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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a progressive 
fibroproliferative disorder with poor prognosis similar 
to lung cancer. Very few pharmacological options are 
available, and the median survival time is only 3–5 years 
following diagnosis. The etiology of this fibrotic lung 
disease is by definition unknown but an understanding of 
IPF pathophysiology over the last two decades has shifted 
from a chronic inflammatory process to an abnormal wound 
healing cascade with aberrant fibroblast/myofibroblast 
proliferation and accumulation of extracellular matrix 
(ECM) proteins such as collagen [1, 2]. 

N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP) 
is an endogenous (normally present in organs and 

in biological fluids) tetrapeptide generated by prolyl 
oligopeptidase (POP) from its precursor thymosin-β4 
(Tβ4) [3]. Ac-SDKP is, in turn, a natural substrate of the 
N-domain of angiotensin-converting enzyme (ACE), 
cleaving this peptide into inactive fragments [4].

Several studies have demonstrated that Ac-SDKP 
may have antifibrotic properties. Administration of 
Ac-SDKP in rats prevents, and even reverses, collagen 
deposition in a model of myocardial infarction [5]. 
Consistent antifibrotic effects of Ac-SDKP have been 
shown in experimental liver [6–7] and kidney fibrosis 
[8–9]; Ac-SDKP also inhibits pulmonary fibrosis in rats 
with SiO2-induced silicosis [10, 11]. 

BLEO is a potent anti-tumor agent for several 
neoplasms, but its administration is limited by drug-induced 
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ABSTRACT
In this study, the bleomycin model of pulmonary fibrosis was utilized to 

investigate putative anti-fibrotic activity of Ac-SDKP in vivo. Male CD-1 mice received 
intra-tracheal bleomycin (BLEO, 1 mg/kg) instillation in the absence or presence 
of Ac-SDKP (a dose of 0.6 mg/kg delivered intra-peritoneally on the day of BLEO 
treatment, d0, followed by bi-weekly additional doses). To evaluate therapeutic 
effects in a subset of mice, Ac-SDKP was administered one week after BLEO instillation 
(d7). Animals were sacrificed at one, two, or three weeks later. Measurement of fluid 
and collagen content in the lung, Broncho Alveolar Lavage Fluid (BALF) analysis, lung 
histology, immunohistochemistry (IHC), and molecular analysis were performed. 
Compared to BLEO-treated mice, animals that received also Ac-SDKP (at both d0 
and d7) had significantly decreased mortality, weight loss, inflammation (edema, and 
leukocyte lung infiltration), lung damage (histological evidence of lung injury), and 
fibrosis (collagen histological staining and soluble collagen content in the lung) at up 
to 21 days. Moreover, IHC and quantitative RT-PCR results demonstrated a significant 
decrease in BLEO-induced IL-17 and TGF-β expression in lung tissue. Importantly, 
α-SMA expression, the hallmark of myofibroblast differentiation, was also decreased. 
This is the first report showing not only a preventive protective role of Ac-SDKP but 
also its significant therapeutic effects in the bleomycin model of pulmonary fibrosis, 
thus supporting further preclinical and clinical studies. 
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lung fibrosis. Therefore, BLEO is one of the most widely 
used drugs for inducing lung fibrosis in animals, due to 
its ability to provoke a histological lung pathology similar 
to that described in patients undergoing chemotherapy, 
and in part overlapping with IPF feature. BLEO damage 
to the lungs is characterized by patchy parenchymal 
inflammation, basement membrane and alveolar epithelial 
cell injury with reactive hyperplasia, epithelial-mesenchymal 
transition, activation, and differentiation of fibroblasts to 
myofibroblasts. Although it is known that the BLEO animal 
model of IPF fails to reflect some of the histological and 
pathological features typical of the human disease, it is 
widely accepted that this model sufficiently recapitulates 
the hallmark characteristics of the IPF [12]. Thus in this 
study, we utilized CD-1 mice treated with an intra-tracheal 
instillation of bleomycin to study the putative preventive 
and therapeutic anti-fibrotic effects of Ac-SDKP in the lung. 
Also, in order to investigate mechanisms, we assessed the 
effects of Ac-SDKP on the expression of IL-17, a cytokine 
pivotal in BLEO-induced lung damage and fibrosis, and 
α-SMA, the hallmark of myofibroblast differentiation.

RESULTS

Ac-SDKP co-treatment reduced BLEO-induced 
mortality and weight loss

As shown in Figure 1A and 1B, the BLEO-induced 
mortality and body weight loss was significantly reduced 
in mice that had received Ac-SDKP both immediately 
(d0) and late(d7) after BLEO instillation. A significantly 
increased survival of Ac-SDKP co-treated mice was 
observed at 7 days (Ac-SDKP 90% vs BLEO 75% 
P < 0.05), 14 days (Ac-SDKP d0 85%, d7 81% vs BLEO 
65% P < 0.05 both) and 21 days (Ac-SDKP d0 80%, d7 
78% vs BLEO 60% P < 0.05 both), Figure 1A. Similarly, 
as show in Figure 1B, the substantial decrease in body 
weight induced by BLEO instillation was significantly 
prevented at 7 days (Ac-SDKP –3.2 ± 0.45 vs BLEO 
−4.75 ± 0.95 P  < 0.05), 14 days (Ac-SDKP d0 −4.6 
± 0.53, d7 −4.3 ± 1.5 vs BLEO −9.3 ± 1.8 P < 0.05 both), 
and 21 days (Ac-SDKP d0 −5.86 ± 0.9, d7 −8.8 ± 0.91vs 
BLEO −12.7 ± 0.8 P < 0.05 both) in mice co-treated with  
Ac-SDKP at both d0 and d7.

BLEO-induced leukocyte infiltration and lung 
edema were significantly reduced by Ac-SDKP 
co-treatment

The BLEO-induced inflammatory response 
evaluated by the presence of leukocytes in BALF as 
well as by lung edema at 7 and 14 days was significantly 
inhibited in mice treated with Ac-SDKP. As shown in 
Figure 2A, the large increase in the number of leukocytes 
found in BALF of BLEO-treated mice was significantly 
reduced by Ac-SDKP co-treatment at d0, and substantially 
arrested by delayed Ac-SDKP treatment (BALF total cell 

number, ×103 per ml at 7 days: Ac-SDKP 85 ± 49 vs 
BLEO 283,3 ± 28 P < 0.05; and 14 days: Ac-SDKP d0 
88.3 ± 56, d7 148 ± 41 vs BLEO 203,3 ± 34 P < 0.05 and 
P > 0.05, respectively). Moreover, Ac-SDKP co-treatment 
substantially halted the BLEO-induced increase in the 
number of neutrophils at both 7 and 14 days, as shown in 
Figure 2B and 2C, respectively.

In addition, data in Table 1 demonstrate that the 
relevant BLEO-induced lung edema observed in mice 
sacrificed at both 7 and 14 days was significantly reduced 
by Ac-SDKP co-treatment at both d0 and d7.

Marked histological signs of BLEO-induced lung 
damage and fibrosis were significantly reduced 
by Ac-SDKP co-treatment

As shown in left panels of Figure 3A, following 7 
days of BLEO instillation, histological examination of the 
lung tissue revealed an extensive inflammatory infiltration 
by leukocytes extending through the lung epithelium with 
granulomas in the perivascular region as well as moderate 
fibrous thickening of the alveolar/bronchiolar walls. 
Moreover, the initial extracellular collagen deposition was 
evidenced by Masson’s staining (Figure 4A). In contrast, 
preventive Ac-SDKP co-treatment suppressed both the 
inflammatory response and the ongoing fibrotic process, as 
recapitulated by the Ashcroft score in Figure 3B: Ac-SDKP 
1.56 ± 0.09 vs BLEO 4.3 ± 0.17 P < 0.001). Established 
fibrosis and severe distortion of the lung structure in the 
BLEO-treated mice at 14 and 21 days, as shown in middle 
and right panels of Figures 3A and 4A, were significantly 
reduced not only in mice cotreated with Ac-SDKP since 
dO but also in the animals administered Ac-SDKP after 
7 days following BLEO instillation (Ashcroft score; at 
14 days: Ac-DSKP d0 3.6 ± 0.3, d7 4.8 ± 0.3 vs BLEO 
5.9 ± 0.2 P < 0.01 and P < 0.05 respectively; and 21 days: 
Ac-SDKP d0 4.5 ± 0.12, d7 5.7 ± 0.14 vs BLEO 6.6 ± 0.31 
P < 0.01 and P < 0.05 respectively). Since there was no 
progression of the fibrotic process in animals with delayed 
Ac-SDKP co-treatment, these findings demonstrate a 
therapeutic effect of Ac-SDKP. 

Ac-SDKP co-treatment reduced the BLEO-
induced increase of collagen content in the lung

As shown in Figure 4A, representative micro­
photographs of FFPE lung tissue slices stained with 
Masson’s trichrome specific for collagen fibers indicate 
the substantial prevention of BLEO-induced extracellular 
collagen deposition in mice co-treated with Ac-SDKP. 
These results are paralleled by quantitative measurement of 
total soluble collagen in the lung tissue of mice sacrificed 
at 14, or 21 days. As shown in Figure 4B, compared to 
BLEO-treated control mice, a significant reduction in the 
collagen increase was observed in Ac-SDKP cotreated 
mice, at both time points (Collagen μg/0.1 ml at 14 days: 
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Ac-SDKP d0 223.04 ± 15.21, d7 225.04 ± 16.99 vs BLEO 
280.04 ± 13.58 P < 0.05 both; and at 21 days:Ac-SDKP 
d0 288.36 ± 18.39, d7 237.28 ± 13.02 vs BLEO 436,12 ± 
35.62 P < 0.05 both).

BLEO-induced over-expression of IL-17 and 
TGF-β in the lung tissue was inhibited in BLEO/
Ac-SDKP co-treated mice

As shown in Figure 5A and 5C, molecular analysis 
of IL-17 and TGF-β expression demonstrates that at 
14 days in the lung homogenates of Ac-SDKP co-treated 
mice (both at d0 and d7) the near 35-fold increase in IL-17 
mRNA expression as well as the near 1, 8-fold increase in 
TGF-β mRNA expression observed in the lungs of BLEO-
treated mice were completely prevented. Also at 21 days 
the BLEO-induced over-expression of both cytokines 
was significantly inhibited in Ac-SDKP co-treated mice 
(Figure 5B and 5D).

In addition, IL-17 and TGF-β IHC analysis in 
the lung tissue slices shown in Figures 6A and 7A, 
respectively, demonstrate no positivity for both cytokines 
in Sham mice whereas a strong signal was detected in 
samples of BLEO-treated mice where stromal, interstitial 
and infiltrating inflammatory cells, and also epithelial cells 
appear intensively positive for both cytokines. In contrast, 
these intense immunoreactivities were significantly 
reduced in Ac-SDKP co-treated mice (both at d0 and d7), 
Figures 6B and 7B. 

Ac-SDKP co-treatment was able to inhibit 
BLEO-induced over-expression of α-SMA in the 
lung tissue

As shown in Figure 8A, the strong BLEO-induced 
α-SMA mRNA over-expression (more than 60× fold 
change) in the lung tissue at day 14 was completely 
blocked in co-treated mice which received Ac-SDKP at 
both d0 and d7. In agreement with this finding, Western 
blot analysis shown in Figure 8C demonstrates a 
significant reduction of α-SMA protein in the lung tissue 
of BLEO/AC-SDKP treated mice. At days 21, as shown 
in Figure 8B and 8D, α-SMA mRNA over-expression 
was much reduced in BLEO-treated mice (less than 
10× fold change), probably due to being completion of 

myofibroblast differentiation, nevertheless both α-SMA 
mRNA and protein expression were significantly further 
reduced in the AC-SDKP co-treated mice (both at d0 
and d7).

DISCUSSION

Previously we showed anti-fibrotic properties of 
Ac-SDKP in vitro, differently to its precursor Tβ4 [16].On 
the other hand, we demonstrated that Tβ4 was unable to 
prevent established pulmonary fibrosis at 14 and 21 days 
in BLEO-treated mice, in contrast to its protective role at 
7 days [17]. In the current study we utilized the identical 
mouse model of the previous research (same strain, BLEO 
dose and instillation mode) to investigate in vivo the effects 
of exogenous Ac-SDKP (same drug molar concentration, 
route and scheduling of Tβ4) by comparison with Tβ4, 
Here we demonstrated that, besides protective effects on 
mortality, body weight loss and inflammation, Ac-SDKP 
carried out both preventive and therapeutic actions against 
lung damage and fibrosis at up to 21 days, as determined 
by histological score and collagen content in the lung. 
These findings are in line with our previous observations 
in vitro and reinforce the anti-fibrotic function of Tβ4 
amino-terminal active site containing the four amino acids 
Ac-SDKP, which can be released from the parent molecule 
(both endogenous and exogenous) via processing and/
or degradation of intact Tβ4 [18]. Accordingly, Zuo and 
colleagues showed that Ac-SDKP has anti-fibrotic effects 
in both early and late stages of renal fibrosis induced by 
unilateral ureteral obstruction whereas Tβ4 alone has 
context- and time-dependent effects on renal fibrosis [9]. 
Furthermore, the current results are in agreement with 
observations of a previously published study showing that 
accumulation of endogenous Ac-SDKP in ACE N-terminal 
catalytic site-KO mice alleviates BLEO-induced lung 
injury, in particular fibrosis [19]. Similarly, exogenous Ac-
SDKP has been shown to inhibit pulmonary fibrosis in rats 
with SiO2-induced silicosis [10, 11]. Previous experiments 
with knock-out mice demonstrated that IL-17 is essential 
for BLEO-induced fibrosis [20], and it was shown 
that recombinant IL-17 is able to induce fibrosis [20]. 
Furthermore, blocking IL-17 promoted the resolution of 
pulmonary inflammation and fibrosis [21]. Based on these 
findings, we also investigated the effects of Ac-SDKP on 

Table 1: The wet/dry lung weight mean (± s.d.) ratio of at least three mice for each group is reported
Wet / dry lung weight ratio
 Sham Bleo Bleo + Ac-SDKP (d 0) Bleo + Ac-SDKP (d 7)
7 days 3,3 (± 0,1) 8,15 (± 0,85)º 5,05 (± 0,15)***

14 days 3,37 (± 0,22) 10,2 (± 0,4)º 6,05 (± 0,35)** 7,35 (± 0,15)*

*P < 0.05 versus Sham; **P < 0.01 versus Sham ; ***P < 0,001 versus Sham; °P < 0,05 versus Bleo.
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Figure 1: Protective effects of Ac-SDKP treatment on BLEO-induced mortality and weight loss. (A) Body weight loss/gain 
expressed in grams. The zero line was considered the mean value of the original mouse weight. Groups/treatments/time points are indicated. 
The asterisk indicates a P < 0.05 versus Bleo, the circle a P < 0.05 versus Sham. (B) Mortality rate expressed as % of survival. Groups/
treatments/time points are indicated. °P < 0.05 versus Sham, *P < 0.05 versus Bleo.
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Figure 2: Protective effects of Ac-SDKP treatment on BLEO-induced leukocyte lung infiltration. (A) Cellularity in BALF 
of indicated mice groups, evaluated by a hemocytometer where cells were visualized with trypan blue staining. The total number of 
leukocytes, ×103 per milliliter (mean ± s.d), is reported for each group (at least five mice analyzed) at the indicated time points. °P < 0.05 
versus Sham, *P < 0.05 versus Bleo. (B) Differential cell counts in cytospins prepared from BALF at 7 days  were obtained by observing 
a total of 100 cells in randomly chosen fields of each sample. (C) Differential cell counts in cytospins prepared from BALF at 14 days. 
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Figure 3: Ac-SDKP treatment suppressed BLEO-induced histological  marks of lung damage and fibrosis  in mouse 
lung. (A) Representative microphotographs (150 ×)of  FFPE  lung tissue slices stained by H & E from indicated mice at the indicated 
time points. (B) Semi-quantitative fibrosis scoring was assessed according to the Ashcroft scale. Slides were scored by a single investigator 
in a blinded fashion. Graphs show mean values ± s.d. of at least five mice for each group. *P < 0,05 vs Sham; **P < 0,01 vs Sham; 
***P <   0,001 vs Sham; #P < 0,05 vs Bleo; ##P < 0,01 vs Bleomycin; ###P < 0,001 vs Bleo.
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Figure 4: Effects of Ac-SDKP treatment on BLEO-induced increase in collagen deposition in mouse lung tissue.  
(A) Representative microphotographs (150x) of FFPE lung tissue slices stained with Masson's trichrome that is specific for collagen 
detection (blue). (B) Lung content (μg) of soluble collagen measured by the Sircol Soluble Collagen Assay in homogenized tissues (0.1 ml) 
of at least five mice for each group. Graphs report mean values ± s.d., °P < 0.05 versus Sham, *P < 0.05 versus Sham group.
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IL-17 expression. Q-RT-PCR and IHC data demonstrated 
a significant inhibition of BLEO-induced IL-17 expression 
in lung tissue of Ac-SDKP co-treated mice, including when 
AC-SDKP was therapeutically administered one week 
after BLEO instillation. Moreover, since myofibroblast 
differentiation, characterized by α-smooth muscle actin 
(α-SMA) expression, is thought to be the key process in 
organ fibrosis [22], and it is induced by TGF-β released by 
damaged epithelial cells and/or by infiltrating inflammatory 
cells [23], in this study we examined whether Ac-SDKP can 
inhibit TGF-β signaling and myofibroblast differentiation. 

Based on q-RT-PCR and IHC results ,we show that 
both initial and delayed Ac-SDKP treatment was able to 
significantly decrease the BLEO-induced TGF-β over-
expression in the damaged lung. Importantly, we also 
found that both preventive and therapeutic treatment with 
Ac-SDKP reduced fibroblast/myofibroblast differentiation, 
as demonstrated by qRT-PCR and Western blot analysis of 
α-SMA expression in the lung tissue. Accordingly, it was 
previously demonstrated that Ac-SDKP can inhibit the 
myofibroblast differentiation of human fetal lung fibroblasts 
(MRC-5) cells induced by Ang II [24]. Furthermore, it was 

Figure 5: Ac-SDKP treatment suppressed BLEO-induced over-expression of IL-17 and TGF-β mRNA in mouse lung 
tissue. Q-RT-PCR analysis of IL-17 (A and B) and TGF-β (C and D) mRNA expression in lung tissue. Reported values are means ± s.d. 
of the relative fold inductions calculated with the ΔΔCt method considering Sham values as calibrator, i.e. expression level = 1). Three 
replicates of at least three separate RNA samples from different mice (N = 5) for each group were performed. *P <0.05 versus Sham, 
°P <0.05 versus Sham group.
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Figure 6: Ac-SDKP treatment inhibited BLEO-induced IL-17 expression in mouse lung tissue. (A) Representative 
microphotographs of IL-17 IHC in FFPE lung tissue slices from the indicated mice/groups/time points using an anti-mouse IL-17 rabbit 
polyclonal antibody. (B) Densitometric analysis of the microphotographs using Optilab Graftek software: positive areas are expressed as 
percentage of total tissue area. The asterisks indicate a P < 0.05 versus Sham, ###P < 0.05 versus Bleomycin
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Figure 7: Ac-SDKP treatment inhibited BLEO-induced TGF-β expression in mouse lung tissue. (A) Representative 
microphotographs of TGF-β IHC in FFPE lung tissue slices from the indicated mice/groups/time points by using an anti-mouse TGF-β 
rabbit polyclonal antibody. (B) Densitometric analysis of the microphotographs using Optilab Graftek software: positive areas are expressed 
as percentage of total tissue area. The asterisks indicate a P < 0.05 versus Sham, ###P < 0.05 versus Bleomycin.
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shown that Ac-SDKP suppresses epithelial-mesenchymal 
transition in A549 cells via HSP27 signaling [25]. Since 
effective IPF therapies should be focused on halting 
the fibroblast/myofibroblast differentiation process, 
and consequently abnormal tissue remodeling as well 
as excessive accumulation of extracellular matrix, we 
propose Ac-SDKP as a valid putative drug for lung 
fibrosis. Moreover, it is noteworthy that in this comparative 
study Ac-SDKP was administered, as previously Tβ4, bi-
weekly and at a middle dosage yet it was able to block 
the established lung damage and the ongoing fibrosis 

also administered one week after BLEO instillation. One 
can only speculate whether a real therapeutic scheduling 
(e.g. daily vs bi-weekly) at a higher dosage could not only 
block but also reverse the pathologic process. However, 
considering the potential role of Ac-SDKP in some 
malignancies [26–29], even though controversial [30], 
caution should be used to determine whether Ac-SDKP can 
be harmful in a subset of patients. Nevertheless we must 
seriously consider the potential therapeutic utilization of 
Ac-SDKP against pulmonary fibrosis. Further preclinical 
and clinical studies are warranted.

Figure 8: Ac-SDKP treatment inhibited the BLEO-induced α-SMA expression in mouse lung tissue at mRNA and 
protein level. Q-RT-PCR analysis of α-SMA mRNA expression in lung tissue. Reported values are means ± s.d. of the relative fold 
inductions calculated with the ΔΔCt method considering Sham values as the calibrator, i.e. expression level = 1). Three replicates of at 
least three separate RNA samples from different mice for each group (N = 5) were performed. (B) Representative Western blot analysis of 
α-SMA protein expression and quantitation with mean values ± s.d. of α-SMA/GAPDH ratios of three separate experiments with tissue 
lysates from different mice (N = 5) for each group. *P <0.05 versus Sham, °P < 0.05 versus Sham group.
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MATERIALS AND METHODS

Materials

Ac-SDKP was purchased from Bachem, Peninsula 
Laboratories, San Carlos, CA, USA. Unless otherwise 
stated, all other chemicals were obtained from Sigma-
Aldrich Company Ltd. (Poole, Dorset, U.K.) at the highest 
commercial grade available. All stock solutions were prepared 
in non-pyrogenic saline (0.9% NaCl; Baxter, Italy, UK).

Animals and in vivo experiments

Male CD-1 mice (Harlan Nossan; Italy) were housed 
in a controlled environment and provided with standard 
rodent chow and water. Animals were randomly allocated 
into the following groups: (i) Bleo (N = 24). Mice were 
subjected to BLEO instillation and received saline intra-
peritoneally (i.p.), immediately after BLEO and bi-weekly 
until days 7, 14, or 21, (ii) Bleo + Ac-SDKP (N = 24). 
Same as the Bleo group but Ac-SDKP was administered 
(0.6 mg/kg) i.p., immediately after BLEO and bi-weekly 
until day 7, 14, or 21, (iii) Bleo + Ac-SDKP (delayed) 
group (N = 16). Sham-operated group in which identical 
procedures to the Bleo group were performed, except 
that saline was used instead of bleomycin and Ac-SDKP 
was administered one week after BLEO and bi-weekly 
until day 14 or 21. (iv) Sham group (N = 15). Sham-
operated group in which an identical procedure to the 
Bleo group was performed, except that saline was used 
instead of BLEO and the vehicle for Ac-SDKP was given 
immediately after BLEO and bi-weekly until sacrifice. 
Mice were euthanized with a pentobarbitone overdose. 

BALF analysis

After sacrifice mouse trachea were immediately 
cannulated with an intravenous polyethylene catheter 
equipped with a 24-gauge needle on a 1-ml syringe. Lungs 
were washed once with 0.5 ml D-PBS (GIBCO, Paisley, 
UK). The BALF was spun at 800 rpm, the supernate was 
removed, and the pelleted cells were resuspended in PBS. 
BALF cells were stained with trypan blue and counted with a 
hemocytometer Cytospins were prepared from resuspended 
BALF cells by centrifuging 50,000 cells onto microscope 
slides using a Shandon Cytospin 3 (Shandon, Astmoore, 
UK). Slides were allowed to air dry and were then stained 
with Diff-Quick Stain Set (Diff-Quick; Baxter Scientific, 
Miami, FL). Using optical microscopy, a total of 100 cells 
were examined from each sample in randomly chosen fields.

Measurement of water content in the lung

The wet weight of one lung was measured after 
careful excision of extraneous tissues. The lung was then 
heated at 180°C for 48 hr and afterwards the dry weight 
was measured as previously described [13], and wet/dry 
weight ratio was calculated.

Soluble collagen assay

The total content of soluble collagen in the lung 
tissue was measured using the Sircol Soluble Collagen 
Assay (Biocolor, Newtownabbey, Northern Ireland) as 
previously described [14].

Histology

Lung biopsies were fixed in 10% (w/v) PBS-
buffered formaldehyde solution at room temperature, 
dehydrated using graded ethanol, and embedded in 
Paraplast (Sherwood Medical, Mahwah, NJ, USA). 
Sections (8-μm) were then deparaffinized with xylene, 
stained with either conventional hematoxylin & eosin 
(H & E) or by the Masson’s method for collagen 
detection, and observed using a light microscope (Dialux 
22 Leitz). The severity of lung damage and fibrosis was 
assessed according to the method of Ashcroft et al. [15] as 
previously described [14].

Immunohistochemistry (IHC)

Formalin fixed paraffin-embedded (FFPE) lung 
sections (8-μm) were used for immunohistochemical  
localization of IL-17 and TGF-β. Endogenous peroxidase 
in de-paraffinized  sections was quenched with 0.3% (v/v) 
hydrogen peroxide in 60% (v/v) methanol for 30 min. The 
sections were made permeable by incubation with 0.1% (w/v) 
Triton X-100 in PBS for 20 min. Non-specific adsorption was 
minimized by incubating the sections in 2% (v/v) normal 
goat serum in PBS for 20 min. Endogenous biotin and avidin 
binding sites were blocked by sequential incubation for 
15  min with biotin and avidin, respectively. Sections were 
then incubated overnight at 4°C with anti-mouse TGF-β 
rabbit polyclonal antibody (Santa Cruz Biotechnology, 1:100 
in PBS, v/v) or with anti-mouse IL-17 rabbit polyclonal 
antibody (Santa Cruz Biotechnology, 1:100 in PBS, v/v). 
Then, the sections were washed with PBS, and incubated 
with a biotin-conjugated goat anti-rabbit IgG secondary 
antibody followed by an avidin-biotin peroxidase complex 
(Vector Laboratories, Milan, Italy). The immunoreactions 
were visualized by incubating the sections four minutes in 
a 0.1% 3, 3′-diaminobenzidine (DAB) and 0.02% hydrogen 
peroxide solution (DAB substrate kit; Vector Laboratories). 
Densitometric analysis of microphotographs was performed 
by using Optilab Graftek software, and positive areas were 
expressed as percentage of the total tissue area. 

RNA extraction, reverse transcription and 
quantitative reverse transcriptasePCR (qRT-PCR)

Total RNA was extracted by using TRIZOL 
(Invitrogen, UK), quantified by UV spectroscopy (BIO-
photometer, Eppendorf, Germany), and treated with DNAse 
(Invitrogen). cDNA was generated using Superscript II 
Reverse Transcriptase (Invitrogen) and random hexamer 
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primers (Invitrogen) according to the manufacturer’s 
instructions. qRT-PCR was performed using in a duplex 
assay the commercially available Taqman assays for 
mouse α-SMA (ACTA2), COL-I (COL-IA1), and the 
housekeeping GAPDH gene (QIAGEN, Germany, for 
the firsts, and Thermo Fisher, USA, for the last) following 
the manufacturer’s instructions. Amplification conditions 
were identical for all genes: 94°C, 5 min and 45 cycles of 2 
steps: 95°C, 15 sec and 60°C, 30 sec. Relative quantification 
of target gene levels was performed by comparing ΔCt as 
described elsewhere [15, 16], and calculating ΔΔCt with the 
values from the Sham as the calibrator.

Western blot analysis

Cell lysates were subjected to denaturating SDS gel 
electrophoresis followed by electroblotting and incubation 
with either polyclonal rabbit anti-mouse α-SMA Ab 
(1:1000, Novus Biologicals,USA NB600-531), or 
monoclonal mouse anti-human GAPDH (1:1000, Merck 
Millipore) cross-reacting with the mouse protein.

Statistical analysis

Where suitable, data were analyzed by one-way 
ANOVA followed by a Bonferroni post-hoc test for multiple 
comparisons. A p-value of less than 0.05 was considered 
significant. Analysis of survival data was performed by 
Fisher’s exact probability test. The Mann–Whitney test was 
used to examine differences between the body weight and 
the organ weights of the control and experimental groups.

FUNDING

This research was performed with academical funds.

CONFLICTS OF INTEREST

All authors declare no conflicts of interests.

REFERENCES

1. Spagnolo P, Maher TM, Richeldi L. Idiopathic pulmonary 
fibrosis: Recent advances on pharmacological therapy. 
Pharmacol Ther. 2015; 152:18–27. PMID: 25946646. 
doi:10.1016/j.pharmthera.2015.04.005.

2. Wolters PJ, Collard HR, Jones KD. Pathogenesis of 
idiopathic pulmonary fibrosis. Annu Rev Pathol. 2014; 
9:157–179. PMID: 24050627 doi: 10.1146/annurev-
pathol-012513-104706].

3. Cavasin MA, Rhaleb NE, Yang XP, Carretero OA. Prolyl 
oligopeptidase is involved in release of the antifibrotic 
peptide Ac-SDKP. Hypertension. 2004; 43:1140–1145. 
PMID: 15037553.

 4. Rousseau A, Michaud A, Chauvet MT, Lenfant M, Corvol P. 
The hemoregulatory peptide N-acetyl-Ser-Asp-Lys-Pro is a 

natural and specific substrate of the N-terminal active site of 
human angiotensin-converting enzyme. J Biol Chem. 1995; 
270:3656–3661. PMID: 7876104.

 5. Yang F, Yang XP, Liu YH, Xu J, Cingolani O, Rhaleb NE, 
Carretero OA. Ac-SDKP reverses inflammation and fibrosis 
in rats with heart failure after myocardial infarction. 
Hypertension. 2004; 43:229–236. PMID: 14691195.

 6. Chen YW, Liu BW, Zhang YJ, Chen YW, Dong GF, 
Ding XD, Xu LM, Pat B, Fan JG, Li DG. Preservation 
of basal AcSDKP attenuates carbon tetrachloride-induced 
fibrosis in the rat liver. J Hepatol. 2010; 53:528–536. PMID: 
20646773. doi: 10.1016/j.jhep.2010.03.027.

 7. Zhang L, Xu LM, Chen YW, Ni QW, Zhou M, Qu CY, 
Zhang Y, Antifibrotic effect of N-acetyl-seryl-aspartyl-
lysyl-proline on bile duct ligation induced liver fibrosis in 
rats. World J Gastroenterol. 2012; 18:5283–5288. PMID: 
23066324. doi: 10.3748/wjg.v18.i37.5283.

 8. Wang M, Liu R, Jia X, Mu S, Xie R, N-acetyl-seryl-
aspartyl-lysyl-proline attenuates renal inflammation and 
tubulointerstitial fibrosis in rats. Int J Mol Med. 2010; 
26:795–801. PMID: 21042772.

 9. Zuo Y, Chun B, Potthoff SA, Kazi N, Brolin TJ, 
Orhan D, Yang HC, Ma LJ, Kon V, Myohanen T, Rhaleb 
NE, Carretero OA, Fogo AB, Thymosin beta4 and its 
degradation product, Ac-SDKP, are novel reparative factors 
in renal fibrosis. Kidney Int. 2013; 84:1166–1175. PMID: 
23739235. doi: 10.1038/ki.2013.209.

10. Sun Y, Yang F, Yan J, Li Q, Wei Z, Feng H, Wang R, 
Zhang L, Zhang X, New anti-fibrotic mechanisms of 
n-acetyl-seryl-aspartyl-lysyl-proline in silicon dioxide-
induced silicosis. Life Sci. 2010; 87:232–239. PMID: 
20624403. doi: 10.1016/j.lfs.2010.06.016.

11. Yan JB, Zhang LJ, Li Q, Anti-fibrotic effect of N-acetyl-
seryl-aspartyl-lysyl-proline in lung of rat with silicosis. 
Zhonghua Lao.Dong.Wei Sheng Zhi.Ye.Bing.Za Zhi. 2008; 
26:401–405. PMID: 19080377.

12. Scotton CJ, Chambers RC. Bleomycin revisited: towards a 
more representative model of IPF? Am.J.Physiol Lung Cell 
Mol Physiol. 2010. 299: L439-L441. PMID: 20675435. doi: 
10.1152/ajplung.00258.2010.

13. Failla M, Genovese T, Mazzon E, Gili E, Muia C, 
Sortino M, Crimi N, Caputi AP, Cuzzocrea S, Vancheri C. 
Pharmacological inhibition of leukotrienes in an animal 
model of bleomycin-induced acute lung injury. Respir Res. 
2006; 7:137. PMID: 17118201.

14. Conte E, Genovese T, Gili E, Esposito E, Iemmolo M, 
Fruciano M, Fagone E, Pistorio MP, Crimi N, Cuzzocrea S, 
Vancheri C. Thymosin beta4 protects C57BL/6 mice from 
bleomycin-induced damage in the lung. Eur J Clin Invest. 
2013. 43: 309-315. [PMID: 23320620. doi: 10.1111/eci.12048.

15. Ashcroft T, Simpson JM, Timbrell V. Simple method of 
estimating severity of pulmonary fibrosis on a numerical 
scale. J Clin Pathol. 1988; 41:467–470. PMID: 3366935.

16. Conte E, Iemmolo M, Fruciano M, Fagone E, Gili E, 
Genovese T, Esposito E, Cuzzocrea S, Vancheri C, Effects 



Oncotarget33854www.impactjournals.com/oncotarget

of thymosin beta4 and its N-terminal fragment Ac-SDKP 
on TGF-beta-treated human lung fibroblasts and in the 
mouse model of bleomycin-induced lung fibrosis. Expert 
Opin Biol Ther. 2015; 15:211–221. PMID: 26098610.doi: 
10.1517/14712598.2015.1026804.

17. Conte E, Iemmolo M, Fagone E, Gili E, Fruciano M, 
Genovese T, Esposito E, Cuzzocrea S, Vancheri C. 
Thymosin beta4 reduces IL-17-producing cells and IL-17 
expression, and protects lungs from damage in bleomycin-
treated mice. Immunobiology. 2014; 219:425–431 PMID: 
24613476. doi: 10.1016/j.imbio.2014.02.001.

18. Sosne G, Qiu P, Goldstein AL, Wheater M, Biological 
activities of thymosin beta4 defined by active sites in short 
peptide sequences. FASEB J. 2010; 24:2144–2151. PMID: 
20179146 doi: 10.1096/fj.09-142307.

19. Li P, Xiao HD, Xu J, Ong FS, Kwon M, Roman J, Gal A, 
Bernstein KE, Fuchs S. Angiotensin-converting enzyme 
N-terminal inactivation alleviates bleomycin-induced 
lung injury. Am J Pathol. 2010; 177:1113–1121. PMID: 
20651228. doi: 10.2353/ajpath.2010.081127.

20. Wilson MS, Madala SK, Ramalingam TR, Gochuico BR, 
Rosas IO, Cheever AW, Wynn TA. Bleomycin and IL-1beta-
mediated pulmonary fibrosis is IL-17A dependent. J Exp 
Med. 2010; 207:535–552. PMID: 20176803. doi: 10.1084/
jem.20092121.

21. Mi S, Li Z, Yang HZ, Liu H, Wang JP, Ma YG, Wang XX, 
Liu HZ, Sun W, Hu ZW, Blocking IL-17A promotes the 
resolution of pulmonary inflammation and fibrosis via 
TGF-beta1-dependent and - independent mechanisms. 
J Immunol. 2011; 187:3003–3014. PMID: 21841134. doi: 
10.4049/jimmunol.1004081.

22. Noble PW, Barkauskas CE, Jiang D, Pulmonary fibrosis: 
patterns and perpetrators. J Clin Invest. 2012; 122:2756–
2762. PMID: 22850886. doi: 10.1172/JCI60323.

23. Khalil N, Parekh TV, O’Connor R, Antman N, Kepron W, 
Yehaulaeshet T, Xu YD, Gold LI, Regulation of the effects 
of TGF-beta 1 by activation of latent TGF-beta 1 and 
differential expression of TGF-beta receptors (T beta R-I 
and T beta R-II) in idiopathic pulmonary fibrosis. Thorax 
2001; 56:907–915. PMID: 11713352.

24. Li S, Du S, Xue X, Xu D, Xu H, Sun Y, Deng H, Yang Y, 
Wei Z, Tian J, Yang F, Inhibition effect of N-acetyl-seryl-
aspartyl-lysyl-proline on myofibroblast differentiation of 
MRC-5 human fetal lung fibroblasts inuced by Ang II. 
Zhonghua Lao.Dong.Wei Sheng Zhi.Ye.Bing.Za Zhi. 2014; 
32:801–805. PMID: 25579022.

25. Deng H, Yang F, Xu H, Sun Y, Xue X, Du S, Wang X, 
Li S, Liu Y, Wang R, Ac-SDKP suppresses epithelial-
mesenchymal transition in A549 cells via HSP27 signaling. 
Exp Mol Pathol. 2014; 97:176–183. PMID: 24998956. doi: 
10.1016/j.yexmp.2014.07.003.

26. Liu JM, Bignon J, Ilic V, Briscoe C, Lallemand JY, Riches A, 
Wdzieczak-Bakala J, Evidence for an association of high levels 
of endogenous Acetyl-Ser-Asp-Lys-Pro, a potent mediator of 
angiogenesis, with acute myeloid leukemia development. Leuk 
Lymphoma. 2006; 47:1915–1920. PMID: 17065006.

27. Liu JM, Kusinski M, Ilic V, Bignon J, Hajem N, 
Komorowski J, Kuzdak K, Stepien H, and Wdzieczak-
Bakala,J., Overexpression of the angiogenic tetrapeptide 
AcSDKP in human malignant tumors. Anticancer Res. 
2008; 28:2813–2817. PMID: 19035315.

28. Liu JM, Gora-Tybor J, Grzybowska-Izydorczyk O, 
Bignon J, Robak T, Wdzieczak-Bakala J. Elevated plasma 
levels of the angiogenic tetrapeptide acetyl-ser-asp-lys-pro 
are found in some patients with hematologic malignancies. 
Leuk Lymphoma. 2009; 50:2096–2097. [PMID: 19863169 
doi: 10.3109/10428190903331074.

29. Liu JM, Garcia-Alvarez MC, Bignon J, Kusinski M, Kuzdak 
K, Riches A, Wdzieczak-Bakala J. Overexpression of the 
natural tetrapeptide acetyl-N-ser-asp-lys-pro derived from 
thymosin beta4 in neoplastic diseases. Ann N Y Acad Sci. 
2010; 1194:53–59. PMID: 20536450. doi: 10.1111/j.1749-
6632.2010.05488.x.

30. Caers J, Hose D, Kuipers I, Bos TJ, Van VE, Menu E, 
De BE, Goldschmidt H, Van CB, Klein B, Vanderkerken K. 
Thymosin beta4 has tumor suppressive effects and its 
decreased expression results in poor prognosis and 
decreased survival in multiple myeloma. Haematologica 
2010; 95:163–167. PMID: 19833631. doi: 10.3324/
haematol.2009.006411.


