weight loss. Mean liver weights were

3.58 (± 0.1) g in the DMN+GM-4w group and 3.52 (± 0.12) g in the DMN+GM-8w group.

Percentage decreases in liver weights in the DMN+GM-4w and DMN+GM-8w groups were

only 11.18 (± 1.12) % and 9.94 (± 1.08) %, respectively, versus corresponding sham controls.

The reduction in liver weight loss by GM-CSF in the DMN+GM-4w and -8w groups was sig-

nificant versus the DMN groups. These results demonstrate that GM-CSF reduced DMN-

induced liver damage and inhibited hepatotoxicity.

GM-CSF improved DMN-induced liver dysfunction

Biochemical analyses of liver functions showed that rats in the DMN-4w and -8w groups

developed hepatic injuries, as evidenced by significantly higher concentrations of AST and

TBIL and a significantly lower concentration of ALB compared to sham-treated control rats

(Fig 5). GM-CSF treatment prevented DMN-induced liver dysfunction in the DMN+GM-4w

and -8w groups. Quantitatively, the mean (± SEM) concentrations of AST (U/L) in the Con-

trol-4w, DMN-4w, and DMN+GM-4w groups were 105.8 (± 8.36), 200.9 (± 30.97), and 125.4

(± 12.07), respectively, and in the Control-8w, DMN-8w, and DMN+GM-8w groups were

100.6 (± 7.25), 215.2 (± 11.20), and 126.7 (± 11.88), respectively (Fig 5A). Furthermore, mean

(± SEM) concentrations of AST (U/L) in the Control-4w vs. DMN-4w (p� 0.01), DMN-4w

vs. DMN+GM-4w (p� 0.05), Control-8w vs. DMN-8w (p� 0.001), and DMN-8w vs. DMN

+GM-8w (p� 0.01) groups were statistically significant, while those in the Control-4w and

DMN+GM-4w groups and the Control-8w and DMN+GM-8w groups were non-significant.

Similarly, the means (±SEMs) of TBIL (mg/dL) for the Control-4w, DMN-4w, and DMN

+GM-4w groups were 0.18 (± 0.05), 0.88 (± 0.08), and 0.39 (± 0.06), respectively, and those of

the Control-8w, DMN-8w, and DMN+GM-8w groups were 0.14 (± 0.03), 0.69 (± 0.17), and

Fig 5. Effects of GM-CSF on DMN-induced hepatotoxicity. Blood samples were collected from venous and arterial blood vessels and heart chambers

at 4 or 8 weeks after commencing DMN administration. Aspartate aminotransferase (AST), albumin (ALB), and total bilirubin (TBIL) in blood serum

were determined spectrophotometrically. Changes in serum AST (U/L) (A), TBIL (mg/dL) (B), and ALB (g/dL) (C) in the DMN-4w and -8w and DMN

+GM-4w and -8w groups. Results are expressed as means ± SEMs. The significances of differences between the control and DMN-treated groups and

between DMN-treated groups and DMN+GM-CSF groups are expressed as ���p� 0.001, ��p� 0.01, and �p� 0.05.

https://doi.org/10.1371/journal.pone.0274126.g005
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0.27 (± 0.05), respectively (Fig 5B). Differences between mean (± SEM) TBIL (mg/dL) values

of the Control-4w and DMN-4w (p� 0.001), DMN-4w and DMN+GM-4w (p� 0.01), Con-

trol-8w and DMN-8w (p� 0.01), and DMN-8w and DMN+GM-8w (p� 0.05) groups were all

significant, while those between the Control-4w and DMN+GM-4w groups and between the

Control-8w and DMN+GM-8w groups were non-significant.

The mean (± SEM) concentrations of ALB (g/dL) in the Control-4w, DMN-4w, and DMN

+GM-4w groups were 3.14 (± 0.04), 2.33 (± 0.09), and 3.06 (± 0.11), respectively, and those for

the Control-8w, DMN-8w, and DMN+GM-8w groups were 3.13 (± 0.04), 2.29 (± 0.15), and

2.79 (± 0.08), respectively (Fig 5C). Difference between mean (± SEM) concentrations of TBIL

(mg/dL) in the Control-4w and DMN-4w (p� 0.001), DMN-4w and DMN+GM-4w

(p� 0.001), Control-8w and DMN-8w (p� 0.001), and DMN-8w and DMN+GM-8w

(p� 0.05) groups were significant, while those between the Control-4w and DMN+GM-4w

and Control-8w and DMN+GM-8w groups were non-significant. These results further con-

firm the hepatoprotective effects of GM-CSF on DMN-induced liver dysfunction.

GM-CSF improved survival rates and increased the body weights of DMN-

treated rats

Rats in the Control-4w and Control-8w groups survived the experimental period (Fig 6A and

6B). However, 40% of rats in the DMN-4w group and 70% in the DMN-8w group died. Inter-

estingly, GM-CSF significantly increased the survival of rats in the DMN+GM-4w (co-treat-

ment) group but not in the -8w (post-treatment) group. Rats in the DMN+GM-4w group

achieved 100% survival (Fig 6A), whereas rats in the DMN+GM-8w group showed no signifi-

cant difference in the survival rates from the DMN-treated rats (Fig 6B).

Four weeks of DMN administration significantly reduced bodyweights. Rats in the DMN-

4w group lost 11.38 (± 4.68) % of bodyweight versus baseline, while bodyweights in the Con-

trol-4w group increased by 19.46 (± 2.46) % (Fig 6C). However, GM-CSF treatment prevented

DMN-induced bodyweight loss. The DMN+GM-4w group showed an 8.78 (± 1.46) % increase

in bodyweight over four weeks, and mean bodyweight in the DMN+GM-4w group (350.8

(± 5.19) g) was significantly higher than in the DMN-4w group (289.17 (± 9.51) g), though

baseline bodyweights were comparable (322.5 (± 2.8) g and 326 (± 2.74) g respectively) (Fig

6C). Similarly, mean bodyweight in the DMN-8w group was 11.33 (± 7.12) % lower than at

baseline. GM-CSF significantly prevented DMN-induced bodyweight lost in the DMN+GM-

4w groups but not in DMN+GM-8w groups (Fig 6D).

GM-CSF inhibited DMN-induced increases in TGF-β1 protein levels

Visual assessments of immunohistochemical slides showed that DMN significantly increased

TGF-β1 expression, and that GM-CSF substantially reduced this increase in the DMN+GM-

4w and -8w groups (Fig 7A). DMN increased TGF-β1 levels by 11.05 (± 0.16) and 11.34 (±
0.09) fold in the DMN-4w and -8w groups, respectively. However, TGF-β1 levels in DMN

+GM-4w and -8w groups were comparable to those in the corresponding control groups (Fig

7B). Differences between TGF-β1 levels in the Control-4w and DMN-4w groups and DMN-

4w and DMN+GM-4w groups were significant (p� 0.001), but the difference between TGF-

β1 levels in the Control-4w and DMN+GM-4w groups was not. Similarly, differences between

TGF-β1 levels in the Control-8w and DMN-8w groups and DMN-8w and DMN+GM-8w

groups were also significant (p� 0.001), but differences between TGF-β1 levels in the Con-

trol-8w and DMN+GM-8w groups was not. The lower TGF-β1 levels in GM-CSF-treated

groups as compared with corresponding DMN-treated groups suggested GM-CSF has an

inhibitory effect on the TGF-β1 pathway.
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GM-CSF suppressed DMN-induced reductions in PPARγ proteins levels

DMN significantly lowered PPARγ levels in liver tissues, and GM-CSF co-treatment markedly

suppressed this reduction in the DMN+GM-4w and -8w groups (Fig 8A). DMN administra-

tion reduced PPARγ levels by 0.71 (± 0.03) and 0.35 (± 0.02) folds in the DMN-4w and -8w

groups, respectively, but PPARγ levels in the DMN+GM-4w and -8w groups were comparable

Fig 6. Effects of GM-CSF on DMN-induced changes in survival and body weights. Survivals of sham controls (n = 10), DMN-4w and -8w groups

(n = 10), and DMN+GM-4w and -8w groups (n = 10) for (A) 4-week groups and (B) 8-week groups. Deaths were recorded weekly and used to calculate

survival rates. Bodyweights are shown for sham controls, DMN-treated rats, and DMN+GM rats for (C) 4-week groups and (D) 8-week groups.

Bodyweights were measured weekly throughout the study. Results are expressed as means (± SEMs). The significances of differences between the

control and DMN-treated groups with or without GM-CSF are expressed as ##p� 0.01 and #p� 0.05. Significant differences were observed between

DMN-treated groups and DMN+GM-CSF groups (��� p� 0.001).

https://doi.org/10.1371/journal.pone.0274126.g006
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to those in the corresponding control groups (Fig 8B). Differences between PPARγ expression

levels in the Control-4w and DMN-4w groups and DMN-4w and DMN+GM-4w groups were

significant (p� 0.001), but the difference between PPARγ levels in the Control-4w and DMN

+GM-4w was not. Similarly, differences between PPARγ levels in the Control-8w and DMN-

8w groups and DMN-8w and DMN+GM-8w groups were significant (p� 0.001), but the

Fig 7. Effects of GM-CSF on DMN-induced TGF-β1 expression. (A) Representative images of TGF-β1 immunohistochemical staining in the DMN,

DMN+GM, and control 4 and 8-week groups are shown. (B) Quantitative analysis of TGF-β1 expressions. Results are expressed as normalized means

(± SEM) with respect to controls. Significant differences were observed between the controls and DMN-treated groups and between the DMN-treated

groups and DMN+GM-CSF groups (���p� 0.001). Scale bar = 100 μm.

https://doi.org/10.1371/journal.pone.0274126.g007

Fig 8. Effects of GM-CSF on the DMN-induced inhibition of PPAR-γ expression. (A) Representative images of PPAR-γ immunohistochemical

staining in DMN, DMN+GM, and control 4- and 8-week groups are shown. (B) Quantitative analysis of PPAR-γ expressions. Results are expressed as

normalized means (± SEM) with respect to controls. Significant differences were observed between the control and DMN groups and between the

DMN and DMN+GM-CSF groups (���p� 0.001). Scale bar = 100 μm.

https://doi.org/10.1371/journal.pone.0274126.g008
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difference between PPARγ expression levels in the Control-8w and DMN+GM-8w groups was

not.

Western blot analysis confirmed the effects of GM-CSF on protein levels

Western blotting showed that DMN significantly increased collagen type I, α-SMA, and TGF-

β1 levels and that GM-CSF significantly suppressed this increase in the DMN+GM-4w and

-8w groups (Fig 9A). Fold increases versus corresponding controls of collagen type I (Fig 9B),

Fig 9. Western blot analysis of collagen type I, α-SMA, and TGF-β1 in liver. (A) Western blot images showing the expressions of collagen type I,

α-SMA, and TGF-β1. β-Actin was used as the internal control. Gray density scanning results of (B) collagen type I, (C) α-SMA, and (D) TGF-β1 are

shown. Results are expressed as means (± SEMs). Significant differences were observed between the control and DMN groups and between the DMN

groups and the DMN+GM-CSF groups (���p� 0.001).

https://doi.org/10.1371/journal.pone.0274126.g009
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α-SMA (Fig 9C), and TGF-β1 (Fig 9D) in the DMN+GM-4w and DMN-4w groups were 3.45

(± 0.25) and 21.66 (± 0.65), 1.47 (± 0.27) and 6.47 (± 0.41), and 1.1 (± 0.15) and 2.4 (± 0.45),

respectively, and in the DMN+GM-4w and -8w groups were 3.78 (± 0.37) and 15.32 (± 0.87),

1.53 (± 0.26) and 4.18 (± 0.44), and 1.16 (± 0.02) and 1.82 (± 0.14) respectively.

Discussion

DMN is a potent liver-specific toxin commonly used to induce liver fibrosis in animal models.

Chronic administration of DMN to rats causes advanced liver fibrosis with diffuse nodularity,

marked portal hypertension, and accumulation of ascites [32], and repeated injections induce

the abnormalities and biochemical and pathological manifestations of liver injury leading to

liver fibrosis. In the current study, DMN injections for 4 weeks induced liver fibrosis in rats,

and this pathophysiology was maintained at 8 weeks without additional DMN injections.

DMN-treated rat livers exhibited several characteristic pathological features of liver fibrosis,

such as a shrunken, dark appearance with a hardened, rough surface and an abnormal

arrangement of hepatic plates, infiltrating inflammatory cells, and collagen fiber deposition. In

addition, serum biochemical indicators of liver inflammation such as AST, ALB, and TBIL

were released into the bloodstream from the livers of DMN-treated rats.

The development and progression of liver fibrosis is a consequence of highly coordinated

cellular and molecular processes following chronic liver injury that lead to the activation of

HSCs. This activation from the quiescent state is considered a hallmark of hepatic fibrosis and

results in collagen accumulation and ECM deposition in liver [33]. Furthermore, HSC activa-

tion is marked by highly upregulated levels of α-SMA [34], which leads to a myofibroblast-like

phenotype and the deposition of large quantities of ECM components in liver [35]. Chronic

exposure to DMN also increases α-SMA deposition, a widely accepted marker of the transacti-

vation of HSCs to myofibroblasts [36]. In the present study, DMN injections increased the

expressions of collagen type I and α-SMA protein in liver tissues in the DMN-4w and -8w

groups, indicating HSCs activation.

TGF-β1 is a cytokine that directly activates HSCs and the fibrotic process [37]. Pathophy-

siologically, upon activation, TGF-β1 binds to its receptors and initiates the Smad-dependent

and/or Smad-independent signaling pathways, which result in the upregulation of profibrotic

genes, such as those encoding α-SMA and ECM proteins, and the secretions of cytokines and

growth factors required for fibrosis [38]. DMN also activates TGF-β1 in rat liver [39]. We

observed DMN markedly increased TGF-β1 expression in rat livers in the DMN-4w and -8w

groups. Because of the significance of TGF-β1 activation in liver fibrosis progression, TGF-β1

pathway inhibition remains a therapeutic strategy for liver fibrosis [40].

GM-CSF has been shown to exert several pharmacological effects. In a previous study, we

found GM-CSF inhibited TGF-β1-dependent collagen synthesis in a rabbit model of vocal fold

scarring [28], and hypothesized that GM-CSF might also inhibit TGF-β1-dependent liver

fibrosis. Consistent with this hypothesis, GM-CSF substantially reduced TGF-β1 expression in

the livers of DMN-treated rats in the DMN-4w and -8w groups. Furthermore, immunohisto-

chemical analyses showed TGF-β1 levels were significantly lower in DMN+GM groups than in

DMN groups. In addition, we found that GM-CSF significantly prevented the DMN-induced

decrease in PPARγ levels, which further confirmed the anti-hepatofibrotic effect of GM-CSF.

It has been shown that the upregulation of PPAR-γ by GM-CSF is a prerequisite for the effect

of GM-CSF because when PPAR-γ is activated/upregulated, it suppresses inflammation and

inhibits the TGF-β1 signaling pathways. This inhibition of TGF-β1- increases α-SMA and col-

lagen type I expression levels and ultimately reduces ECM deposition and ameliorates hepatic

fibrosis in hepatic cells [41–43]. Based on these observations, we conclude that GM-CSF
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protects against DMN-induced rat liver fibrosis by inhibiting a TGF-β1 signaling pathway

involving PPAR-γ. However, we acknowledge that we do not have direct evidence indicating

which signaling pathway is responsible for the GM-CSF-induced inhibition of TGF-β1 expres-

sion in rat liver fibrosis. Nonetheless, we previously showed that GM-CSF blocks the Rho-

ROCK signal downstream of TGF-β1 activation in a rat model of spinal cord injury [28]. Like-

wise, we have found that GM-CSF inhibited TGF-β1-induced collagen synthesis in human

vocal fold fibroblast injury [20]. In this previous study, GM-CSF up-regulated hepatocyte

growth factor (HGF) and its membrane-spanning tyrosine kinase receptor, c-Met, but did not

regulate TGF-β1 expression. Notably, HGF expression favors the downregulation of collagen,

whereas TGF-β1 increases the production of collagen type I and fibronectin. In another study,

we showed GM-CSF activated major JAK-STAT, PI3K-AKT, and RAS-MAPK signal pathways

[44, 45]. Thus, the molecular mechanism and the signaling pathway initiated by GM-CSF that

leads to inhibition of the TGB-β1 pathway in liver fibrosis is complex. Additional studies are

required to clarify the mechanisms involved.

The accumulation of ECM proteins has been reported to disturb liver architecture by form-

ing fibrous scars and subsequently cirrhosis with nodules of regenerating hepatocytes, which

often leads to progressive loss of liver function [3]. Hence, anti-fibrogenic therapies that sup-

press the activation of HSCs are considered an attractive means of preventing the pathological

progression to cirrhosis in chronic liver diseases [46]. The results of the current study show

that the number of α-SMA positive cells in liver was increased by DMN treatment, but that

GM-CSF administration suppressed this increase and increased collagen accumulation. Taken

together, these findings suggest that the antifibrotic effect of GM-CSF is due to the suppression

of HSC activation. Moreover, GM-CSF inhibited DMN-induced liver damage and hepatotox-

icity and increased body weights and survival rates. The hepatoprotective effects of GM-CSF

were further confirmed by the prevention of DMN-induced liver weight loss. Furthermore,

intraperitoneal GM-CSF injection maintained hepatic biomarkers and histological integrity at

near normal levels.

Some rats died in the DMN+GM-8w group, in which animals were injected with DMN for

the first 4 weeks and GM-CSF for the following 4 weeks, and most of the rats that died suc-

cumbed before the end of the 4th week, and thus were not treated with GM-CSF. On the other

hand, in the DMN+GM-4w group, in which GM-CSF and DMN were co-administered,

GM-CSF considerably minimized the toxic effects of DMN. It is not clear why GM-CSF post-

treatment improved histology and gene expression levels but not survival rate. We speculate

that the therapeutic effects of GM-CSF at the molecular and cellular levels were insufficient to

improve survival rate in the sequential treatment model. Therefore, it would appear that the

therapeutic effects of GM-CSF, including its effect on survival rate, depend on the pathophysi-

ology of liver injury and that GM-CSF should be administered as soon as possible after liver

injury.

Several earlier studies have also reported that GM-CSF has hepatoprotective effects [25, 47].

Importantly, exogenous GM-CSF administration has been reported to increase proliferative

indices in normal livers and to promote hepatocellular DNA synthesis [25]. In addition,

GM-CSF-deficient mice were found to develop hepatosteatosis resembling nonalcoholic fatty

liver disease [48]. However, other studies have reported hepatoprotective effects for anti-

GM-CSF agents [49, 50], and thus, reported results in the literature conflict regarding the

effects of GM-CSF on liver fibrosis. However, it should be noted that the pathophysiology of

liver fibrosis is a dynamic and progressive process involving diverse, complicated mechanisms

and that these studies were performed using various liver disease models in animals and

humans. The inflammatory state of liver fibrosis changes significantly during the progression

of liver fibrosis and the subsequent formation of hepatocellular carcinoma (HCC) [51]. The
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temporal inflammatory status of fibrotic liver tissues and livers with HCC tumors is an impor-

tant factor that dictates therapeutic strategies. For example, anti-angiogenic therapy for liver

fibrosis works only during the early-stage liver fibrosis and does not reverse late-stage disease

[52]. Hence, the choice of GM-CSF or anti-GM-CSF therapy depends on liver fibrosis status

and other factors, such as the type of disease model used.

Conclusion

In summary, our results confirm the inhibitory and therapeutic effects of GM-CSF against

DMN-induced liver fibrosis in rats. Our results show that GM-CSF had specific therapeutic

effects on pathological changes in liver. Furthermore, the study demonstrates that GM-CSF

acts as anti-fibrogenic agent and can significantly reduce the DMN-induced increases in colla-

gen type I and α-SMA, possibly by suppressing TGF-β1 expression and increasing PPAR-γ
expression, which might ultimately suppress HSC activation. However, we did not address the

molecular mechanism responsible for the effects of GM-CSF, though we speculate it might

depend on one or more diverse cellular actions of GM-CSF, such as stem cell activation,

enhanced immune cell functionality, or direct inhibition of liver fibrosis. In practice, it is diffi-

cult to address this subject due to the complicated pathophysiology of liver fibrosis. Neverthe-

less, further studies will undoubtedly improve understanding and provide important clues.

Acknowledgments

The authors would like to acknowledge Dr. Moon Hang Kim for his help and support during

this study.

Author Contributions

Conceptualization: Mrigendra Bir Karmacharya, Binika Hada, Kil Hwan Kim, Byung Hyune

Choi.

Data curation: Mrigendra Bir Karmacharya, Binika Hada.

Formal analysis: Mrigendra Bir Karmacharya, Binika Hada, Kil Hwan Kim.

Funding acquisition: Kil Hwan Kim, Byung Hyune Choi.

Investigation: So Ra Park, Kil Hwan Kim, Byung Hyune Choi.

Methodology: Mrigendra Bir Karmacharya, Binika Hada.

Project administration: Kil Hwan Kim, Byung Hyune Choi.

Resources: So Ra Park, Kil Hwan Kim, Byung Hyune Choi.

Software: Byung Hyune Choi.

Supervision: Kil Hwan Kim, Byung Hyune Choi.

Validation: So Ra Park, Byung Hyune Choi.

Writing – original draft: Mrigendra Bir Karmacharya, Binika Hada.

Writing – review & editing: So Ra Park, Kil Hwan Kim, Byung Hyune Choi.

References
1. Koyama Y, Brenner DA. Liver inflammation and fibrosis. J Clin Invest. 2017; 127(1):55–64. https://doi.

org/10.1172/JCI88881 PMID: 28045404

PLOS ONE GM-CSF protects DMN-induced liver fibrosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0274126 September 2, 2022 16 / 19

https://doi.org/10.1172/JCI88881
https://doi.org/10.1172/JCI88881
http://www.ncbi.nlm.nih.gov/pubmed/28045404
https://doi.org/10.1371/journal.pone.0274126


2. GBD 2013 Mortality and Causes of Death Collaborators. Global, regional, and national age-sex specific

all-cause and cause-specific mortality for 240 causes of death, 1990–2013: a systematic analysis for

the Global Burden of Disease Study 2013. Lancet. 2015; 385(9963):117–71. https://doi.org/10.1016/

S0140-6736(14)61682-2 PMID: 25530442

3. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest. 2005; 115(2):209–18. https://doi.org/10.1172/

JCI24282 PMID: 15690074

4. Hernandez-Gea V, Friedman SL. Pathogenesis of liver fibrosis. Annu Rev Pathol. 2011; 6:425–56.

https://doi.org/10.1146/annurev-pathol-011110-130246 PMID: 21073339.

5. Pinzani M. Pathophysiology of liver fibrosis. Dig Dis. 2015; 33(4):492–7. https://doi.org/10.1159/

000374096 PMID: 26159264

6. Chooi KF, Kuppan Rajendran DB, Phang SS, Toh HH. The dimethylnitrosamine induced liver fibrosis

model in the rat. J Vis Exp. 2016;(112):54208. https://doi.org/10.3791/54208 PMID: 27340889

7. George J, Rao KR, Stern R, Chandrakasan G. Dimethylnitrosamine-induced liver injury in rats: the

early deposition of collagen. Toxicology. 2001; 156(2–3):129–38. https://doi.org/10.1016/s0300-483x

(00)00352-8 PMID: 11164615

8. Tsukada S, Parsons CJ, Rippe RA. Mechanisms of liver fibrosis. Clin Chim Acta. 2006; 364(1–2):33–

60. https://doi.org/10.1016/j.cca.2005.06.014 PMID: 16139830

9. Lemoinne S, Cadoret A, El Mourabit H, Thabut D, Housset C. Origins and functions of liver myofibro-

blasts. Biochim Biophys Acta. 2013; 1832(7):948–54. https://doi.org/10.1016/j.bbadis.2013.02.019

PMID: 23470555

10. Moreira RK. Hepatic stellate cells and liver fibrosis. Arch Pathol Lab Med. 2007; 131(11):1728–34.

https://doi.org/10.5858/2007-131-1728-HSCALF PMID: 17979495

11. Gressner AM, Weiskirchen R. Modern pathogenetic concepts of liver fibrosis suggest stellate cells and

TGF-beta as major players and therapeutic targets. J Cell Mol Med. 2006; 10(1):76–99. https://doi.org/

10.1111/j.1582-4934.2006.tb00292.x PMID: 16563223

12. Ding N, Yu RT, Subramaniam N, Sherman MH, Wilson C, Rao R, et al. A vitamin D receptor/SMAD

genomic circuit gates hepatic fibrotic response. Cell. 2013; 153(3):601–13. https://doi.org/10.1016/j.

cell.2013.03.028 PMID: 23622244

13. Hong SW, Jung KH, Lee HS, Zheng HM, Choi MJ, Lee C, et al. Suppression by fucoidan of liver fibro-

genesis via the TGF-beta/Smad pathway in protecting against oxidative stress. Biosci Biotechnol Bio-

chem. 2011; 75(5):833–40. https://doi.org/10.1271/bbb.100599 PMID: 21597183

14. Schuppan D, Ashfaq-Khan M, Yang AT, Kim YO. Liver fibrosis: Direct antifibrotic agents and targeted

therapies. Matrix Biol. 2018; 68–69:435–51. https://doi.org/10.1016/j.matbio.2018.04.006 PMID:

29656147

15. Nathwani R, Mullish B, Koeckerling D, Forlano R, Manousou P, Dhar A. A review of liver fibrosis and

emerging therapies. Eur Med J. 2019; 4:105–16.

16. Wang J, Sun M, Liu W, Li Y, Li M. Stem Cell-based therapies for liver diseases: An overview and

update. Tissue Eng Regen Med. 2019; 16(2):107–18. https://doi.org/10.1007/s13770-019-00178-y

PMID: 30989038

17. Kao Y-H, Lin Y-C, Lee P-H, Lin C-W, Chen P-H, Tai T-S, et al. Infusion of human mesenchymal stem

cells improves regenerative niche in thioacetamide-injured mouse liver. Tissue Eng Regen Med. 2020;

17(5):671–82. https://doi.org/10.1007/s13770-020-00274-4 PMID: 32880852

18. Wang X, Wang H, Lu J, Feng Z, Liu Z, Song H, et al. Erythropoietin-modified mesenchymal stem cells

enhance anti-fibrosis efficacy in mouse liver fibrosis model. Tissue Eng Regen Med. 2020; 17(5):683–

93. https://doi.org/10.1007/s13770-020-00276-2 PMID: 32621283

19. Shi Y, Liu CH, Roberts AI, Das J, Xu G, Ren G, et al. Granulocyte-macrophage colony-stimulating factor

(GM-CSF) and T-cell responses: what we do and don’t know. Cell Res. 2006; 16(2):126–33. https://doi.

org/10.1038/sj.cr.7310017 PMID: 16474424

20. Lim JY, Choi BH, Lee S, Jang YH, Choi JS, Kim YM. Regulation of wound healing by granulocyte-mac-

rophage colony-stimulating factor after vocal fold injury. PLoS One. 2013; 8(1):e54256. https://doi.org/

10.1371/journal.pone.0054256 PMID: 23372696

21. Irons RD, Stillman WS. Cell proliferation and differentiation in chemical leukemogenesis. Stem Cells.

1993; 11(3):235–42. https://doi.org/10.1002/stem.5530110311 PMID: 8318910

22. Mann A, Breuhahn K, Schirmacher P, Blessing M. Keratinocyte-derived granulocyte-macrophage col-

ony stimulating factor accelerates wound healing: Stimulation of keratinocyte proliferation, granulation

tissue formation, and vascularization. J Invest Dermatol. 2001; 117(6):1382–90. https://doi.org/10.

1046/j.0022-202x.2001.01600.x PMID: 11886498

PLOS ONE GM-CSF protects DMN-induced liver fibrosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0274126 September 2, 2022 17 / 19

https://doi.org/10.1016/S0140-6736%2814%2961682-2
https://doi.org/10.1016/S0140-6736%2814%2961682-2
http://www.ncbi.nlm.nih.gov/pubmed/25530442
https://doi.org/10.1172/JCI24282
https://doi.org/10.1172/JCI24282
http://www.ncbi.nlm.nih.gov/pubmed/15690074
https://doi.org/10.1146/annurev-pathol-011110-130246
http://www.ncbi.nlm.nih.gov/pubmed/21073339
https://doi.org/10.1159/000374096
https://doi.org/10.1159/000374096
http://www.ncbi.nlm.nih.gov/pubmed/26159264
https://doi.org/10.3791/54208
http://www.ncbi.nlm.nih.gov/pubmed/27340889
https://doi.org/10.1016/s0300-483x%2800%2900352-8
https://doi.org/10.1016/s0300-483x%2800%2900352-8
http://www.ncbi.nlm.nih.gov/pubmed/11164615
https://doi.org/10.1016/j.cca.2005.06.014
http://www.ncbi.nlm.nih.gov/pubmed/16139830
https://doi.org/10.1016/j.bbadis.2013.02.019
http://www.ncbi.nlm.nih.gov/pubmed/23470555
https://doi.org/10.5858/2007-131-1728-HSCALF
http://www.ncbi.nlm.nih.gov/pubmed/17979495
https://doi.org/10.1111/j.1582-4934.2006.tb00292.x
https://doi.org/10.1111/j.1582-4934.2006.tb00292.x
http://www.ncbi.nlm.nih.gov/pubmed/16563223
https://doi.org/10.1016/j.cell.2013.03.028
https://doi.org/10.1016/j.cell.2013.03.028
http://www.ncbi.nlm.nih.gov/pubmed/23622244
https://doi.org/10.1271/bbb.100599
http://www.ncbi.nlm.nih.gov/pubmed/21597183
https://doi.org/10.1016/j.matbio.2018.04.006
http://www.ncbi.nlm.nih.gov/pubmed/29656147
https://doi.org/10.1007/s13770-019-00178-y
http://www.ncbi.nlm.nih.gov/pubmed/30989038
https://doi.org/10.1007/s13770-020-00274-4
http://www.ncbi.nlm.nih.gov/pubmed/32880852
https://doi.org/10.1007/s13770-020-00276-2
http://www.ncbi.nlm.nih.gov/pubmed/32621283
https://doi.org/10.1038/sj.cr.7310017
https://doi.org/10.1038/sj.cr.7310017
http://www.ncbi.nlm.nih.gov/pubmed/16474424
https://doi.org/10.1371/journal.pone.0054256
https://doi.org/10.1371/journal.pone.0054256
http://www.ncbi.nlm.nih.gov/pubmed/23372696
https://doi.org/10.1002/stem.5530110311
http://www.ncbi.nlm.nih.gov/pubmed/8318910
https://doi.org/10.1046/j.0022-202x.2001.01600.x
https://doi.org/10.1046/j.0022-202x.2001.01600.x
http://www.ncbi.nlm.nih.gov/pubmed/11886498
https://doi.org/10.1371/journal.pone.0274126


23. Mann A, Niekisch K, Schirmacher P, Blessing M. Granulocyte-macrophage colony-stimulating factor is

essential for normal wound healing. J Investig Dermatol Symp Proc. 2006; 11(1):87–92. https://doi.org/

10.1038/sj.jidsymp.5650013 PMID: 17069015

24. Kountouras J, Boura P, Tsapas G. In vivo effect of granulocyte-macrophage colony-stimulating factor

and interferon combination on monocyte-macrophage and T-lymphocyte functions in chronic hepatitis

B leukocytopenic patients. Hepatogastroenterology. 1998; 45(24):2295–302. PMID: 9951912

25. Eroglu A, Demirci S, Akbulut H, Sever N, Demirer S, Unal AE. Effect of granulocyte-macrophage col-

ony-stimulating factor on hepatic regeneration after 70% hepatectomy in normal and cirrhotic rats. HPB

(Oxford). 2002; 4(2):67–73. https://doi.org/10.1080/136518202760378425 PMID: 18332927

26. Huang X, Kim JM, Kong TH, Park SR, Ha Y, Kim MH, et al. GM-CSF inhibits glial scar formation and

shows long-term protective effect after spinal cord injury. J Neurol Sci. 2009; 277(1–2):87–97. https://

doi.org/10.1016/j.jns.2008.10.022 PMID: 19033079

27. Kim J, Kim NK, Park SR, Choi BH. GM-CSF enhances mobilization of bone marrow mesenchymal stem

cells via a CXCR4-medicated mechanism. Tissue Eng Regen Med. 2019; 16(1):59–68. https://doi.org/

10.1007/s13770-018-0163-5 PMID: 30815351

28. Choi JK, Park SY, Kim KH, Park SR, Lee SG, Choi BH. GM-CSF reduces expression of chondroitin sul-

fate proteoglycan (CSPG) core proteins in TGF-beta-treated primary astrocytes. BMB Rep. 2014; 47

(12):679–84. https://doi.org/10.5483/bmbrep.2014.47.12.018 PMID: 24602609

29. Du JX, Sun MY, Du GL, Li FH, Liu C, Mu YP, et al. Ingredients of Huangqi decoction slow biliary fibrosis

progression by inhibiting the activation of the transforming growth factor-beta signaling pathway. BMC

Complement Med Ther. 2012; 12:33. https://doi.org/10.1186/1472-6882-12-33 PMID: 22471627

30. Tung YT, Tang TY, Chen HL, Yang SH, Chong KY, Cheng WT, et al. Lactoferrin protects against chem-

ical-induced rat liver fibrosis by inhibiting stellate cell activation. J Dairy Sci. 2014; 97(6):3281–91.

https://doi.org/10.3168/jds.2013-7505 PMID: 24731632

31. Schindelin J, Rueden CT, Hiner MC, Eliceiri KW. The ImageJ ecosystem: An open platform for biomedi-

cal image analysis. Mol Reprod Dev. 2015; 82(7–8):518–29. https://doi.org/10.1002/mrd.22489 PMID:

26153368

32. Jenkins SA, Grandison A, Baxter JN, Day DW, Taylor I, Shields R. A dimethylnitrosamine-induced

model of cirrhosis and portal hypertension in the rat. J Hepatol. 1985; 1(5):489–99. https://doi.org/10.

1016/s0168-8278(85)80747-9 PMID: 4056351

33. Suarez-Cuenca JA, Chagoya de Sanchez V, Aranda-Fraustro A, Sanchez-Sevilla L, Martinez-Perez L,

Hernandez-Munoz R. Partial hepatectomy-induced regeneration accelerates reversion of liver fibrosis

involving participation of hepatic stellate cells. Exp Biol Med (Maywood). 2008; 233(7):827–39. https://

doi.org/10.3181/0709-RM-247 PMID: 18445764

34. Nouchi T, Tanaka Y, Tsukada T, Sato C, Marumo F. Appearance of α-smooth-muscle-actin-positive

cells in hepatic fibrosis. Liver. 1991; 11(2):100–5. https://doi.org/10.1111/j.1600-0676.1991.tb00499.x

PMID: 2051901

35. Xu J, Liu X, Koyama Y, Wang P, Lan T, Kim IG, et al. The types of hepatic myofibroblasts contributing

to liver fibrosis of different etiologies. Frontiers in pharmacology. 2014; 5:167. https://doi.org/10.3389/

fphar.2014.00167 PMID: 25100997

36. Tekkesin N, Taga Y, Sav A, Bozkurt S. Modulation of extracellular matrix proteins and hepatate stellate

cell activation following gadolinium chloride induced Kuffer cell blockade in an experimental model of

liver fibrosis/cirrhosis. QScience Connect. 2013; 2013:1–10. https://doi.org/10.5339/connect.2013.17

37. Bissell DM. Chronic liver injury, TGF-beta, and cancer. Exp Mol Med. 2001; 33(4):179–90. https://doi.

org/10.1038/emm.2001.31 PMID: 11795478

38. Kim KK, Sheppard D, Chapman HA. TGF-beta1 signaling and tissue fibrosis. Cold Spring Harbor Per-

spect Biol. 2018; 10(4). https://doi.org/10.1101/cshperspect.a022293 PMID: 28432134

39. Kondou H, Mushiake S, Etani Y, Miyoshi Y, Michigami T, Ozono K. A blocking peptide for transforming

growth factor-beta1 activation prevents hepatic fibrosis in vivo. J Hepatol. 2003; 39(5):742–8. https://

doi.org/10.1016/s0168-8278(03)00377-5 PMID: 14568256

40. Liu X, Hu H, Yin JQ. Therapeutic strategies against TGF-beta signaling pathway in hepatic fibrosis.

Liver Int. 2006; 26(1):8–22. https://doi.org/10.1111/j.1478-3231.2005.01192.x PMID: 16420505

41. Guo B, Koya D, Isono M, Sugimoto T, Kashiwagi A, Haneda M. Peroxisome proliferator-activated

receptor-gamma ligands inhibit TGF-beta 1-induced fibronectin expression in glomerular mesangial

cells. Diabetes. 2004; 53(1):200–8. https://doi.org/10.2337/diabetes.53.1.200 PMID: 14693716

42. Deng Y-L, Xiong X-Z, Cheng N-S. Organ fibrosis inhibited by blocking transforming growth factor-β sig-

naling via peroxisome proliferator-activated receptor γ agonists. Hepatobiliary Pancreat Dis Int. 2012;

11(5):467–78. https://doi.org/10.1016/s1499-3872(12)60210-0 PMID: 23060391

PLOS ONE GM-CSF protects DMN-induced liver fibrosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0274126 September 2, 2022 18 / 19

https://doi.org/10.1038/sj.jidsymp.5650013
https://doi.org/10.1038/sj.jidsymp.5650013
http://www.ncbi.nlm.nih.gov/pubmed/17069015
http://www.ncbi.nlm.nih.gov/pubmed/9951912
https://doi.org/10.1080/136518202760378425
http://www.ncbi.nlm.nih.gov/pubmed/18332927
https://doi.org/10.1016/j.jns.2008.10.022
https://doi.org/10.1016/j.jns.2008.10.022
http://www.ncbi.nlm.nih.gov/pubmed/19033079
https://doi.org/10.1007/s13770-018-0163-5
https://doi.org/10.1007/s13770-018-0163-5
http://www.ncbi.nlm.nih.gov/pubmed/30815351
https://doi.org/10.5483/bmbrep.2014.47.12.018
http://www.ncbi.nlm.nih.gov/pubmed/24602609
https://doi.org/10.1186/1472-6882-12-33
http://www.ncbi.nlm.nih.gov/pubmed/22471627
https://doi.org/10.3168/jds.2013-7505
http://www.ncbi.nlm.nih.gov/pubmed/24731632
https://doi.org/10.1002/mrd.22489
http://www.ncbi.nlm.nih.gov/pubmed/26153368
https://doi.org/10.1016/s0168-8278%2885%2980747-9
https://doi.org/10.1016/s0168-8278%2885%2980747-9
http://www.ncbi.nlm.nih.gov/pubmed/4056351
https://doi.org/10.3181/0709-RM-247
https://doi.org/10.3181/0709-RM-247
http://www.ncbi.nlm.nih.gov/pubmed/18445764
https://doi.org/10.1111/j.1600-0676.1991.tb00499.x
http://www.ncbi.nlm.nih.gov/pubmed/2051901
https://doi.org/10.3389/fphar.2014.00167
https://doi.org/10.3389/fphar.2014.00167
http://www.ncbi.nlm.nih.gov/pubmed/25100997
https://doi.org/10.5339/connect.2013.17
https://doi.org/10.1038/emm.2001.31
https://doi.org/10.1038/emm.2001.31
http://www.ncbi.nlm.nih.gov/pubmed/11795478
https://doi.org/10.1101/cshperspect.a022293
http://www.ncbi.nlm.nih.gov/pubmed/28432134
https://doi.org/10.1016/s0168-8278%2803%2900377-5
https://doi.org/10.1016/s0168-8278%2803%2900377-5
http://www.ncbi.nlm.nih.gov/pubmed/14568256
https://doi.org/10.1111/j.1478-3231.2005.01192.x
http://www.ncbi.nlm.nih.gov/pubmed/16420505
https://doi.org/10.2337/diabetes.53.1.200
http://www.ncbi.nlm.nih.gov/pubmed/14693716
https://doi.org/10.1016/s1499-3872%2812%2960210-0
http://www.ncbi.nlm.nih.gov/pubmed/23060391
https://doi.org/10.1371/journal.pone.0274126


43. Choi JH, Jin SW, Choi CY, Kim HG, Lee GH, Kim YA, et al. Capsaicin inhibits dimethylnitrosamine-

induced hepatic fibrosis by inhibiting the TGF-beta1/Smad pathway via peroxisome proliferator-acti-

vated receptor gamma activation. J Agric Food Chem. 2017; 65(2):317–26. https://doi.org/10.1021/acs.

jafc.6b04805 PMID: 27991776

44. Choi JK, Kim KH, Park SR, Choi BH. Granulocyte macrophage colony-stimulating factor shows anti-

apoptotic activity via the PI3K-NF-kappaB-HIF-1alpha-survivin pathway in mouse neural progenitor

cells. Mol Neurobiol. 2014; 49(2):724–33. https://doi.org/10.1007/s12035-013-8550-3 PMID: 24022164

45. Choi JK, Kim KH, Park H, Park SR, Choi BH. Granulocyte macrophage-colony stimulating factor shows

anti-apoptotic activity in neural progenitor cells via JAK/STAT5-Bcl-2 pathway. Apoptosis. 2011;

16(2):127–34. https://doi.org/10.1007/s10495-010-0552-2 PMID: 21052840

46. Zhang CY, Yuan WG, He P, Lei JH, Wang CX. Liver fibrosis and hepatic stellate cells: Etiology, patho-

logical hallmarks and therapeutic targets. World J Gastroenterol. 2016; 22(48):10512–22. https://doi.

org/10.3748/wjg.v22.i48.10512 PMID: 28082803

47. Wu YN, Zhang L, Chen T, Li X, He LH, Liu GX. Granulocyte-macrophage colony-stimulating factor pro-

tects mice against hepatocellular carcinoma by ameliorating intestinal dysbiosis and attenuating inflam-

mation. World J Gastroenterol. 2020; 26(36):5420–36. https://doi.org/10.3748/wjg.v26.i36.5420 PMID:

33024394

48. Hunt AN, Malur A, Monfort T, Lagoudakis P, Mahajan S, Postle AD, et al. Hepatic steatosis accompa-

nies pulmonary alveolar proteinosis. Am J Respir Cell Mol Biol. 2017; 57(4):448–58. https://doi.org/10.

1165/rcmb.2016-0242OC PMID: 28489415

49. Tan-Garcia A, Lai F, Yeong JPS, Irac SE, Ng PY, Msallam R, et al. Liver fibrosis and CD206+ macro-

phage accumulation are suppressed by anti-GM-CSF therapy. JHEP Rep. 2020; 2(1):100062. https://

doi.org/10.1016/j.jhepr.2019.11.006 PMID: 32039403

50. Choi MJ, Zheng HM, Kim JM, Lee KW, Park YH, Lee DH. Protective effects of Centella asiatica leaf

extract on dimethylnitrosamine induced liver injury in rats. Mol Med Rep. 2016; 14(5):4521–8. https://

doi.org/10.3892/mmr.2016.5809 PMID: 27748812

51. Karmacharya MB, Sultan LR, Kirkham BM, Brice AK, Wood AKW, Sehgal CM. Photoacoustic imaging

for assessing tissue oxygenation changes in rat hepatic fibrosis. Diagnostics. 2020; 10(9):705. https://

doi.org/10.3390/diagnostics10090705 PMID: 32957666

52. Zadorozhna M, Di Gioia S, Conese M, Mangieri D. Neovascularization is a key feature of liver fibrosis

progression: anti-angiogenesis as an innovative way of liver fibrosis treatment. Mol Biol Rep. 2020;

47(3):2279–88. https://doi.org/10.1007/s11033-020-05290-0 PMID: 32040707

PLOS ONE GM-CSF protects DMN-induced liver fibrosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0274126 September 2, 2022 19 / 19

https://doi.org/10.1021/acs.jafc.6b04805
https://doi.org/10.1021/acs.jafc.6b04805
http://www.ncbi.nlm.nih.gov/pubmed/27991776
https://doi.org/10.1007/s12035-013-8550-3
http://www.ncbi.nlm.nih.gov/pubmed/24022164
https://doi.org/10.1007/s10495-010-0552-2
http://www.ncbi.nlm.nih.gov/pubmed/21052840
https://doi.org/10.3748/wjg.v22.i48.10512
https://doi.org/10.3748/wjg.v22.i48.10512
http://www.ncbi.nlm.nih.gov/pubmed/28082803
https://doi.org/10.3748/wjg.v26.i36.5420
http://www.ncbi.nlm.nih.gov/pubmed/33024394
https://doi.org/10.1165/rcmb.2016-0242OC
https://doi.org/10.1165/rcmb.2016-0242OC
http://www.ncbi.nlm.nih.gov/pubmed/28489415
https://doi.org/10.1016/j.jhepr.2019.11.006
https://doi.org/10.1016/j.jhepr.2019.11.006
http://www.ncbi.nlm.nih.gov/pubmed/32039403
https://doi.org/10.3892/mmr.2016.5809
https://doi.org/10.3892/mmr.2016.5809
http://www.ncbi.nlm.nih.gov/pubmed/27748812
https://doi.org/10.3390/diagnostics10090705
https://doi.org/10.3390/diagnostics10090705
http://www.ncbi.nlm.nih.gov/pubmed/32957666
https://doi.org/10.1007/s11033-020-05290-0
http://www.ncbi.nlm.nih.gov/pubmed/32040707
https://doi.org/10.1371/journal.pone.0274126

