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A B S T R A C T

Background: Obliterative bronchiolitis (OB) is the major complication limiting the long-term survival of allo-
grafts after lung transplantation. In this study, we investigated the effect of tacrolimus (FK506) combined with
GM6001，a matrix metalloproteinase (MMP) inhibitor， on the formation of OB using a mouse heterotopic
tracheal transplantation model.
Methods: Syngeneic tracheal grafts were transplanted heterotopically from BALB/c mice to BALB/c mice.
Allografts from C57BL/6 mice were transplanted to BALB/c mice. Isograft group, allograft group, allograft
+FK506 group, allograft +GM6001 group and allograft+FK506+GM6001 group was given respectively in-
traperitoneal injection of saline, saline, FK506, GM6001 and FK506+GM6001 once a day. At 28 day after
transplantation, OB incidence was determined by hematoxylin-eosin staining and the expressions of MMPs and
cytokines were assessed using enzyme linked immunosorbent assay, immunohistochemical assays and western
blot assay.
Results: The tracheal occlusion rates of isograft group, allograft group, allograft+FK506 group, allograft
+GM6001 group and allograft+FK506+GM6001 group were 0, 74.1 ± 9.79%, 34.4 ± 6.04%,
40.3 ± 8.77% and 26.5 ± 5.73% respectively. There were significant differences between the latter two
groups (P < .001). The serum MMP-8 and MMP-9 levels of allograft group were significantly higher than those
of isograft group (P < .05) and had no significant decrease when treated by FK506. The serum MMP-8 and
MMP-9 levels of allograft+FK506+GM6001 group were significantly lower than those of allograft+FK506
group (P < .05). MMP-8 and MMP-9 protein expression in the grafts of allograft+FK506+GM6001 group
were lower than those of allograft+FK506 group verified by immunohistochemical staining and western blot-
ting.
Conclusion: FK506 combined with GM6001 could alleviate tracheal obliteration in mouse heterotopic tracheal
transplantation model, due to its inhibitory effect on MMPs.

1. Introduction

Lung transplantation is the only effective treatment for end-stage
lung disease, which improves lung function and quality of life. Due to
the increase of the number of lung transplantation, the improvement of
surgical techniques and perioperative management， and the accu-
mulation of experience, the survival rate of patients and grafts have
been increased [1]. Obliterative bronchiolitis (OB) is one of the

important factors leading to poor prognosis of lung transplantation. The
5-year survival rate of lung transplantation patients with OB was only
30–40%, which is about 30% less than that of lung transplantation
patients without OB.

The pathological manifestations of OB are peribronchiolitis and fi-
brosis of terminal bronchioles. Clinical presentations of OB, which was
known as bronchiolitis occlusive syndrome (BOS) include progressive
occlusion of the bronchioles, disorder of the small airway function and
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breathing block. FK506 anti-rejection therapy is the main treatment for
OB at present. However, excessive anti-rejection therapy can easily lead
to pulmonary infection and adverse reactions [2–4]. Exploring new
therapeutic strategies for OB is the key measure to improve the clinical
effect of lung transplantation.

OB following lung transplantation involves chronic inflammatory
response injury and abnormal repair process owing to immune and/or
non-immune factors. At present, most opinions hold that the primary
reason for the occurrence and development of OB is immune factors
[5]. OB is the characteristic manifestation of chronic rejection post lung
transplantation. Multiple cytokines are involved in the molecular me-
chanism of OB. A study showed that IL-17 participated in the OB mo-
lecular mechanism by regulating the polarization of M1 macrophages in
mouse heterotopic tracheal transplantation model [6]. Another study
suggested that IL-17a blocking decreased the overall IFN-γ mediated
lymphocyte response and thus delayed the occurrence of OB in mouse
orthotopic lung transplantation model [7]. IL-18 is a potent pro-in-
flammatory cytokine that stimulates lymphocytes to produce IFN-γ,
regulates macrophage activity, and secretes IL-1, IL -6, CCL4 and other
pro-inflammatory cytokines. IL-18 is considered as potential prognostic
biomarkers of organ transplant recipients and their donors [8].

Extracellular matrix (ECM) degradation is an important patholo-
gical aspect of OB. Matrix metalloproteinases (MMPs) include a group
of metal-dependent endopeptidases, which play a key role in the de-
gradation of ECM components [9,10]. Excessive activation of MMPs,
involving in the immunopathological damage process through ECM
renewal, epithelial injury, fibrosis, tissue remodeling, and inflamma-
tion, leads to OB. It has been reported that the occurrence of OB is
related to the high expression of MMP-2, MMP-3, MMP-7, MMP-8,
MMP-9, tissue inhibitor of matrix metalloproteinase (TIMP -1) and
TIMP-2; and the activation of MMP-7 is related to the good prognosis of
patients with lung transplantation [11–13].Extracellular matrix me-
talloproteinase inducer (EMMPRIN) is an internal membrane protein
inducting MMPs secretion. EMMPRIN expression is upregulated in the
presence of inflammation, immune response, and ischemic injury
[14,15]. The activation of MMPs is an important molecular event oc-
curring in OB. The detection of MMPs expression profiling provides a
new method to predict the occurrence and development of OB.

MMPs inhibitors are specific inhibitory molecules of MMP, and the
mechanism of MMPs inhibitors mainly include preventing the zymogen
activation of MMPs and inhibiting the activity of MMPs [16,17].
GM6001, known as Galardin or Ilomastat, is a broad-spectrum me-
talloproteinase inhibitor and is currently the most potent of the syn-
thetic metalloproteinase inhibitors. The mechanism of action of
GM6001 is as follows: by binding to the substrate recognition part of
the metalloproteinase molecule and complicating with the required
Zn2+ in the active center of the enzyme, the activation of the enzyme
is inhibited, thus directly inhibiting the destruction of collagen by
MMPs [18,19].

Mouse allogeneic heterotopic tracheal transplantation model is the
most commonly used animal model to study the pathogenesis OB after
lung transplantation [1]. In this study, the effects of FK506 combined
with MMP inhibitor GM6001 on the formation of OB after heterotopic
tracheal transplantation in mouse, as well as the expression of various
inflammatory factors and MMPs, were investigated to provide experi-
mental basis for the clinical treatment of OB.

2. Materials and methods

2.1. Animals

Specific pathogen-free C57BL/6 and BALB/c male mice weighing
20 ± 2 g were purchased from Shanghai SLAC Laboratory animal Co.
Ltd. (Shanghai, China). All experimental procedures were performed in
compliance with the Principles of Laboratory animal care (NIH pub-
lication Vol 25, No. 28 revised 1996) and the ShangHai Pulmonary

Hospital Animal Care and Use Committee Guidelines.

2.2. Reagents

Mouse IL-10、IL-17、IL-18、TIMP-1、TIMP-2、MMP-2、MMP-
3、MMP-7、MMP-8、MMP-9 and EMMPRIN ELISA kits were pur-
chased from American R&D company(Minneapolis, USA). All primary
antibodies and second antibody were purchased from Shanghai Abcam
Biology limited company (Shanghai, China). All other reagents are
domestic analytical pure reagents.

2.3. Model building and group-division of mice

Mouse heterotopic tracheal transplantation was performed to mimic
OB pathological process post lung transplantation. In isografts model,
tracheal from BALB/c donors were transplanted to BALB/c recipients,
while tracheal from C57BL/6 donors were transplanted to BALB/c re-
cipients in allografts model. The donor mice were euthanized by in-
traperitoneally injecting Ketamine (100mg/kg). A midline cervical in-
cision was performed to expose the entire trachea. The trachea below
the cricoid cartilage distal to the bifurcation was dissected, harvested,
and then it was flushed and preserved with cold sterile saline at 4 °C. A
small incision was made in the dorsal suprascapular area of the re-
cipient mice. A subcutaneous pouch was made with blunt dissection,
and then the donor tracheal segment was placed into it. The skin was
closed with interrupted 7–0 Vicryl suture.

All the mice were randomly divided into five groups, and each
group contained 12 mice. Isograft group: tracheal of BALB/c donors
were transplanted to BALB/c recipients; allograft group: tracheal of
C57BL/6 donors were transplanted to BALB/c recipients; allograft
+FK506 group: tracheal of C57BL/6 donors were transplanted to
BALB/c recipients and the recipients were administered with FK506 by
intraperitoneal injection (1mg/kg/day) [20]; allograft+GM6001
group: tracheal of C57BL/6 donors were transplanted to BALB/c re-
cipients and the recipients were administered with GM6001 by in-
traperitoneal injection (15mg/kg/day) [21]; allograft
+FK506+GM6001 group: tracheal of C57BL/6 donors were trans-
planted to BALB/c recipients and the recipients were administered with
FK506 combined with GM6001 by intraperitoneal injection (15mg/kg/
day). Intraperitoneal injection of FK506 and GM6001 were performed
from the first to the 27th day after the operation. All groups were
dissected to collect serum and peripheral blood for ELISA detection, the
grafts were harvested from recipient mice on day 28 after transplan-
tation for histopathology, immunohistochemical analyses, and western
blot assay.

2.4. Histological assessment of tracheal obstructive rate

Tracheal grafts were immediately fixed in 4% formalin at room
temperature for 24 h. The formalin-fixed tissues were embedded in
paraffin, cut into 4-μm sections and then stained with hematoxylin and
eosin(H&E). The changes of tracheal structure and inflammatory in-
filtration were observed under optical microscope. The ratio of occlu-
sion area to cross section of trachea was the luminal obliteration rate.
All histologic evaluations were performed by two individual observers
in a blinded manner.

2.5. Detection of serum concentration of cytokines and MMPs

The serum concentration of cytokines (IL-10、IL-17、IL-18) and
MMPs (TIMP-1、TIMP-2、MMP-2、MMP-3、MMP-7、MMP-8 、

MMP-9 and EMMPRIN) was detected by enzyme chain immunosorbent
assay (ELISA). The operation procedures are strictly in accordance with
the kit instructions for testing. The absorbance (A) value of each hole
was measured at 450 nm wavelength and zero with a blank hole. The
standard curve was made and found out the content of blood sample
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from the standard curve.

2.6. Immunohistochemical method

The expression of cytokines and MMPs were determined using im-
munohistochemical method. The process was in accordance with the
instructions for reagents. One slide in each group of sections was
stained with PBS solution instead of monoclonal antibody as the ne-
gative control. Brown-yellow granule in cytoplasm or nuclei was con-
sidered as the positive expression. Stain density and scope of 5 random
high-power visual field were scored using Image Pro Plus Image ana-
lysis software quantitatively and calculated the integrated optical
density value (IOD).

2.7. Western blot assay

Whole protein was extracted using radioimmunoprecipitation assay
(RIPA) (Roche, Germany). The lysates were collected for centrifugation
(12,000 g, 4 °C for 15min). Pierce BCA Protein Assay Kit (Thermo
Scientific, USA) was used to measure protein concentration in super-
natants. After that western blotting was carried out according to pre-
vious report [28]. Briefly, the proteins separated by SDS-PAGE were
electrophoretically transferred onto PDVF membranes (Bio-Rad, USA).
Primary antibodies against TIMP-1、TIMP-2、MMP-2、MMP-3、
MMP-7、MMP-8、MMP-9、EMMPRIN、IL-10、IL-17、IL-18(1:1000)
(Cell Signaling Technology, USA). Actin was used as loading control.
Secondary antibody was DyLight 800 goat anti-rabbit IgG (H+ L) (KPL,
USA). Odyssey infrared imaging system (LI-COR Biosciences, USA) was
used for quantitative Western blots.

2.8. Statistical analysis

Statistical analysis was performed using SPSS 19.0 software. All
data are presented as means ± SEM. Statistical analysis were per-
formed using a one-way ANOVA followed by a Bonferroni-Holm cor-
rection and t-test. P < .05 was regarded as statistically significant.

3. Results

3.1. Histological assessment of tracheal graft in different groups of mouse
heterotopic tracheal transplantation model

In the isograft group, the overall histology of grafts was very similar
to the normal trachea: the tracheal structure was clear and complete
and epitheliums was normal in the syngeneic tracheal grafts under light
microscope. The mucosal epithelium was fully repaired. There was no
obstruction and no inflammatory cell infiltration in the lumen (Fig. 1A).

In the allograft group, tracheal epithelial cells undergone complete
necrosis and the lumen of tracheal grafts were almost totally occluded
by fibrous hyperplasia. The transplanted tracheal cartilage collapsed
completely. The lumen was completely blocked by the proliferative fi-
brous connective tissue, and chronic inflammatory cells were ex-
tensively infiltrated (Fig. 1B).

In the allograft+ FK506 group, the transplanted tracheal cartilage
collapsed partly. The partial lumen was obviously blocked by fibrous
tissue hyperplasia. Degree of inflammatory cell infiltrated in allograft
+FK506 group was less than that in allograft group (Fig. 1C).

In the allograft+GM6001 group, the transplanted tracheal cartilage
collapsed partly. The partial lumen was obviously blocked by fibrous
tissue hyperplasia. (Fig. 1D).

In the allograft+ FK506+GM6001 group, the transplanted tra-
cheal cartilage collapsed partly. The lumen was not completely blocked
by fibrous tissue hyperplasia. Inflammatory cell infiltrated within tra-
cheal wall in allograft+ FK506+GM6001 group were less than that in
allograft group and allograft+ FK506 group (Fig. 1E).

3.2. The rate of tracheal occlusion of different groups of mouse heterotopic
tracheal transplantation model

No tracheal occlusion occurred in grafts of isograft group. The rates
of tracheal occlusion of allograft group, allograft+ FK506 group, al-
lograft+GM6001 group and allograft+FK506+GM6001 group were
74.1 ± 9.79%, 34.4 ± 6.04%, 40.3 ± 8.77% and 26.5 ± 5.73% re-
spectively. There were significant differences between the 4 groups
(P < .001). FK506 combined with GM6001 significantly reduced the
occlusion rate of the transplanted trachea.

3.3. Serum cytokines and MMPs of different groups of mouse heterotopic
tracheal transplantation model determined by ELISA

On the whole, the serum MMPs and cytokines of allograft group was
higher than those of isograft group, while serum MMPs and cytokines of
allograft+ FK506 group and allograft+FK506+GM6001 group were
lower than those in allograft group. Serum protein expression of MMP-8
(P= .0005), MMP-9 (P= .0013), IL-17 (P= .0054), and IL-18
(P= .0087) had significantly difference in total four groups. Serum
protein expression of MMP-3 (P= .0408), MMP-8 (P= .0175), MMP-9
(P= .0127), IL-17 (P= .0334) and IL-18 (P= .0414) were significantly
increased in allograft group compared to isograft group. Serum protein
expression of MMP-7 (P= .0426), MMP-8 (P= .0026), MMP-9
(P= .0021) were significantly decreased in allograft+GM6001 group
compared to allograft group. Serum protein expression of IL-17
(P= .0206) and IL-18 (P= .0247) were significantly reduced in allo-
graft+FK506 group compared to the isograft group and allograft group.
Serum protein expression of MMP-8 (P < .0001), MMP-9 (P= .0016),
IL-17 (P= .0105) and IL-18 (P= .0056) were significantly reduced in
the allograft + FK506+GM6001 group compared to isograft group
and allograft group. Serum protein expression of MMP-8 (P= .0331)
and MMP-9 (P= .0161) were significantly lower in the FK506 and
GM6001 combined treatment group than in the FK506 alone treatment
group. (Table 1).

3.4. The protein expression of cytokines and matrix metalloproteinases in
tracheal graft of different groups of mouse heterotopic tracheal
transplantation model determined by immunohistochemistry

The protein of MMP -8 and MMP-9 were expressed in fibroblasts,
epithelial cells, airway smooth muscle cells and many inflammatory
cells, such as macrophages and neutrophils. Compared to isograft group
(Fig. 2A and F), the protein of MMP-8 and MMP-9 were up-regulated
expressed in tracheal grafts after transplantation in allograft group
(Fig. 2B and G). Compared to allograft group, the expressions of MMP-8
and MMP-9 were reduced in tracheal grafts of allograft+FK506 group
(Fig. 2C, H), allograft+GM6001 group (Fig. 2D, I) and allo-
graft+ FK506+GM6001 group (Fig. 2E, J). At 28 day post-operation,
the expression IOD values of MMP-8 in isograft group, allograft group,
allograft+FK506 group，allograft+GM6001 group and allograft
+FK506+GM6001 group were 43.1 ± 19.4、183.6 ± 25.3、
110.2 ± 20.5、85.1 ± 11.2 and 79.5 ± 12.1, respectively. The ex-
pression IOD values of MMP-9 were 36.3 ± 9.2、130.9 ± 21.4、
70.3 ± 18.0，43.0 ± 19.3 and 37.4 ± 18.3, respectively. MMP-8
and MMP-9 expression were significantly different among the 5 groups
(P < .001), with the lowest expression in isograft group and the
highest expression in allograft group, and the expression of MMP-8 and
MMP-9 was significantly inhibited in allograft+FK506+GM6001
group (P < .001). There was no significant difference in the levels of
other cytokines and MMPs between the four groups (all P > .05).
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3.5. The protein expression of matrix metalloproteinases in tracheal graft of
different groups of mouse heterotopic tracheal transplantation model
determined by western blot analysis

The protein expression of MMP-8 and MMP-9 in the transplanted
trachea of allograft group was higher than those of isograft group, and

the protein content of MMP -8 and MMP -9 gradually decreased in the
treated trachea of allograft+FK506 group and allograft
+FK506+GM6001 group. The optical density ratio of the target
protein and internal reference protein was used as the relative protein
expression content. The expression levels of MMP -8 protein in four
groups were: isograft group (0.0053), allograft group (0.11), allograft

Fig. 1. Pathologic histological changes of tracheal graft in different groups of mouse heterotopic tracheal transplantation model (hematoxylin-eosin staining, the
magnification of the left side of Figure was 40, the magnification of the right side of figure was 400).
A: isograft group, B: allograft group, C: allograft+FK506 group, D: allograft +GM6001 group, E: allograft+FK506+GM6001 group.
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+FK506 group (0.090), allograft+GM6001 group (0.015) and allograft
+FK506+GM6001 group (0.010). The four groups of MMP -9 protein
expression levels were: isograft group (0.036), allograft group (0.80),
allograft+FK506 group (0.30), allograft+GM6001 group (0.040) and
allograft+FK506+GM6001 group (0.020) (Fig. 3A and B).

4. Discussion

OB is a serious complication to affect the prognosis of lung trans-
plant patients. The main clinical features of OB are progressive dys-
pnea, dry cough, and progressive decline in lung function.
Immunosuppressive therapy can only delay the progression of OB [22].
Exploring the molecular mechanism of OB and formulating reasonable
treatment strategies are the key issues to improve the prognosis of
patients with lung transplantation.

The occurrence of OB after lung transplantation can be divided into
three steps: ① the initial step is immune and/or non-immune factors
including rejection, lymphocytic bronchiolitis, cytomegalovirus infec-
tion, gastroesophageal reflux and other damage to lung epithelial cells;
② then the immune response appeared: multiple cytokines and com-
plement are upregulated and an inflammatory cascade initiates; ③ the
last step is tissue remodeling: repeated damage and repair of the
bronchioles, resulting in airway fibrosis and occlusion. Multiple cyto-
kines have been found to be involved in the OB molecular mechanism
after lung transplantation [23–25]. These results suggest that cytokines
play a key role in OB molecular mechanism after lung transplantation.
The final histopathological features of OB are bronchiolar lymphocyte
and neutrophil infiltration, airway epithelial injury, extracellular ma-
trix (ECM) degradation, tissue remodeling and fibrosis.

The activation of MMPs is involved in the immunopathological
damage process of OB through ECM renewal, fibrosis, tissue re-
modeling, inflammation, etc., which is an important molecular event of
OB after lung transplantation [26,27]. Therefore, cytokines and MMPs
play a key role in the pathophysiology and mechanism of OB. We
speculated that OB progression could be inhibited by changing the
expression of cytokines and reducing the activity of MMPs.

The development of animal models is indispensable to the study of
OB pathogenesis and prevention measures. The researchers explored
and established a series of animal models for OB study after lung
transplantation, including orthotopic lung transplantation, orthotopic
tracheal transplantation, and heterotopic tracheal transplantation in
different locations in small rodents and large mammals. However, each
model has its own advantages and disadvantages. At present, there is no
perfect animal model, But the most important question for researchers
is which model is the best fit for their research. Mouse heterotopic
tracheal transplantation model is the most commonly used animal
model for OB, which can be used to explore the molecular mechanism
of immune rejection and fiber tissue reconstruction after lung trans-
plantation. After heterotopic tracheal transplantation, airway epithelial
cells were completely shed in a short time and the lumen was finally
completely occluded, which can be used as a model for the study of
advanced OB lesions [28–30]. In this study, no tracheal occlusion oc-
curred in the isograft group. In the allograft group, the tracheal oc-
clusion rate was 74.1 ± 9.79%. The transplanted tracheal cartilage
was completely collapsed and destroyed, and the lumen was completely
blocked by proliferative fibrous connective tissue, and chronic in-
flammatory cells were extensively infiltrated.

Cytokines are one of the therapeutic targets for OB. In this study,
serum levels of IL-10, IL-17 and IL-18 were detected and analyzed in the
isograft group, allograft group, allograft+FK506 group and allograft
+FK506+GM6001 group. The results indicated that there was no
difference in IL-10 serum levels among the groups. However, serum IL-
17 and IL-18 levels were significantly higher in allograft group than in
isograft group, and serum IL-17 and IL-18 levels of allograft+FK506
group were significantly lower than those of allograft group. It was
suggested that IL −17 and IL −18 might be related to graft rejection,Ta
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Fig. 2. The protein expression of MMP-8 and MMP-9 in tracheal graft of different groups of mouse heterotopic tracheal transplantation model(immunohistochemical
staining, the magnification of the left side of Figure was 40, the magnification of the right side of figure was 400).
A: MMP-8 protein expression in tracheal graft of isograft group,
B: MMP-8 protein expression in tracheal graft of allograft group,
C: MMP-8 protein expression in tracheal graft of allograft+FK506 group,
D: MMP-8 protein expression in tracheal graft of allograft+GM6001 group,
E: MMP-8 protein expression in tracheal graft of allograft+FK506+GM6001 group,
F: MMP-9 protein expression in tracheal graft of isograft group,
G: MMP-9 protein expression in tracheal graft of allograft group,
H: MMP-9 protein expression in tracheal graft of allograft+FK506 group,
I: MMP-9 protein expression in tracheal graft of allograft+GM6001 group,
J: MMP-9 protein expression in tracheal graft of allograft+FK506+GM6001 group.
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while FK506 anti-rejection reduced serum IL −17 and IL −18 levels.
Haouami Y [31] et al. reported that IL −17 was involved in the re-
jection of kidney transplantation, and the levels of IL −17 mRNA in the
transplanted kidney and serum IL −17 in the rejection group were
significantly higher than those in the control group. Serum IL−17 level
in renal transplant patients was good in predicting the sensitivity and
specificity of rejection, and was a biomarker with promising application
in rejection. Sun B [32] et al. found that IL-17 G-197A gene

polymorphism was associated with rejection of liver transplantation
recipients. IL-17 levels were significantly decreased after FK506 treat-
ment in both cell culture and mouse experiments [33,34]. Pawlus J [35]
et al. found that the polymorphism of IL-18 rs1946518 locus was as-
sociated with chronic rejection of renal transplant recipients. Another
study showed that IL-18 mRNA increased glomerular filtration rate of
renal transplant recipients, which was related to renal transplant
function. Cell culture experiments also showed that FK506 significantly

Fig. 2. (continued)
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reduced IL-18 levels [36]. The above studies combined with our data
suggested that IL-17 and IL-18 involved in the molecular mechanism of
organ transplantation rejection. FK506 can effectively reduce IL-17 and
IL-18 levels, thus alleviating rejection.

In this study, the serum levels of MMP-2, MMP-3, MMP7, MMP-8,
MMP-9, TIMP-1, TIMP-2 and EMMPRIN in recipient mice of isograft
group, allograft group, allograft+FK506 group, allograft+GM6001
group and allograft+FK506+GM6001 group were detected to explore
the role of matrix metalloproteinases and related molecules in the oc-
currence and treatment of OB. The data indicated that serum levels of
MMP-2, MMP-3, MMP-7, TIMP-1, TIMP-2 and EMMPRIN were not
significantly different in the 5 groups, while serum levels of MMP-8 and
MMP-9 were significantly different in the 5 groups. Serum levels of
MMP-8 and MMP-9 was significantly higher in the allograft group than
in the isograft group; and serum levels of MMP-8 and MMP-9 of allo-
graft+FK506+GM6001 group was significantly lower than those of
allograft+FK506 group.

Both immunohistochemistry and Western blot results showed:
compared with isograft group, MMP-8 and MMP-9 expression were
increased in tracheal grafts of allograft group after transplantation.
Compared with allograft group, MMP -8 and MMP -9 expressions in
tracheal grafts after transplantation in allograft+FK506 group and al-
lograft+FK506+GM6001 group were significantly reduced. Heijink
IH [11] et al. confirmed that MMP-8 and MMP-9 were significantly
increased in alveolar lavage fluid of patients with BOS after lung
transplantation. Current studies showed that MMP-9 is involved in the
pathogenesis of chronic rejection after lung transplantation in adults,
and its expression has a certain prediction effect on adult BOS [37–39].
The experimental data and literature reports suggested that matrix
metalloproteinase was involved in the OB molecular mechanism after
lung transplantation. After the treatment with MMP inhibitor GM6001,
it was observed that the occlusion rate of the mouse model of hetero-
topic tracheal transplantation was significantly reduced, and the level
of serum MMPs and the expression of graft MMPs protein were reduced.

Therefore, it can be speculated that GM6001 inhibits the formation of
obliterative bronchiolitis after heterotopic tracheal transplantation in
mouse by reducing the expression of MMP-8 and MMP-9.

The results of this study showed that FK506 could reduce OB by
reducing cytokines IL-17, IL-18 and GM6001 reduces OB by reducing
MMPs. Combined application of FK506 and GM6001 in a mouse model
of heterotopic tracheal transplantation showed good control effect on
OB. The pathological changes of the transplanted trachea were sig-
nificantly reduced.

In summary, the mouse heterotopic tracheal transplantation model
used in this study successfully depicted OB pathophysiological process
in lung tissue protein expression, including increased MMP-8, MMP-8,
MMP-9, IL-17 and IL-18. Furthermore, we showed that anti-rejection
therapy with FK506 as the main drug combined with MMP inhibitor
was an effective strategy for the treatment of OB after lung transplan-
tation. Further studies are needed in orthotopic lung transplantation
models and the selection of suitable MMP inhibitors for clinical appli-
cation to provide more reliable basic research data for clinical appli-
cation.

5. Limitations

Although the present study initially proved that GM6001 could al-
leviate tracheal obliteration in mouse heterotopic tracheal transplan-
tation model, toxic side effects of GM6001 should been observed in
further study.
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Fig. 3. The protein expression of MMP-8 and MMP-9 in tracheal graft of different groups of mouse heterotopic tracheal transplantation model determined by western
blot analysis.
A: isograft group, B: allograft group, C: allograft+FK506 group, D: allograft +GM6001 group, E: allograft+FK506+GM6001 group.
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