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Abstract: Idiopathic pulmonary fibrosis (IPF) is a chronic progressive interstitial lung disease with
unknown etiology, high mortality and limited treatment options. It is characterized by myofibroblast
proliferation and extensive deposition of extracellular matrix (ECM), which will lead to fibrous
proliferation and the destruction of lung structure. Transforming growth factor-β1 (TGF-β1) is
widely recognized as a central pathway of pulmonary fibrosis, and the suppression of TGF-β1
or the TGF-β1-regulated signaling pathway may thus offer potential antifibrotic therapies. JAK-
STAT is a downstream signaling pathway regulated by TGF-β1. JAK1/2 inhibitor baricitinib is
a marketed drug for the treatment of rheumatoid arthritis, but its role in pulmonary fibrosis has not
been reported. This study explored the potential effect and mechanism of baricitinib on pulmonary
fibrosis in vivo and in vitro. The in vivo studies have shown that baricitinib can effectively attenuate
bleomycin (BLM)-induced pulmonary fibrosis, and in vitro studies showed that baricitinib attenuates
TGF-β1-induced fibroblast activation and epithelial cell injury by inhibiting TGF-β1/non-Smad and
TGF-β1/JAK/STAT signaling pathways, respectively. In conclusion, baricitinib, a JAK1/2 inhibitor,
impedes myofibroblast activation and epithelial injury via targeting the TGF-β1 signaling pathway
and reduces BLM-induced pulmonary fibrosis in mice.
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1. Introduction

Pulmonary fibrosis (PF) is a heterogeneous disease caused by many kinds of lung
injury, including toxicity, autoimmune, drug or traumatic injuries [1]. The pathological
features of PF are over the deposition of extracellular matrix, abnormal repair of damaged
epithelial cells and the overactivation of myofibroblasts [2]. This progressive parenchymal
fibrosis will disrupt the structure and function of the gas-exchanging region in the lung, and
eventually lead to respiratory failure and death [3]. According to the causes of the disease,
PF was divided into two categories: one is secondary pulmonary interstitial disease, which
has a clear etiology, including cystic fibrosis, pulmonary fibrosis after virus infection, etc.;
the other is idiopathic pulmonary interstitial disease, which is not clear in etiology, and
the disease with the highest mortality is IPF [1–4]. In 2015, a guideline indicated that
Pirfenidone and Nintedanib are the only two drugs recommended for the treatment of
IPF [4,5], and they can alleviate the decline in lung function; however, neither of these
drugs actually improves or even stabilizes the disease or the symptoms perceived by the
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patient [6]. Therefore, we still need to continue to develop safe and effective treatment
drugs for PF.

Many cytokines are involved in the development of PF, and TGF-β1 is the central
regulator in the progression of PF [7,8]. By regulating its downstream signaling pathways,
TGF-β1 plays a vital role in promoting the migration, proliferation and differentiation of
fibroblasts, aggravating the injury of epithelial cells and other key processes in PF [7–9].
However, due to the pleiotropy of TGF-β1 in normal tissue homeostasis, the complete
inhibition of TGF-β1 in PF treatment will have serious side effects [10–12]. Therefore,
targeting the downstream of the TGF-β1 signaling pathway or its “crosstalk” in the signal
transduction pathway is better. JAK-STAT is a downstream signaling pathway regulated
by TGF-β1 [7,9], and recent studies have shown that the JAK-STAT pathway is abnormally
activated during the process of PF [7]. Javier Milara et al. reported that the JAK2 pathway
is involved in the activation of myofibroblasts and lung epithelial cell injury in PF [13].
Research also confirmed that the activation of the JAK-STAT signaling pathway plays a key
role in the expression of TGF-β1 downstream genes in hepatic stellate cells, thereby pro-
moting the progression of liver fibrosis [14,15]. Meanwhile, other studies have shown that
TGF-β-induced activation of STAT3 signaling could promote the activation of fibroblasts
and tissue fibrosis [16,17]. Therefore, targeting the JAK-STAT signaling pathway may be
a potential therapeutic method for PF.

At present, the research on disease and drug innovation related to the JAK-STAT
signaling pathway mainly focuses on inflammation and tumor diseases [18]. Baricitinib
is a JAK1/2 inhibitor with strong anti-inflammatory activity and is clinically used in the
treatment of active rheumatoid arthritis [19]. Currently, baricitinib is also being evaluated
in clinical trials of COVID-19 infection [20–22]. In this study, we established in vivo and
in vitro models to analyze the effect of JAK1/2 inhibitor baricitinib in pulmonary fibrosis.

2. Results
2.1. Baricitinib Attenuates BLM-Induced Pulmonary Fibrosis in Mice

In order to validate the therapeutic effect of baricitinib on pulmonary fibrosis, C57BL/6J
mice were given bleomycin (2U) by intratracheally injection and then different doses of
baricitinib (10, 20, 40 mg/kg) were given by gavage for 7 days (the seventh day to the
fourteenth day), and Nintedanib (100 mg/kg) was used as a positive control (Figure 1A).
We observed that the content of hydroxyproline and the area of fibrosis in the treatment
group were significantly decreased (Figure 1B,C). In addition, we also used H&E and
Masson trichrome staining to evaluate the severity of lung fibrosis in mice. As indicated
in Figure 1D, baricitinib treatment could significantly suppress the collagen deposition.
Pulmonary function is an important evaluating indicator of pulmonary fibrosis. As shown
in Figure 1E–H, baricitinib significantly improved the lung function of mice with bleomycin-
induced pulmonary fibrosis, as seen by increased forced vital capacity (FVC) and dynamic
compliance (CYDN), and it reduced inspiratory resistance (RI) and expiratory resistance
(RE). Based on the above data, we concluded that baricitinib could improve BLM-induced
pulmonary fibrosis in mice.

2.2. Baricitinib Suppresses TGF-β1-Induced Proliferation and Migration of Lung Fibroblasts

Next, we detected whether baricitinib could affect the proliferation and migration of
fibroblasts. The results of MTT assays showed that, without TGF-β1 stimulation, barici-
tinib had no significant toxic effect on fibroblasts at <10 µM (Figure 2A) but could dose-
dependently suppress the proliferation of fibroblasts activated by TGF-β1 (Figure 2B).
Furthermore, the wound healing experiment was used to detect the effect of baricitinib
on the migration of activated fibroblasts induced by TGF-β1, and the results indicate
that baricitinib dose-dependently decreased the migration rate of activated fibroblasts
(Figure 3A,B).
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Figure 1. Baricitinib ameliorates BLM-induced pulmonary fibrosis in mice. (A) Dosing regimen in 
BLM-induced pulmonary fibrosis model. (B) HYP contents of lung tissues in mice. (C) Statistics of 
lung fibrosis area among groups. (D) Lung tissue sections were stained with hematoxylin-eosin 
(HE) and Masson Trichrome staining. Red arrows indicated collagen deposition. (E) Forced vital 
capacity (FVC) of mice. (F) Dynamic compliance of mice. (G) Expiratory resistance of mice. (H) In-
spiratory resistance of mice. Scale bar = 50 μm. Data were noted as the means ± SD, n = 6. * p < 0.05, 
** p < 0.01, *** p < 0.001. 
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Figure 1. Baricitinib ameliorates BLM-induced pulmonary fibrosis in mice. (A) Dosing regimen in
BLM-induced pulmonary fibrosis model. (B) HYP contents of lung tissues in mice. (C) Statistics of
lung fibrosis area among groups. (D) Lung tissue sections were stained with hematoxylin-eosin (HE)
and Masson Trichrome staining. Red arrows indicated collagen deposition. (E) Forced vital capacity
(FVC) of mice. (F) Dynamic compliance of mice. (G) Expiratory resistance of mice. (H) Inspiratory
resistance of mice. Scale bar = 50 µm. Data were noted as the means ± SD, n = 6. * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 2. Baricitinib suppresses TGF-β1-induced proliferation of fibroblasts. (A) MTT assays of
Mlg cells and NIH-3T3 cells. Cells were exposed to the indicated doses of baricitinib (0 to 160 µM)
for 24 h, IC50 = 113.3 and 148.0 µM, (n = 5 per group). (B) MTT assays were performed to test the
effect of baricitinib on the proliferation of TGF-β1-stimulated Mlg cells and NIH-3T3 cells. Mlg
cells and NIH-3T3 cells were treated with baricitinib (0 to 160 µM) and TGF-β1 (5 ng/mL) for 24 h,
(n = 5 per group). Data were presented as the means ± SD, n = 5. * represent the difference between
TGF-β1-treated group and baricitinib treatment group, # indicated the difference between TGF-β1
treated group versus the control group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ### p < 0.001.
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assays of Mlg and NIH−3T3 cells co−cultured with TGF−β1 (5 ng/mL) and baricitinib (300, 600, 900 
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Figure 3. Baricitinib suppresses TGF-β1-induced migration of fibroblasts. (A,B) Wound healing
assays of Mlg and NIH-3T3 cells co-cultured with TGF-β1 (5 ng/mL) and baricitinib (300, 600,
900 nM). The wound closure was photographed at 0, 6, 12 and 24 h post-scratching. Data were
presented as the means ± SD, n = 3.

2.3. Baricitinib Attenuates TGF-β1-Induced Activation of Lung Fibroblasts

We investigated the effect of baricitinib on fibroblast activation. As shown in Figure 4A,B,
baricitinib could inhibit TGF-β1-induced protein expression of α-SMA, COL I and FN in a
dose-dependent manner. Similarly, baricitinib could reduce the gene expression level of
TGF-β1-induced α-SMA, COL I and FN in a dose-dependent manner (Figure 4C,D). The
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results of the immunofluorescence assay proved that the expression level of α-SMA was
decreased in the baricitinib-treatment group (Figure 4E,F). The above data confirmed that
baricitinib could inhibit the activation and suppress the ECM production of myofibroblasts.
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ways play important roles in regulating the proliferation and activation of pulmonary fi-
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baricitinib on the TGF-β1 signaling pathway, while the results indicate that there was no 
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including phosphorylated P38, ERK, JNK and AKT in TGF-β1-treated Mlg cells and NIH-

Figure 4. Baricitinib attenuates TGF-β1-induced fibroblasts activation. (A,B) Mlg cells and NIH-3T3
cells were treated with TGF-β1 (5 ng/mL) and baricitinib (300, 600, 900 nM) for 24 h. Mlg (A) and
NIH-3T3 (B) cells were extracted for Western blot analysis of α-SMA, collagen I and fibronectin.
(C,D) Mlg cells and NIH-3T3 cells were treated with TGF-β1 (5 ng/mL) and baricitinib (300, 600,
900 nM) for 24 h. α-SMA (43 kD), β-Tubulin (52 kD) collagen I (220 kD) and fibronectin (260 kD) were
analyzed by real-time PCR in Mlg (C) and NIH-3T3 (D) cells. (E,F) Immunofluorescence staining of
α-SMA was performed on Mlg (E) and NIH-3T3 (F) cells treated with/without TGF-β1 (5 ng/mL)
and/or baricitinib (300, 600, 900 nM) for 24 h. Scale bar = 60 µm, Data were presented as the
means ± SD, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Previous studies have confirmed that TGF-β1-Smad and non-Smad signaling path-
ways play important roles in regulating the proliferation and activation of pulmonary
fibroblasts [23–27]. Thus, we used Mlg cells and NIH-3T3 cell lines to detect the effect of
baricitinib on the TGF-β1 signaling pathway, while the results indicate that there was no sig-
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nificant change in the Smad signaling activity after treatment with baricitinib (Figure 5A,B).
Meanwhile, we also detected the levels of proteins in Akt and MAPK pathways, including
phosphorylated P38, ERK, JNK and AKT in TGF-β1-treated Mlg cells and NIH-3T3 cells,
and the results reveal that baricitinib could restrain the activation of the TGF-β1/non-Smad
signaling pathway (Figure 4C,D).
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Figure 5. Baricitinib inhibits TGF-β1-induced activation of non-Smad signaling pathway in fibroblasts.
(A,B) Mlg (A) and NIH-3T3 (B) cells were treated with TGF-β1 (5 ng/mL) and baricitinib (300, 600,
900 nM) for 30 min. P-Smad3 (58 kD) were assessed using Western blot. GAPDH (37 kD) was used as
the internal control. (C,D) The phosphorylation levels of P-38 (42 kD), JNK (54 kD), ERK (43 kD) and
AKT (56 kD) were analyzed by Western blot in Mlg (C) and NIH-3T3 (D) cells treated with TGF-β1
(5 ng/mL) and baricitinib (300, 600, 900 nM) for 1 h. β-tubulin was used as a loading control in
grayscale analysis. Data were noted as the means ± SD, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.



Molecules 2023, 28, 2195 7 of 19

2.4. Baricitinib Inhibits the Activation of Lung Fibroblasts In Vivo

In order to further evaluate the effect of baricitinib on the activation of lung fibroblasts
in vivo, the expression levels of α-SMA, COL I and FN in lung tissues of bleomycin-injured
mice were measured by immunohistochemistry, Western blot and qRT-PCR. Immuno-
histochemical studies indicated that the expression levels of α-SMA, COL I and FN in
lung tissues of fibrosis mice were significantly decreased after treatment with baricitinib
(Figure 6A). In addition, the Western blotting and qRT-PCR results show that the protein
and gene expression levels of α-SMA, COL I and FN in the lung tissues of baricitinib-treated
mice were decreased (Figure 6B,C). Accordingly, these results suggested that baricitinib
could ameliorate BLM-induced pulmonary fibrosis in mice by inhibiting the activation of
fibroblasts in vivo.
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Figure 6. Baricitinib inhibits activation of myofibroblasts in vivo. (A) Immunohistochemical staining
analysis of α-SMA and collagen I and fibronectin in the lung tissues. Scale bar = 50 µm. (B) Protein
levels of α-SMA (43 kD), collagen I (220 kD) and fibronectin (260 kD) were verified by Western
blot in lung tissues. β-tubulin (52 kD) was used as an internal reference in densitometric analysis.
(C) RT-PCR was performed to detect mRNA levels of α-SMA and collagen I and fibronectin. Data
were presented as the means ± SD, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.01, **** p < 0.0001.

2.5. Baricitinib Inhibits TGF-β1-Induced Epithelial Injury in Alveolar Epithelial Cells

A current model of IPF suggests that recurrent injury to epithelial cells and ineffective
repair may disrupt epithelial–mesenchymal interactions, thus leading to mesenchymal
change and aberrant fibroblastic responses, and TGF-β1 plays a central regulatory role in
the process. Therefore, we used a cell model in which TGF-β1 stimulated mesenchymal
transformation of epithelial cells to evaluate the drug effect [3,28]. In order to investigate
whether baricitinib can exert an anti-fibrotic effect via suppressing epithelial injury, we
used TGF-β1 to treat lung epithelial cells and co-treated with different doses of baric-
itinib (300, 600, 900 nM). After 24 h, the morphological changes of A549 cells and the
expression of epithelial/mesenchymal phenotype markers were detected. The results show
that TGF-β1 could prolong the pseudopodia of A549 cells and produce fibroblast-like
morphological changes, while baricitinib could reverse the morphological changes and
epithelial–mesenchymal transition in varying degrees (Figure 7A). The qRT-PCR analysis
showed that baricitinib could increase the expression of epithelial marker (E-Cadherin) and
reduce the expression of mesenchymal markers (Vimentin and N-Cadherin) in TGF-β1-
treated MLE12 and A549 cells (Figure 7B,C). Consistent with the qRT-PCR results, the results
of Western blot and immunofluorescence analysis showed similar results (Figure 7D–G).
In conclusion, baricitinib could inhibit the injury of alveolar epithelial cells induced by
TGF-β1.

2.6. Baricitinib Alleviates Epithelial Injury In Vivo

Based on the in vitro studies, we further studied the effect of baricitinib on epithelial
injury in vivo. Immunohistochemical analysis showed that baricitinib treatment leading
to the increased expression of E-cadherin and decreased the expression of Vimentin in
BLM-injured lung tissues (Figure 8A). Additionally, similar conclusions were drawn in the
Western blot and RT-PCR assays (Figure 8B,C). Based on the above results, we concluded
that baricitinib could reduce epithelial injury in vivo.
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Figure 7. Baricitinib inhibits TGF-β1-induced epithelial injury in alveolar epithelial cells. (A) Morpho-
logical changes of A549 cells. (B,C) MLE12 and A549 cells were exposed to Baricitinib for 30 min (300,
600, 900 nM) and treated with TGF-β1 (5 ng/mL) for 24 h. (B) mRNA levels E-cadherin, N-cadherin
and Vimentin were tested by RT-PCR in MLE12 (B) and A549 (C) cells. (D,E) MLE12 and A549 cells
were treated with TGF-β1 (5 ng/mL) and baricitinib (300, 600, 900 nM) for 24 h. Protein expression
levels of E-cadherin (120 kD), Vimentin (53 kD), and N-cadherin (100 kD) were assessed by Western
blot in A549 (C) and MLE12 (D) cells. GAPDH (37 kD) was used as a loading control. (F,G) MLE12
(F) and A549 (G) cells treated with TGF-β1 (5 ng/mL) and baricitinib (300, 600, 900 nM) for 24 h
were immune-stained with E-cadherin and Vimentin. Scale bar = 60 µm. Data were presented as the
means ± SD, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 8. Baricitinib alleviates epithelial injury in vivo. (A) IHC staining of E-cadherin and Vi-
mentin in the lung tissues. (B) Protein levels of E-cadherin (120 kD), GAPDH (37 kD) and Vimentin
(53 kD) in the lung tissues. (C) mRNA expression of E-cadherin and Vimentin in the lung tissues.
Scale bar = 50 µm. Data were noted as the means ± SD, n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001.
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2.7. Baricitinib Alleviates Pulmonary Fibrosis by Inhibiting Activation of JAK-STAT
Signaling Pathway

Previous studies have confirmed that JAK-STAT signaling pathway plays an impor-
tant role in proliferative diseases such as pulmonary fibrosis, liver fibrosis and systemic
sclerosis [13,16,17,29]. Therefore, we are here to explore whether baricitinib could regulate
the activity of the JAK-STAT signaling pathway in the progression of pulmonary fibrosis.
Firstly, we analyzed the effect of baricitinib on JAK-STAT signaling pathway in vivo by
immunohistochemistry and Western blot. After treatment with baricitinib, the phosphory-
lation level of JAK1 was decreased in a dose-dependent manner (Figure 9A). Consistent
with immunohistochemical results, the phosphorylation level of JAK2 and STAT3 was
decreased after treatment with baricitinib (Figure 9B). Next, we evaluated the activation
of JAK1/2 and STAT3 in alveolar epithelial cells. Western blotting results indicate that
baricitinib attenuated the mesenchymal transformation of epithelial cells through inhibiting
the activation of the JAK1/2-STAT3 signaling pathway (Figure 9C,D). Based on the above
experimental results, we concluded that baricitinib could alleviate pulmonary fibrosis by
inhibiting the activation of JAK1/2-STAT3 signaling pathways.
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Figure 9. Baricitinib alleviates pulmonary fibrosis by inhibiting activation of JAK-STAT signaling
pathway. (A) Immunohistochemical staining analysis of P-JAK1 in the lung tissues. Scale bar = 50 µm.
(B) The phosphorylation levels of JAK2 and STAT3 were analyzed by Western blotting the lung tissues.
(C) The phosphorylation levels of JAK1, JAK2 and STAT3 were analyzed by Western blot in A549
cells treated with TGF-β1 (5 ng/mL) and baricitinib (300, 600, 900 nM) for 1 h. GAPDH (37 kD) was
used as a loading control in grayscale analysis. (D) The phosphorylation levels of JAK2 (125 kD) and
STAT3 (88 kD) were analyzed by Western blot in MLE12 cells treated with TGF-β1 (5 ng/mL) and
baricitinib (300, 600, 900 nM) for 2 h. GAPDH was used as a loading control in grayscale analysis.
Data were noted as the means ± SD, n = 3. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3. Materials and Methods
3.1. Materials

The details of reagents used in this study were listed in Table 1.
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Table 1. The details of reagents.

Reagents Manufacturer

Recombinant Human TGF-β1 Peprotech (Cranbury, NJ, USA)

Collagen I, Fibronectin, P-JAK1/JAK1, P-JAK2/JAK2,
P-STAT3/STAT3, P-AKT/AKT, P-ERK/ERK,

P-JNK/JNK, P-P38/P38, GAPDH, E-cadherin,
Vimentin, N-cadherin antibodies

Cell Signaling Technology (Boston, MA, USA)

β-tubulin antibody Proteintech (Wuhan, China)

α-SMA antibody Santa Cruz Biotechnology (Beijing, China)

Goat pAb to Rb IgG (HRP) and Rb pAb to Ms IgG ImmunoWay (Beijing, China)

TRIzol reagent Ambion Life Technology (Beijing, China)

DEPC Treated H2O and RNAse Away H2O Life Technologies (Shanghai, China)

Fastking gDNA Dispelling RT SuperMix TIANGEN (Beijing, China)

UNICON® Qpcr SYBR Green Master Mix and
Liposomal transfection reagent

YEVSEN (Shanghai, China)

BLM Nippon Kayaku (Tokyo, Japan)

Masson’s Trichrome Stain Kit Solarbio (Beijing, China)

3.2. Cell Culture

The details of cell lines used in this study were listed in Table 2.

Table 2. The details of cell lines.

Cell lines Culture Conditions

Mouse pulmonary epithelial cells (MLE12, ATCC)
DMEM/F-12 (1:1) basic (1×) (Gibco) with 10% fetal
bovine serum (FBS, ExCell Bio, Shanghai, China) and

1% antibiotics (gibco)

Human pulmonary epithelial cells (A549, ATCC) RPMI-1640 (KeyGEN BioTECH, Beijing, China) with
10% FBS

Mouse lung fibroblast cells (Mlg, ATCC) DMEM (KeyGEN BioTECH, Nanjing, China) with
10% FBS

Mouse embryonic fibroblast cells (NIH-3T3, ATCC) DMEM (KeyGEN BioTECH, Nanjing, China) with
10% FBS

All cells were incubated with 5% CO2 at 37 ◦C.

3.3. Animals

Male C57BL/6 mice (6–8 wk, 20–25 g) were purchased from Academy of Military
Medical Sciences of People’s Liberation Army (Beijing, China). Animal testing protocols
comply with National Institutes of Health guidelines (NIH Publications No. 85-23, revised
1996). All mice were maintained and handled and experimental procedures are in accor-
dance with the guidelines approved by the Institutional Animal Care and Use Committee
(IACUC) of Nankai University (Permission No. SYXK 2019-0001).

3.4. Mouse Models of Pulmonary Fibrosis

As mentioned above, we selected 6–8-week-old male C57BL/6J mice and established
a bleomycin-induced animal model of pulmonary fibrosis by a single intratracheal in-
stillation of BLM (2 U) dissolved in saline (0.9% NaCl) using a high-pressure syringe as
described previously [23]. Additionally, 0.9% NaCl was injected as control. A total of
42 mice were randomly divided into six groups, with seven mice in each group: NaCl
group, BLM group, positive control group (BLM+Nintedanib, 100 mg/kg), low-dose Barici-
tinib (BLM+Baricitinib, 10 mg/kg), medium-dose Baricitinib (BLM+Baricitinib, 20 mg/kg)
and high-dose Baricitinib (BLM+Baricitinib, 40 mg/kg). The treatment group was given
intragastric administration. Drugs were suspended in double-distilled water, while control
and BLM groups were given equal volumes of solvent (double-distilled water). Mice were
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harvested on the fourteenth day after BLM stimulation, and the left lung was used for
pathological staining, and the right lung was used for hydroxyproline and fibrosis marker
detection. Finally, the therapeutic effect of baricitinib on BLM-induced pulmonary fibrosis
was statistically analyzed.

3.5. Hydroxyproline Assay

Hydroxyproline (HYP) was tested as previously described [24]. Additionally, 5 mL
ampoule bottles containing the right lung tissues of mice were placed in an oven of 120 ◦C.
After about 16 h (the lung tissues were dried black and could be shaken freely), the ampoule
bottles were taken out from the oven to cool the tissue samples to room temperature. Then,
3 mL (6 mol/L) of hydrochloric acid was added to each sample and the cap was tightened.
Afterwards, all samples were placed in an oven set at 120 ◦C for acid hydrolysis for 6 h.
The tissue samples were then removed from the oven, brought to room temperature, and
their pH adjusted from 6.5 to 7.5 using 6 mol/L NaOH and 6 mol/L HCl. Each sample
was then filtered through a 5 m filter, and the volume of each sample was brought to
10 mL with 1× PBS. After preparation, a series of samples with a concentration of 0,
0.625, 1.25, or 2.5 µg/µL were prepared using the concentration gradient dilution method
(hydroxyproline stock standard solution 100 µg/µL). Operate according to the instructions,
and then determine the OD value at 570 nm wavelength. According to the OD value,
make the standard curve and obtain the formula, so as to obtain the hydroxyproline
concentration of the measured sample. The total amount of hydroxyproline in the right
lung of each mouse was W:W = C × 8 (dilution multiple of measured sample) × 10 (total
sample volume).

3.6. Histological Examination

After fixation of left lung tissue in 10% neutral formalin for 48 h, samples were dehy-
drated and paraffin-embedded. Paraffin-embedded tissue blocks were cut into 4 µm thick
sections for hematoxylin and eosin (H&E) staining and 5 µm thick for immunohistochem-
istry and Masson staining. H&E staining: After dehydration, the sections were stained
with hematoxylin for 8 min, soaked in water for 10 min, 95% ethanol for 3 min, eosin for
2 min, and finally dehydrated and mounted. Masson Stain: Follow the instructions of the
Solarbio kit.

Fibrosis area statistics: Take photos with 3D histact full-automatic scanner, identify
the total area of lung tissue with SV software, circle the area of pulmonary fibrosis area,
(fibrosis ratio = fibrosis area total pixels/total lung total pixels) and calculate the proportion
of pulmonary fibrosis area.

IHC staining densities: First, change the IHC image into a grayscale image in ImageJ
software, then convert the 8-bit grayscale image into an OD value. After selecting the
parameters to be measured, select the positive signal area (red means selected), and finally
get the positive integrated optical density value IOD (integrated optical density).

3.7. Pulmonary Function Testing

The mice’s trachea was exposed after general anesthesia, and a tracheal cannula was
timed and fixed. According to the manufacturer’s instructions, the mice were moved to
a plethysmography chamber for pulmonary function study using an Anires2005 system
(Beijing Biolab, Beijing, China).

3.8. Cell Viability Analysis

Cell viability was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) as previously described [24]. Mlg and NIH-3T3 cells were taken out of
the incubator and planted in 96-well plates, so that the cell density reached about 30~40%.
Then, different concentrations of baricitinib (0 to 160 µM) were added. After that, the
96-well plates were moved to incubate at 37 ◦C for 24 h according to the experimental
requirements. After the incubation time, the cell morphology of each group was observed
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under the microscope. After that, 20 µL of MTT (5 mg/mL) was added and incubated for
4 h. Finally, 200 µL DMSO was added to each well and the absorbance was read using
a microplate reader at 570 nm.

3.9. Wound-Healing Assay

Then, wound-healing assays were performed according to previous methods [24].
NIH-3T3 cells and Mlg cells were seeded in a 24-well plate containing 10% FBS medium.
When the cell confluence is above 90%, draw a straight line perpendicular to the bottom
line in each hole with the 200 µL pipette tip. Then, sterilized 1 × PBS was used to wash
three times (the last time residual liquid was aspirated thoroughly), and then 0.1% FBS
medium was added. At the same time, different concentrations of baricitinib and TGF-
β1 were added to each well. At 0, 6, 12 and 24 h, the wound was photographed with
a microscope and recorded. The cell migration distance was statistically analyzed by Image
J, and the cell migration rate was finally obtained.

3.10. Quantitative Real-Time PCR (qRT-PCR)

According to a previously established protocol [24], Quantitative real-time PCR was
used to measure the level of gene expression using the LightCycler 96. TRIzol Reagent
was used to extract RNA from cultivated cells and lung tissues in accordance with the
manufacturer’s instructions. FastKing gDNA Dispelling RT SuperMix was used to reverse-
transcribe the RNA, which was then ready for qRT-PCR. The LightCycler 96 Real-Time PCR
System was used for RT-PCR detection. All primers were made by Tsingke Biotechnology.
Target gene relative mRNA levels were normalized to GAPDH or β-actin mRNA levels.
The target gene primer pairs used were listed in Table 3.

Table 3. Primers sequences for real-time PCR.

For Mouse

Gene Forward Primer Sequence (5′-3′) Reverse Primer Sequence (5′-3′)

GAPDH TGGA TTTGGACGCA TTGGTC TTTGCACTGGTACGTGTTGAT

α-SMA TGGGTGAACTCCATCGCTGTA GTCGAATGCAACAAGGAAGCC

Collagen I AAGCCGGAGGACAACCTTTTA GCGAAGAGAATGACCAGATCC

Fibronectin GTGCCCGGAATACGCATGTA CTGGTGGACGGGATCATCCT

E-cadherin CAGCCTTCTTTTCGGAAGACT GGTAGACAGCTCCCTATGACTG

Vimentin GCTGCGAGAGAAATTGCAGGA CCACTTTCCGTTCAAGGTCAAG

N-cadherin CTCCAACGGGCATCTTCATTAT CAAGTGAAACCGGGCTATCAG

For Human

Gene Forward Primer Sequence (5′-3′) Reverse Primer Sequence (5′-3′)

β-actin AGGCCAACCGTGAAAAGATG AGAGCATAGCCCTCGTAGATGG

E-cadherin A TTTTTCCCTCGACACCCGAT TCCCAGGCGTAGACCAAGA

Vimentin AGTCCACTGAGTACCGGAGAC CA TTTCACGCA TCTGGCGTTC

N-cadherin TTTGATGGAGGTCTCCTAACACC ACGTTTAACACGTTGGAAATGTG

3.11. Western Blot Analysis

The changes of target proteins in both cells and tissues were measured by Western
blot. All proteins were extracted from cells or tissues. SDS-PAGE gel electrophoresis was
used to separate the total protein samples, and the results were then transferred to PVDF
membrane. Following blocking, the following primary antibodies were used to investigate
the immunoblots: α-SMA (Santa Cruz, Beijing, China), Collagen I (Affinity, Shanghai,
China), Fibronectin (Affinity, Shanghai, China), β-tubulin (Proteintech, Wuhan, China),
GAPDH (Cell Signaling Technology, Boston, MA, USA), Phospho-P38 (Affinity, Shang-
hai, China), P38 (Affinity, Shanghai, China), Phospho-JNK (Affinity, Shanghai, China),
JNK (Affinity, Shanghai, China), Phospho-ERK (Affinity, Shanghai, China), ERK (Affinity,
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Shanghai, China), Phospho-AKT (Affinity, Shanghai, China), AKT (Affinity, Shanghai,
China), E-cadherin (Cell Signaling Technology, Boston, MA, USA), N-cadherin (Cell Sig-
naling Technology, Boston, MA, USA), Vimentin (Cell Signaling Technology, Boston, MA,
USA), Phospho-JAK1 (Cell Signaling Technology, Boston, USA), JAK1 (Cell Signaling Tech-
nology, Boston, USA), Phospho-JAK2 (Cell Signaling Technology, Boston, MA, USA), JAK2
(Cell Signaling Technology, Boston, MA, USA), Phospho-STAT3 (Cell Signaling Technology,
Boston, MA, USA), STAT3 (Cell Signaling Technology, Boston, MA, USA). The membranes
were cut horizontally and examined with chemiluminescence reagent after being treated
with HRP-conjugated secondary antibodies for 2 h at room temperature (Affinity, Shanghai,
China). MW of proteins above were marked in Figure legends.

3.12. Immunofluorescence

The cells were cultured on 24-well plates with sliders in a medium containing 10%
FBS. When the cell density reached 50%, the culture medium was changed to the medium
containing 0.1% FBS. Different concentrations of baricitinib and TGF-β1 were added and
treated for 24 h. 4% pareformaldehyde fixative solution (PFA) (Solarbio, Beijing, China) was
added for fixation (500 µL, 15 min), and 0.2% Triton X-100 (500 µL, 20 min) was added for
penetration after washing. After 30 min of 5% BSA occlusion (in order to reduce nonspecific
binding), primary antibody was incubated and refrigerated overnight at 4 ◦C. The next
day, they were incubated at room temperature for 30 min, and then washed with 1 × PBST
3 times for 5 min each time. Then, the TRITC-conjugated or FITC-conjugated secondary
antibody was used to incubate at room temperature for 2 h (the process needed to be kept
away from light to avoid the failure of fluorescent secondary antibody), and then washed
with 1 × PBST for 3 times, 5 min each time. Finally, a small amount of DAPI (nuclei stained
blue) was added to the slide to seal the slide. Images were taken by laser scanning confocal
microscopy (Leica SP8, Wetzlar, Germany).

3.13. Immunohistochemistry Staining

Lung tissue that had been paraffin-embedded was dewaxed with xylene before sec-
tions were put in a microwave with antigen-fixing solution (0.01 M citrate buffer) and taken
out after 20 min. The primary antibody was incubated at 4 ◦C overnight after being cooled to
room temperature, being washed three times for three minutes with PBS, and being blocked
with an immunohistochemistry kit. The primary antibodies were as follows: mouse anti-
α-SMA antibody (1:200 dilution), rabbit anti-collagen I antibody (1:200 dilution), mouse
anti-Fibronectin antibody (1:200 dilution), mouse anti-E-Cadherin (1:200 dilution) and
mouse anti-Vimentin (1:200 dilution). After washing with PBST three times, the sections
were incubated with the secondary antibody at room temperature for 1 h. Next, DAB
staining was performed according to the kit instructions. Double-distilled H2O was used
to stop staining and PBS was used to rinse the tissue sections three times for five minutes.
Finally, hematoxylin staining was used to show the location of the nucleus, and then the his-
tological changes and target protein expression in the mouse lung tissue could be detected
under a light microscope.

3.14. Statistical Analysis

All cell culture experiments obtained similar results from three independent replicates.
Data are presented as mean ± SD using Prism version 7.0 software. Statistical differences
between two groups (administration group and control group) were calculated using
Student’s t-test, and significant differences between multiple groups were calculated using
one-way analysis of variance with subsequent Bonferroni correction. p values less than 0.05
were considered significant.

4. Discussion

Pulmonary fibrosis is a progressive pulmonary disease with high mortality and limited
therapy [4,12]. Previous studies have reported the pro-fibrotic activity of JAK2 and STAT3
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in pulmonary fibrosis [13,16,17], but the involvement of JAK1 has not been well studied.
Recently, Zhang et al. reported that JAK2 inhibitors have a weakened effect during long-
term anti-pulmonary fibrosis treatment, but simultaneous inhibition of JAK1 and JAK2 can
effectively improve the anti-fibrotic effect. This study examined the role of JAK1/2 inhibitor
baricitinib in pulmonary fibrosis. Our results show that JAK1/2 and STAT3 were activated
in animal and cell models of pulmonary fibrosis and that baricitinib has therapeutic effects
on pulmonary fibrosis by selectively inhibiting JAK1/2, including reducing the collagen
deposition and improving pulmonary function in BLM-injured mice. Baricitinib also
could inhibit the proliferation and activation of myofibroblasts, and reduce the injury of
epithelial cells.

Studies have shown that BLM could induce pulmonary fibrosis in mice, and the
pathological manifestations are similar to clinical manifestations of IPF patients [30], and
the model is available and repeatable, which meets the standards of animal model [31].
Mice were strain dependent on BLM-induced pulmonary fibrosis, and C57BL/6J mice
were more sensitive to BLM-induced pulmonary fibrosis [32,33]. Therefore, it is feasible to
use BLM model of C57BL/6J mice to study the effect of baricitinib on pulmonary fibrosis
in vivo.

TGF-β1 is a well-studied profibrotic growth factor and plays a vital role in the regula-
tion of pulmonary fibrosis by driving the activation of pulmonary fibroblasts and promoting
the transformation of epithelial cells [7,34]. In this study, we used fibroblast and epithelial
cell models stimulated by TGF-β1 to investigate the effect of baricitinib on pulmonary
fibrosis in vitro. After being stimulated by TGF-β1, the expression levels of α-SMA, COL
I and FN were increased in fibroblasts, while the expression levels were inhibited after
treatment with baricitinib. The expression of epithelial markers was suppressed, and the
expression of mesenchymal markers was elevated after stimulation with TGF-β1, while
baricitinib could reverse this phenomenon.

In this study, our results suggest that baricitinib may play an anti-fibrotic role through
inhibiting the JAK-STAT signaling pathway. The literature suggests that JAK2 is phos-
phorylated upon stimulation of various cytokines or growth factors, including TGF-β1,
leading to the translocation of STAT3 to the nucleus, where it activates fibrosis-related
genes [13,16,17,29]. Recently, there is evidence that in fibroblasts of patients with IPF,
TGF-β1 activates STAT3 signaling in a Smad2/3-dependent way, which is independent of
JAK2; Liu-Ya Tang et al. found that JAK1, as a TGF βRI-interacting protein, can mediate
TGF-β1, which induces early phosphorylation of STAT3 in a manner independent of Smad,
thus promoting liver fibrosis [35]. Therefore, it is speculated that as a JAK1/2 inhibitor,
baricitinib may not respond to the Smad pathway, and then we verified that baricitinib on
the TGF-β/Smad pathway was ineffective by Western blot, but the Western blot results
show that it could play an anti-fibrosis role in fibroblasts through the non-Smad pathway.

A recent study showed that severe COVID-19 patients with primary thrombocythemia
and IPF were significantly improved by the treatment of JAK1/2 inhibitor Ruxolitinib [36,37].
At present, baricitinib is in the clinical trial of COVID-19. The NCT04401579 trial showed
that the median days of mechanical ventilation and ECMO in patients with COVID-19
infection after the combined use of baricitinib and remdesivir were significantly lower than
those of remdesivir alone. Clinical trials have also shown that patients’ respiratory function
has improved after treatment with baricitinib [38]. Therefore, it is reasonable to infer that
baricitinib, a JAK1/2 inhibitor, may also play an anti-fibrosis role in IPF patients infected
with COVID-19, and baricitinib can be developed as a drug candidate to effectively prevent
pulmonary fibrosis after COVID-19 infection.

In summary, our results show that JAK1/2 inhibitor baricitinib had the efficacy on
restraining pulmonary fibrosis progression by suppressing TGF-β1-induced fibroblasts
activation and epithelial injury (Figure 10).



Molecules 2023, 28, 2195 17 of 19Molecules 2023, 28, x FOR PEER REVIEW 20 of 22 
 

 

 
Figure 10. Mechanism for the anti−pulmonary fibrosis effect of Baricitinib. 

Author Contributions: Conceived and designed the study: X.L. and C.Y.; cell experiments: J.L. and 
J.Z.; animal experiments: S.G. and J.L.; collection and assembly of data: Z.L., Y.C. and S.L.; data 
analysis and interpretation: Y.M., Y.W. and J.G.; manuscript writing: X.L. and J.L.; administrative 
support: T.X. and C.Y. All authors have read and agreed to the published version of the manuscript. 

Funding: This study was supported by The National Natural Science Foundation of China [Grants 
82000073], The Fundamental Research Funds for the Central Universities, Nankai University [Grant 
735-63221434] and The Foundation of Organ Fibrosis Druggability Joint Research Centre of Nankai 
and Guokaixingcheng [Grant 735-F1040051]. 

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Review Board of the Institutional Animal Care and Use Committee (IACUC) of Nankai Uni-
versity (protocol code No. SYXK 2019-0001, approval data: 2021.12.1). 

Informed Consent Statement: Not applicable. 

Data availability statement: The original contributions presented in the study are included in the 
article. Further inquiries can be directed to the corresponding author. 

Acknowledgments: Thanks to Wen Ning (Nankai University) for her generous offer of Mlg and 
NIH-3T3 cells. 

Conflicts of Interest: The authors declare no conflict of Interest. 

Abbreviations  
Idiopathic pulmonary fibrosis: IPF; Extracellular matrix: ECM; Transforming growth 

factor-β1: TGF-β1; JAK: Janus kinase; STAT: Signal transducer and activator of transcrip-
tionis; Bleomycin: BLM; Pulmonary fibrosis: PF; Hydroxyproline: HYP; Hematoxylin and 
eosin: H&E; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide: MTT; Forced 
vital capacity: FVC; Dynamic compliance: CYDN; Inspiratory resistance: RI; Expiratory 
resistance: RE; Collagen I: COL I; Fibronectin: FN; Quantitative real-time PCR: qRT-PCR; 
α-smooth muscle actin: α-SMA; Extracorporeal Membrane Oxygenation: ECMO. 

References 
1. Thannickal, V.J.; Toews, G.B.; White, E.S.; Lynch, J.P.; Martinez, F.J. Mechanisms of pulmonary fibrosis. Annu. Rev. Med. 2004, 

55, 395–417. 
2. King, T.E. Jr.; Pardo, A.; Selman, M. Idiopathic pulmonary fibrosis. Lancet 2011, 378, 1949–1961. 
3. Hardie, W.D.; Hagood, J.S.; Davé, V.; Perl, A.-K.T.; Whitsett, J.A.; Korfhagen, T.R.; Glasser, S. Signaling pathways in the epithe-

lial origins of pulmonary fibrosis. Cell Cycle 2010, 9, 2769–2776. 
4. Meyer, K.C. Pulmonary fibrosis, part I: Epidemiology, pathogenesis, and diagnosis. Expert Rev. Respir. Med. 2017, 11, 343–359. 

Figure 10. Mechanism for the anti-pulmonary fibrosis effect of Baricitinib.

Author Contributions: Conceived and designed the study: X.L. and C.Y.; cell experiments: J.L. and
J.Z.; animal experiments: S.G. and J.L.; collection and assembly of data: Z.L., Y.C. and S.L.; data
analysis and interpretation: Y.M., Y.W. and J.G.; manuscript writing: X.L. and J.L.; administrative
support: T.X. and C.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by The National Natural Science Foundation of China [Grants
82000073], The Fundamental Research Funds for the Central Universities, Nankai University [Grant
735-63221434] and The Foundation of Organ Fibrosis Druggability Joint Research Centre of Nankai
and Guokaixingcheng [Grant 735-F1040051].

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of the Institutional Animal Care and Use Committee (IACUC) of Nankai University
(protocol code No. SYXK 2019-0001, approval data: 2021.12.1).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: Thanks to Wen Ning (Nankai University) for her generous offer of Mlg and
NIH-3T3 cells.

Conflicts of Interest: The authors declare no conflict of Interest.

Abbreviations

Idiopathic pulmonary fibrosis: IPF; Extracellular matrix: ECM; Transforming growth factor-β1:
TGF-β1; JAK: Janus kinase; STAT: Signal transducer and activator of transcriptionis; Bleomycin: BLM;
Pulmonary fibrosis: PF; Hydroxyproline: HYP; Hematoxylin and eosin: H&E; 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide: MTT; Forced vital capacity: FVC; Dynamic compliance:
CYDN; Inspiratory resistance: RI; Expiratory resistance: RE; Collagen I: COL I; Fibronectin: FN;
Quantitative real-time PCR: qRT-PCR; α-smooth muscle actin: α-SMA; Extracorporeal Membrane
Oxygenation: ECMO.

References
1. Thannickal, V.J.; Toews, G.B.; White, E.S.; Lynch, J.P.; Martinez, F.J. Mechanisms of pulmonary fibrosis. Annu. Rev. Med. 2004, 55,

395–417. [CrossRef] [PubMed]
2. King, T.E., Jr.; Pardo, A.; Selman, M. Idiopathic pulmonary fibrosis. Lancet 2011, 378, 1949–1961. [CrossRef] [PubMed]
3. Hardie, W.D.; Hagood, J.S.; Davé, V.; Perl, A.-K.T.; Whitsett, J.A.; Korfhagen, T.R.; Glasser, S. Signaling pathways in the epithelial

origins of pulmonary fibrosis. Cell Cycle 2010, 9, 2769–2776. [CrossRef] [PubMed]

http://doi.org/10.1146/annurev.med.55.091902.103810
http://www.ncbi.nlm.nih.gov/pubmed/14746528
http://doi.org/10.1016/S0140-6736(11)60052-4
http://www.ncbi.nlm.nih.gov/pubmed/21719092
http://doi.org/10.4161/cc.9.14.12268
http://www.ncbi.nlm.nih.gov/pubmed/20676040


Molecules 2023, 28, 2195 18 of 19

4. Meyer, K.C. Pulmonary fibrosis, part I: Epidemiology, pathogenesis, and diagnosis. Expert Rev. Respir. Med. 2017, 11, 343–359.
[CrossRef] [PubMed]

5. Glass, D.S.; Grossfeld, D.; Renna, H.A.; Agarwala, P.; Spiegler, P.; Kasselman, L.J.; Glass, A.D.; DeLeon, J.; Reiss, A.B. Idiopathic
pulmonary fibrosis: Molecular mechanisms and potential treatment approaches. Respir. Investig. 2020, 58, 320–335. [CrossRef]

6. Gulati, S.; Thannickal, V.J. The Aging Lung and Idiopathic Pulmonary Fibrosis. Am. J. Med. Sci. 2019, 357, 384–389. [CrossRef]
[PubMed]

7. Györfi, A.H.; Matei, A.E.; Distler, J.H.W. Targeting TGF-β signaling for the treatment of fibrosis. Matrix Biol. 2018, 68–69, 8–27.
[CrossRef]

8. Meng, X.M.; Nikolic-Paterson, D.J.; Lan, H.Y. TGF-β: The master regulator of fibrosis. Nat. Rev. Nephrol. 2016, 12, 325–338.
[CrossRef]

9. Luo, K. Signaling Cross Talk between TGF-β/Smad and Other Signaling Pathways. Cold Spring Harb. Perspect. Biol. 2017, 9,
a022137. [CrossRef]

10. Denton, C.; Merkel, P.; Furst, D.; Khanna, D.; Emery, P.; Hsu, V.; Silliman, N.; Streisand, J.; Powell, J.; Akesson, A.; et al.
Recombinant human anti-transforming growth factor beta1 antibody therapy in systemic sclerosis: A multicenter, randomized,
placebo-controlled phase I/II trial of CAT-192. Arthritis Rheum. 2007, 56, 323–333. [CrossRef]

11. Prud’homme, G.J. Pathobiology of transforming growth factor beta in cancer, fibrosis and immunologic disease, and therapeutic
considerations. Lab. Investig. 2007, 87, 1077–1091. [CrossRef] [PubMed]

12. Wolters, P.J.; Collard, H.R.; Jones, K.D. Pathogenesis of idiopathic pulmonary fibrosis. Annu. Rev. Pathol. 2014, 9, 157–179.
[CrossRef] [PubMed]

13. Milara, J.; Hernandez, G.; Ballester, B.; Morell, A.; Roger, I.; Montero, P.; Escrivá, J.; Lloris, J.M.; Molina-Molina, M.;
Morcillo, E.; et al. The JAK2 pathway is activated in idiopathic pulmonary fibrosis. Respir. Res. 2018, 19, 24. [CrossRef] [PubMed]

14. Fan, T.; Ge, M.; Guo, Z.; He, H.; Zhang, N.; Li, Y.; Song, D. Discovery of 9O-Substituted Palmatine Derivatives as a New Class of
anti-COL1A1 Agents via Repressing TGF-β1/Smads and JAK1/STAT3 Pathways. Molecules 2020, 25, 773. [CrossRef]

15. Xu, S.; Mao, Y.; Wu, J.; Feng, J.; Li, J.; Wu, L.; Yu, Q.; Zhou, Y.; Zhang, J.; Chen, J.; et al. TGF-β/Smad and JAK/STAT pathways are
involved in the anti-fibrotic effects of propylene glycol alginate sodium sulphate on hepatic fibrosis. J. Cell Mol. Med. 2020, 24,
5224–5237. [CrossRef]

16. Chakraborty, D.; Šumová, B.; Mallano, T.; Chen, C.-W.; Distler, A.; Bergmann, C.; Ludolph, I.; Horch, R.E.; Gelse, K.;
Ramming, A.; et al. Activation of STAT3 integrates common profibrotic pathways to promote fibroblast activation and tissue
fibrosis. Nat. Commun. 2017, 8, 1130. [CrossRef]

17. Zehender, A.; Huang, J.; Györfi, A.-H.; Matei, A.-E.; Trinh-Minh, T.; Xu, X.; Li, Y.-N.; Chen, C.-W.; Lin, J.; Dees, C.; et al. The
tyrosine phosphatase SHP2 controls TGFβ-induced STAT3 signaling to regulate fibroblast activation and fibrosis. Nat. Commun.
2018, 9, 3259. [CrossRef]

18. Xin, P.; Xu, X.; Deng, C.; Liu, S.; Wang, Y.; Zhou, X.; Ma, H.; Wei, D.; Sun, S. The role of JAK/STAT signaling pathway and its
inhibitors in diseases. Int. Immunopharmacol. 2020, 80, 106210. [CrossRef]

19. Al-Salama, Z.T.; Scott, L.J. Baricitinib: A Review in Rheumatoid Arthritis. Drugs 2018, 78, 761–772. [CrossRef]
20. Atzeni, F.; Gerratana, E.; Giallanza, M.; La Corte, L.; Nucera, V.; Miceli, G.; Sangari, D.; Masala, I.F. The effect of drugs used in

rheumatology for treating SARS-CoV2 infection. Expert Opin. Biol. Ther. 2021, 21, 219–228. [CrossRef]
21. Cingolani, A.; Tummolo, A.M.; Montemurro, G.; Gremese, E.; Larosa, L.; Cipriani, M.C.; Pasciuto, G.; Liperoti, R.; Murri, R.;

Pirronti, T.; et al. Baricitinib as rescue therapy in a patient with COVID-19 with no complete response to sarilumab. Infection 2020,
48, 767–771. [CrossRef]

22. Hoang, T.N.; Pino, M.; Boddapati, A.K.; Viox, E.G.; Starke, C.E.; Upadhyay, A.A.; Paiardini, M. Baricitinib treatment resolves
lower-airway macrophage inflammation and neutrophil recruitment in SARS-CoV-2-infected rhesus macaques. Cell 2021, 184,
460–475.e421. [CrossRef] [PubMed]

23. Li, X.; Bi, Z.; Liu, S.; Gao, S.; Cui, Y.; Huang, K.; Huang, M.; Mao, J.; Li, L.; Gao, J.; et al. Antifibrotic Mechanism of Cinobufagin in
Bleomycin-Induced Pulmonary Fibrosis in Mice. Front. Pharmacol. 2019, 10, 1021. [CrossRef] [PubMed]

24. Li, X.; Yu, H.; Liang, L.; Bi, Z.; Wang, Y.; Gao, S.; Wang, M.; Li, H.; Miao, Y.; Deng, R.; et al. Myricetin ameliorates bleomycin-
induced pulmonary fibrosis in mice by inhibiting TGF-β signaling via targeting HSP90β. Biochem. Pharmacol. 2020, 178, 114097.
[CrossRef] [PubMed]

25. Ning, W.; Li, C.-J.; Kaminski, N.; Feghali-Bostwick, C.A.; Alber, S.M.; Di, Y.P.; Otterbein, S.L.; Song, R.; Hayashi, S.; Zhou, Z.; et al.
Comprehensive gene expression profiles reveal pathways related to the pathogenesis of chronic obstructive pulmonary disease.
Proc. Natl. Acad. Sci. USA 2004, 101, 14895–14900. [CrossRef] [PubMed]

26. Finnson, K.W.; Almadani, Y.; Philip, A. Non-canonical (non-SMAD2/3) TGF-β signaling in fibrosis: Mechanisms and targets.
Semin. Cell Dev. Biol. 2020, 101, 115–122. [CrossRef]

27. Walton, K.L.; Johnson, K.E.; Harrison, C.A. Targeting TGF-β Mediated SMAD Signaling for the Prevention of Fibrosis.
Front. Pharmacol. 2017, 8, 461. [CrossRef] [PubMed]

28. Salton, F.; Volpe, M.C.; Confalonieri, M. Epithelial-Mesenchymal Transition in the Pathogenesis of Idiopathic Pulmonary Fibrosis.
Medicina 2019, 55, 83. [CrossRef]

http://doi.org/10.1080/17476348.2017.1312346
http://www.ncbi.nlm.nih.gov/pubmed/28345383
http://doi.org/10.1016/j.resinv.2020.04.002
http://doi.org/10.1016/j.amjms.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/31010465
http://doi.org/10.1016/j.matbio.2017.12.016
http://doi.org/10.1038/nrneph.2016.48
http://doi.org/10.1101/cshperspect.a022137
http://doi.org/10.1002/art.22289
http://doi.org/10.1038/labinvest.3700669
http://www.ncbi.nlm.nih.gov/pubmed/17724448
http://doi.org/10.1146/annurev-pathol-012513-104706
http://www.ncbi.nlm.nih.gov/pubmed/24050627
http://doi.org/10.1186/s12931-018-0728-9
http://www.ncbi.nlm.nih.gov/pubmed/29409529
http://doi.org/10.3390/molecules25040773
http://doi.org/10.1111/jcmm.15175
http://doi.org/10.1038/s41467-017-01236-6
http://doi.org/10.1038/s41467-018-05768-3
http://doi.org/10.1016/j.intimp.2020.106210
http://doi.org/10.1007/s40265-018-0908-4
http://doi.org/10.1080/14712598.2020.1817372
http://doi.org/10.1007/s15010-020-01476-7
http://doi.org/10.1016/j.cell.2020.11.007
http://www.ncbi.nlm.nih.gov/pubmed/33278358
http://doi.org/10.3389/fphar.2019.01021
http://www.ncbi.nlm.nih.gov/pubmed/31572194
http://doi.org/10.1016/j.bcp.2020.114097
http://www.ncbi.nlm.nih.gov/pubmed/32535102
http://doi.org/10.1073/pnas.0401168101
http://www.ncbi.nlm.nih.gov/pubmed/15469929
http://doi.org/10.1016/j.semcdb.2019.11.013
http://doi.org/10.3389/fphar.2017.00461
http://www.ncbi.nlm.nih.gov/pubmed/28769795
http://doi.org/10.3390/medicina55040083


Molecules 2023, 28, 2195 19 of 19

29. Zhang, Y.; Liang, R.; Chen, C.-W.; Mallano, T.; Dees, C.; Distler, A.; Reich, A.; Bergmann, C.; Ramming, A.; Gelse, K.; et al.
JAK1-dependent transphosphorylation of JAK2 limits the antifibrotic effects of selective JAK2 inhibitors on long-term treatment.
Ann. Rheum. Dis. 2017, 76, 1467–1475. [CrossRef]

30. Kolb, P.; Upagupta, C.; Vierhout, M.; Ayaub, E.; Bellaye, P.S.; Gauldie, J.; Shimbori, C.; Inman, M.; Ask, K.; Kolb, M.R. The
importance of interventional timing in the bleomycin model of pulmonary fibrosis. Eur. Respir. J. 2020, 55, 1901105. [CrossRef]

31. Liu, T.; De Los Santos, F.G.; Phan, S.H. The Bleomycin Model of Pulmonary Fibrosis. Methods Mol. Biol. 2017, 1627, 27–42.
[PubMed]

32. Moore, B.B.; Hogaboam, C.M. Murine models of pulmonary fibrosis. Am. J. Physiol. Lung Cell Mol. Physiol. 2008, 294, L152–L160.
[CrossRef] [PubMed]

33. Tashiro, J.; Rubio, G.A.; Limper, A.H.; Williams, K.; Elliot, S.J.; Ninou, I.; Aidinis, V.; Tzouvelekis, A.; Glassberg, M.K. Exploring
Animal Models That Resemble Idiopathic Pulmonary Fibrosis. Front. Med. 2017, 4, 118. [CrossRef] [PubMed]

34. Wei, P.; Xie, Y.; Abel, P.W.; Huang, Y.; Ma, Q.; Li, L.; Hao, J.; Wolff, D.W.; Wei, T.; Tu, Y. Transforming growth factor (TGF)-β1-
induced miR-133a inhibits myofibroblast differentiation and pulmonary fibrosis. Cell Death Dis. 2019, 10, 670. [CrossRef]

35. Tang, L.-Y.; Heller, M.; Meng, Z.; Yu, L.-R.; Tang, Y.; Zhou, M.; Zhang, Y.E. Transforming Growth Factor-β (TGF-β) Directly
Activates the JAK1-STAT3 Axis to Induce Hepatic Fibrosis in Coordination with the SMAD Pathway. J. Biol. Chem. 2017, 292,
4302–4312. [CrossRef]

36. Goker Bagca, B.; Biray Avci, C. The potential of JAK/STAT pathway inhibition by ruxolitinib in the treatment of COVID-19.
Cytokine Growth Factor Rev. 2020, 54, 51–62. [CrossRef]

37. Meletiadis, J.; Tsiodras, S.; Tsirigotis, P. Interleukin-6 Blocking vs. JAK-STAT Inhibition for Prevention of Lung Injury in Patients
with COVID-19. Infect. Dis. Ther. 2020, 9, 707–713. [CrossRef]

38. Kalil, A.C.; Patterson, T.F.; Mehta, A.K.; Tomashek, K.M.; Wolfe, C.R.; Ghazaryan, V.; Marconi, V.C.; Ruiz-Palacios, G.M.; Hsieh, L.;
Kline, S.; et al. Baricitinib plus Remdesivir for Hospitalized Adults with Covid-19. N. Engl. J. Med. 2021, 384, 795–807. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1136/annrheumdis-2016-210911
http://doi.org/10.1183/13993003.01105-2019
http://www.ncbi.nlm.nih.gov/pubmed/28836192
http://doi.org/10.1152/ajplung.00313.2007
http://www.ncbi.nlm.nih.gov/pubmed/17993587
http://doi.org/10.3389/fmed.2017.00118
http://www.ncbi.nlm.nih.gov/pubmed/28804709
http://doi.org/10.1038/s41419-019-1873-x
http://doi.org/10.1074/jbc.M116.773085
http://doi.org/10.1016/j.cytogfr.2020.06.013
http://doi.org/10.1007/s40121-020-00326-1
http://doi.org/10.1056/NEJMoa2031994

	Introduction 
	Results 
	Baricitinib Attenuates BLM-Induced Pulmonary Fibrosis in Mice 
	Baricitinib Suppresses TGF-1-Induced Proliferation and Migration of Lung Fibroblasts 
	Baricitinib Attenuates TGF-1-Induced Activation of Lung Fibroblasts 
	Baricitinib Inhibits the Activation of Lung Fibroblasts In Vivo 
	Baricitinib Inhibits TGF-1-Induced Epithelial Injury in Alveolar Epithelial Cells 
	Baricitinib Alleviates Epithelial Injury In Vivo 
	Baricitinib Alleviates Pulmonary Fibrosis by Inhibiting Activation of JAK-STAT Signaling Pathway 

	Materials and Methods 
	Materials 
	Cell Culture 
	Animals 
	Mouse Models of Pulmonary Fibrosis 
	Hydroxyproline Assay 
	Histological Examination 
	Pulmonary Function Testing 
	Cell Viability Analysis 
	Wound-Healing Assay 
	Quantitative Real-Time PCR (qRT-PCR) 
	Western Blot Analysis 
	Immunofluorescence 
	Immunohistochemistry Staining 
	Statistical Analysis 

	Discussion 
	References

