
effect of APN upon expression/activity of both MMP-9 and TIMP-1. PQ exposure significantly
increased MMP-9 and TIMP-1 blood levels, peaking on day 3 and 7 respectively. APN treatment
significantly reduced this increase from day 3 after initial PQ exposure in a dose-dependent man-
ner (Figs 4 and 5). It is noteworthy that both MMP-9 and TIMP-1 levels peaked on day 7 after
APN treatment, suggesting a correction of imbalancedMMP-9/TIMP-1 ratio induced by PQ.

Fig 2. Histological evaluation of mice lungs in the control, PQ, PQ+ low-dose APN or PQ+ high-dose APN group on day 3, 7, 14, 21 after PQ
injection with Masson stain (×200magnification). Compared to control, PQ (10 mg/kg) exposure increased fibrosis (seen as blue collagen deposition) in
the alveolar regions and small bronchioles from day 3, peaking on day 21. Both low-dose (100 μg/kg) and high-dose (500 μg/kg) APN groups exhibited
decreased collagen deposition, in a dose-dependent manner.

doi:10.1371/journal.pone.0125169.g002

Table 2. Lung fibrosis scores across groups.

Day 3 Day 7 Day 14 Day 21

control group 0 0 0 0

PQ group 3(2–5) 5(3–7) 7(5–8)* 8*

PQ + low-dose APN group 3(2–5) 4(2–5) 5(3–7) 6(4–7)*

PQ + high-dose APN group 2(1–4) 3(2–5) 3(2–5)# 3(2–5)#

*: PQ group VS control group, p<0.05
#:PQ + APN group VS PQ group, p<0.05

doi:10.1371/journal.pone.0125169.t002
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Fig 3. Effect of APN on TGF-β1, CTGF and α-SMA expression in lung tissues from control animals or PQ-exposed animals, treated with vehicle or
APN. PQ (10 mg/kg, IP) increased, whereas APN (100 μg/kg or 500μg/kg, IV) revised, TGF-β1 (A), CTGF (B) and α-SMA (C) expression in mice lung
tissues at 3, 14 and 21 d after PQ injection. The protein and mRNA expression were a determined via Western blot and RT-PCR, respectively. Values
represent the mean ± standard error of the mean of four parallel measurements. *P<0.05. APN, adiponectin; TGF-β1, transforming growth factor-β1; CTGF,
connective tissue growth factor; α-SMA, α-smooth muscle actin; PQ, paraquat.

doi:10.1371/journal.pone.0125169.g003

Fig 4. Effect of APN on MMP-9 blood levels in control animals or PQ-exposed animals, treated with vehicle or APN. PQ (10 mg/kg, IP) increased,
whereas APN (100 μg/kg or 500μg/kg, IV) reversed, MMP-9 levels at 3, 7, 14 and 21 d after PQ injection. MMP-9 levels were determined by an enzyme-
linked immunosorbent assay. Values represent the mean ± standard error of the mean of four parallel measurements. *P<0.05. APN, adiponectin; MMP-9,
matrix metalloproteinase-9; PQ, paraquat.

doi:10.1371/journal.pone.0125169.g004
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APN attenuates PQ-induced cytotoxicity in human lung fibroblasts
Fibroblasts are integral in lung fibrosis development [17]. We employed the normal human
lung fibroblast cell line WI-38, to determine the effect of APN upon PQ-induced cytotoxicity.
First, we measured cellular viability via CCK-8. Incubation with PQ (0.3 mmol/L, 24 hours) de-
creased lung fibroblast viability in time dependent manner. Pretreatment with APN (5 ug/mL,
2 hours) significantly increased cellular survival rate (P<0.05, Fig 6).

Cellular apoptosis was assessed by Annexin V-FITC/PI staining and flow cytometry.
Annexin V and PI negative cells (lower left quadrant) were considered nonapoptotic, viable
cells. Dead cells are PI positive. Annexin V positive, but PI negative, cells are apoptotic. APN
pretreatment (5 ug/mL, 2 hours) significantly decreased the apoptotic and dead population of
lung fibroblasts subjected to PQ exposure (0.3 mmol/L, 24 hours) (Fig 7).

APN decreases PQ-induced increased collagen type III expression in
human lung fibroblasts
We specifically determined the effect of PQ on collagen type III expression, the main extracel-
lular matrix component in pulmonary cells. Collagen type III deposition increases during acute
lung injury and pulmonary fibrosis [18]. Employing Western blot and RT-PCR analysis, we

Fig 5. Effect of APN on TIMP-1 blood levels in control animals or PQ-exposed animals, treated with vehicle or APN. PQ (10 mg/kg, IP) increased,
whereas APN (100 μg/kg or 500μg/kg, IV) reversed, TIMP-1 levels at 3, 7, 14and 21 d after PQ injection. TIMP-1 levels were determined by an enzyme-
linked immunosorbent assay. Values represent the mean ± standard error of the mean of four parallel measurements. *P<0.05. APN, adiponectin; TIMP-1,
tissue inhibitor of metalloproteinase-1; PQ, paraquat.

doi:10.1371/journal.pone.0125169.g005
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demonstrated APN pretreatment (5 ug/mL for 2 hours) markedly inhibited PQ—induced col-
lagen type III expression in human lung fibroblasts (P<0.05, Fig 8), suggesting PQ-induced
ECM formation was significantly reversed by APN.

APN receptor expression in lung fibroblasts WI-38
Previous studies indicate APN exerts anti-fibrotic effect by reducing inflammatory reaction or
oxidative stress [8, 19]. We hypothesize APN influences PQ-mediated lung fibrosis directly via
lung fibroblasts, a predominant effector cell in organ fibrosis. To test this, we determined
whether purified populations of human lung fibroblasts WI-38 express the APN receptors (Adi-
poR1 and AdipoR2). Western blot and RT-PCR analysis demonstrate both AdipoR1 and Adi-
poR2 protein and mRNA are expressed in WI-38 lung fibroblasts. When cells were incubated
with PQ for 24 hours, protein/mRNA expression of both AdipoR1 and AdipoR2 were up-regu-
lated. APN pretreatment further enhanced AdipoR1, but not AdipoR2, up-regulation (Fig 9).

AdipoR1-specific siRNA reverses the protective effect of APN against
PQ-mediated fibrosis in lung fibroblasts WI-38
Experiment 3.6 suggests AdipoR1, not AdipoR2, may be involved in APN-mediated protective
effect against PQ-mediated fibrotic effects. To determine the functionality of AdipoR1

Fig 6. Effect of APN on cell viability in control or PQ-incubated lung fibroblast. PQ (0.3 mmol/L, 24 hours) decreased, whereas pretreated with APN (5
ug/mL, 2 hours) rescued, lung fibroblast viability at 24, 48 and 72 h after PQ incubation. Cell viability was measured via CCK-8 assay. Values represent the
mean ± standard error of the mean of three parallel measurements. *P<0.05. APN, adiponectin; PQ, paraquat.

doi:10.1371/journal.pone.0125169.g006
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Fig 7. Effect of APN on cell apoptosis in control or PQ-incubated lung fibroblast. PQ (0.3 mmol/L, 24 hours) augmented, whereas pretreated with APN
(5 ug/mL, 2 hours) rescued, lung fibroblast apoptotic rate at 24, 48 and 72 h after PQ incubation. Cell apoptosis was assessed by Annexin V-FITC/PI staining
and flow cytometry. Values represent the mean ± standard error of the mean of three parallel measurements. *P<0.05. APN, adiponectin; PQ, paraquat.

doi:10.1371/journal.pone.0125169.g007

Fig 8. Effect of APN on collagen type III expression in control or PQ-incubated lung fibroblast. PQ (0.3 mmol/L, 24 hours) increased, whereas
pretreated with APN (5 ug/mL, 2 hours) rescued, collagen type III expression in lung fibroblasts at 24 and 72 h after PQ incubation. The collagen type III
protein and mRNA expression were a determined via Western blot and RT-PCR, respectively. Values represent the mean ± standard error of the mean of
three parallel measurements. * P<0.05. APN, adiponectin; PQ, paraquat.

doi:10.1371/journal.pone.0125169.g008
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expressed in lung fibroblasts, lung fibroblasts were transfected with AdipoR1-specific siRNA
for 48 hours, and incubated with 5ug/mL APN for an additional 2 hours, and finally 0.3 mmol/
L PQ for 24 hours. AdipoR1-specific siRNA successfully abrogated AdipoR1 expression (Fig
9). Knockdown of AdipoR1 significantly reversed the APN-mediated protective effect against
PQ-mediated fibrotic effect (Fig 10). These data support the involvement of AdipoR1 express-
ed by human lung fibroblasts in APN-mediated protective effect against PQ-induced
pulmonary fibrosis.

Discussion
Pulmonary fibrosis is one of the most common and serious clinical sequela of PQ poisoning,
responsible for high mortality [3, 4]. To date, no safe and effective treatments exist halting and/
or reversing fibrotic pathophysiology. In the present study, we demonstrated APN, an adipocy-
tokine with a wide range of biologic effects, exerts protective effect against PQ-induced pro-
fibrogenic processes.

To discern the responsible underlying mechanisms for the observed phenomenon, we deter-
mined the expression pattern of fibrosis-related cytokines in mouse lung tissue. Of the relevant

Fig 9. APN receptor expression in lung fibroblast. Both AdipoR1 and AdipoR2 expression were detected in WI-38 lung fibroblasts. PQ (0.3 mmol/L, 24
hours) treatments up-regulated protein and mRNA expression of both APN receptors in lung fibroblasts WI-38 at 24, 48 and 72 h after PQ incubation. APN (5
ug/mL, 2 hours) pretreatment further enhanced AdipoR1, but not AdipoR2, up-regulation. AdipoR1-specific siRNA successfully abrogated AdipoR1
expression. AdipoR1 and AdipoR2 expression were determined byWestern blot and RT-PCR. Values represent the mean ± standard error of the mean of
four parallel measurements. *P<0.05. APN, adiponectin; PQ, paraquat, AdipoR, APN receptor.

doi:10.1371/journal.pone.0125169.g009
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cytokines, TGF-β is the most important pro-fibrotic cytokine mediating myofibroblast forma-
tion and ECM production [11, 12, 20]. As excessive fibroproliferation and ECM accumulation
are critical determinants of fibrogenesis, TGF-β inhibition has successfully reduced fibrosis de-
velopment in different experimental models [21, 22]. CTGF has been implicated as both a
downstream and cooperative mediator of TGF-β, inducing fibroblasts to become myofibro-
blasts [13]. CTGF also directly or indirectly enhances the expression of its own inducer, TGF-
β, in positive feedback manner [23–25]. In our study, we demonstrated PQ increased expres-
sion of TGF-β1 and CTGF, which was significantly reversed by APN treatment, suggesting the
anti-fibrotic effect of APN is mediated partly via inhibition of TGF-β1/CTGF signaling.

It is well established that the myofibroblast is the ultimate effector cell in pulmonary fibrosis.
As a differentiated fibroblast, myofibroblasts are the key source of ECM and various inflamma-
tory cytokines, including TGF-β1 [26], and are commonly identified by expression of α-SMA.
In the current study, APN treatment inhibited fibroblast differentiation into myofibroblasts.

The expression of MMPs and their physiologic inhibitors TIMPs are integral to fibrotic tis-
sue development [27, 28]. While many MMPs are purportedly involved in pulmonary fibrosis,
MMP-9 is one of the most relevant pro-fibrotic members of the family [14]. Increased MMP-9
is observed in clinical and experimental models of fibrosis [29]. TIMP-1, an inhibitor of MMP-
9, is up-regulated during fibrosis [15,16]. In the current study, marked increase of MMP-9 and
TIMP-1 were observed in mice subjected to PQ exposure. Moreover, increased MMP-9 expres-
sion preceded increased TIMP-1 expression, the former peaking on day 3, and the latter peak-
ing on day 7, a pattern that supports the notion an imbalance between matrix degradation and

Fig 10. AdipoR1-specific siRNA reversed the protective effect of APN against PQ-mediated fibrosis in lung fibroblastsWI-38 at 72 h after PQ
incubation. Cell viability, apoptosis and collagen type III mRNA expression in lung fibroblasts were measured via CCK-8 assay, Annexin V-FITC/PI staining
with flow cytometry, and RT-PCR, respectively. Values represent the mean ± standard error of the mean of three parallel measurements. *P<0.05. APN,
adiponectin; PQ, paraquat, AdipoR, APN receptor.

doi:10.1371/journal.pone.0125169.g010
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its inhibition may contribute to PQ-induced pulmonary fibrosis. APN treatment results in de-
creased MMP-9 and TIMP-1 levels, and simultaneous peaking of both proteins on day 7, indi-
cating correction of PQ-induced imbalanced MMP-9/TIMP-1 ratio.

In human lung fibroblasts WI-38 subjected to PQ in vitro, PQ decreased cellular viability,
and increased apoptosis. APN significantly decreased PQ-induced cytotoxicity. PQ also
markedly increased collagen type III synthesis (a major ECM component), an effect inhibited
by APN in dose-dependent fashion.

To test our hypothesis APN influences pulmonary fibrosis directly via lung fibroblasts, we
confirmed the presence of AdipoR1 and AdipoR2 (the two known transmembrane APN recep-
tors) in human lung fibroblasts WI-38 via Western and RT-PCR. APN up-regulated AdipoR1,
but not AdipoR2, expression in lung fibroblasts exposed to PQ. Additionally, siRNA-mediated
knockdown of AdipoR1 abrogated APN's protective effects against PQ-mediated fibrosis. To-
gether, these data support the functionality and possible therapeutic potential of AdipoR1
against fibrosis development post-PQ exposure.

The current study is important for several reasons. Firstly, our data provides the first evi-
dence that exogenously administered globular isoform of APN mitigates the PQ-mediated pul-
monary fibrogenic response. Secondly, our data supports the responsible mechanism
underlying APN-mediated anti-fibrotic effect may involve 1) inhibition of TGF-β1/CTGF sig-
naling and 2) correction of the PQ-induced imbalance of MMP-9/TIMP-1 ratio, ultimately
blocking the differentiation of fibroblasts into myofibroblasts. Thirdly, we demonstrate lung fi-
broblasts express functional AdipoR1, supporting the potential utilization of APN as an agent
mitigating lung fibrosis. Our current works have some limitations. Considering the wide range
of biologic effects of APN, there may be far more complex mechanisms than we had mentioned
in this manuscript. For example, whether APN is involved in prevention of epithelial cells
death, survival, transformation, or other important fibrosis related events, in context of PQ-in-
duced fibrosis remain to be confirmed by further studies. In addition, mechanisms in PQ-in-
duced lung injury could be different with that in other types of lung fibrosis, such as idiopathic
pulmonary fibrosis.

In summary, we have demonstrated the pathogenicity of PQ upon pulmonary tissue in an
animal model. In dose-dependent manner, APN mitigates PQ-mediated pulmonary fibrosis,
via suppression of fibroblasts activation and differentiation. We present for the first time a
novel therapeutic agent with exciting application for a clinical disease currently lacking effica-
cious therapy. Exploring the therapeutic and chemoprotective potentials of APN for treatment
and prevention of pathologic pulmonary fibrosis in future toxicologic studies is warranted.
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