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Abstract. Renal fibrosis is a significant characteristic of 
chronic kidney diseases. Surfactant protein A (SP-A) is a 
recently identified fibrosis‑associated factor in lung fibrosis; 
however, whether SP‑A has the same role in renal fibrosis has 
remained elusive. The aim of the present study was to inves-
tigate the role of SP-A and its receptor calreticulin (CRT) in 
the pathogenesis of kidney fibrosis. The HK‑2 human tubular 
epithelial cell line was cultured and treated with SP-A and 
SP-A + anti-CRT. The production of reactive oxygen species 
(ROS) at 30, 60 and 120 min was examined. Furthermore, 
cell apoptosis was assessed using an Annexin V assay and the 
expression of various proteins was measured using western 
blot analysis. In addition, the cell culture supernatants were 
collected and the expression of type I collagen was examined 
using ELISA. Compared with the control group, SP-A treatment 
significantly increased the ROS production, type I collagen 
secretion and cell apoptosis, which was partially inhibited by 
addition of anti-CRT. Furthermore, downregulation of matrix 
metalloproteinase (MMP)2 and -9 as well as upregulation of 
tissue inhibitor of metalloproteinase 1 indicated that SP-A 
treatment increased the degree of fibrosis in HK‑2 cells, while 
addition of anti‑CRT alleviated the fibrotic conditions. Finally, 
SP-A treatment significantly increased the expression of 
phosphorylated (p)-p38, p-p-65 and NADPH oxidase 2, which 
was partially inhibited by addition of anti-CRT. In conclusion, 
SP‑A may participate in the pathogenesis of kidney fibrosis 
through binding to CRT and activate the mitogen-activated 
protein kinase/nuclear factor-κB-associated oxidative stress 
signaling pathway.

Introduction

Renal fibrosis is a common outcome of virtually all progres-
sive kidney diseases. It includes renal interstitial fibrosis and 
glomerular sclerosis. Renal interstitial fibrosis is the major 
cause of renal dysfunction. It is characterized by exces-
sive accumulation of extracellular matrix (ECM) in renal 
interstitium and overproliferation of fibroblasts. Due to the 
high solute transport activity of renal tubular epithelial 
cells, sufficient energy supply by mitochondria is extremely 
important to maintain normal renal function. Therefore, 
renal tubular epithelial cells are sensitive to oxidative stress, 
which makes oxidative stress a key factor of renal fibrosis. 
In the injured kidney, levels of reactive oxygen species 
(ROS) may increase dramatically and cause damage to the 
cell structure. Multiple signaling pathways are involved in 
ROS transduction. Nuclear factor κ-light-chain-enhancer 
of activated B cells (NF-κB) is a known transcriptional 
factor that is redox-regulated by ROS (1). Activation 
of NF-κB tr iggers a ser ies of cel lular processes, 
including inflammation, immunity, cell proliferation and 
apoptosis.

Surfactant protein A (SP‑A) is a newly identified factor 
that has been associated with pulmonary fibrosis (2,3). SP‑A 
is encoded by two homologous genes: SFTPA1 encodes 
SP-A1 and SFTPA2 encodes SP-A2 (4). SP-A acts in a 
dual manner depending on the binding orientation. When 
SP-A binds signal regulatory protein α, the NF-κB pathway 
is inhibited to prevent damage from excessive expression 
of inflammation factors; when SP‑A binds calreticulin 
(CRT), the production of proinflammatory mediators is 
stimulated (5). CRT, also known as calregulin, CRP55 
and calsequestrin-like protein, is a multifunctional protein 
that binds Ca2+ ions in endoplasmic and sarcoplasmic 
reticulum (6). Overexpression of CRT as a response to 
oxidative stress has been reported in previous studies (7-9).

A recent study reported that SP-A was also involved 
in renal fibrosis induced by unilateral ureter obstruction. 
SP-A expression was induced in kidney epithelium due to 
increased inflammation (10). Based on these previous results, 
the present study hypothesized that SP-A2 may contribute to 
the pathogenesis of renal fibrosis through binding to CRT 
and influence the oxidative stress response.
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Materials and methods

Cell culture and treatment. The human HK‑2 cell line 
was obtained from the American Type Culture Collection 
(Manassas, VA, USA) and used as a model of proximal tubular 
cells. The cells were cultured in Dulbecco's modified Eagle's 
medium/F12 (Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 10% fetal bovine serum at 37˚C 
in a humidified atmosphere containing 5% CO2.

Cells were seeded into 6-well plates (1.0x105 cells/well) 
and allowed to attach by incubation for 24 h. Subsequently, 
10 µg/ml SP-A was added, followed by incubation for 30, 
60 or 120 min. SP-A2 was isolated from whole lung lavage 
fluid taken from patients with pulmonary alveolar proteinosis 
as previously described (11). The lung lavage fluid was used 
with the informed consent of 20 patients treated at Shanxi 
Dayi Hospital (Taiyuan, China) between January 2015 and 
October 2016. This study was approved by the ethics committee 
of Shanxi Dayi Hospital (Taiyuan, China). Cells without SP-A2 
treatment were used as a negative control. To assess the role of 
SP‑A in renal fibrosis through binding to CRT, the cells were 
also pre‑treated with anti‑CRT (10 µg/well; cat. no. sc‑101436; 
1:1,000; Santa Cruz Biotechnology Inc., Dallas, TX, USA) for 
1 h and then treated with 10 µg/ml of SP-A2 for 1 h. After the 
treatment, the cells were harvested for further assays.

Measurement of ROS production. HK‑2 cells were incubated 
in 96-well plates (1x104 cells/well) and treated with SP-A2 
with/without anti-CRT as described above. The production of 
ROS (mostly peroxide) was measured using a Reactive Oxygen 
Species Assay kit (Beyotime Institute of Biotechnology, 
Haimen, China). Fluorescence intensity was measured at an 
excitation wavelength of 488 nm and emission at 525 nm using 
a fluorescence microplate reader.

Measurement of type I collagen. The culture media were 
collected for detection of type I collagen. An ELISA kit for 
human type I collagen (Kamai Shu Biotechnology, China) was 
used according to the manufacturer's instructions.

Annexin V assay. The apoptotic rate was detected using an 
Annexin V assay. Different cell groups were harvested with 
0.25% trypsin and washed with PBS. After centrifugation for 
5 min, cells were re-suspended and labeled using an Annexin 
V-FITC Apoptosis Detection kit (Beyotime Institute of 
Biotechnology) according to the manufacturer's instructions, 
followed by flow cytometric analysis.

Western blot analysis. The cells were treated and 
harvested as described above, then homogenized in 
radioimmunoprecipitation assay lysis buffer (Beyotime 
Institute of Biotechnology) and centrifuged at 12,000 x g 
at 4˚C for 30 min. The protein concentration was assayed 
via the bicinchoninic acid method. Protein samples (30 µg 
of each sample) were subjected to 10% SDS‑PAGE and 
then transferred onto polyvinylidene difluoride membranes 
(EMD Millipore, Billerica, MA, USA), which were blocked 
with 5% skimmed milk at room temperature for 1 h. The 
membranes were incubated overnight at 4˚C with the following 
primary antibodies: Mouse monoclonal antibody to matrix 

metalloproteinase (MMP)2 (1:500 dilution; cat. no. sc‑13594), 
MMP9 (1:500 dilution; cat. no. sc‑21733), tissue inhibitor 
of matrix metalloproteinases (TIMP)‑1 (1:500 dilution; 
cat. no. sc-21734), p38 mitogen-activated protein kinase (p38 
MAPK; 1:500 dilution; cat. no. sc‑136210), phosphorylated 
(p)‑p38 MAPK (1:1,000 dilution; cat. no. sc‑7973), p65 NF‑κB 
(1:1,000 dilution; cat. no. sc‑56735), p‑p65 NF‑κB (1:1,000 
dilution; cat. no. sc‑136548), NADPH oxidase 2 (NOX2; 
1:500 dilution; cat. no. sc‑130543) and GAPDH (1:1,000 
dilution; cat. no. sc‑47724). Subsequently, the membranes 
were incubated at room temperature for 1 h with horseradish 
peroxidase‑conjugated secondary antibody to mouse 
immunoglobulin G (1:2,000 dilution; cat. no. sc‑516102). All 
antibodies were purchased from Santa Cruz Biotechnology, 
Inc. Blots were detected using enhanced chemiluminescence 
(Beyotime Institute of Biotechnology, Haimen, China).

Statistical analysis. Each experiment was performed in triplicate 
and results were expressed as mean ± standard deviation. 
Statistical analysis was performed using SPSS 20.0 software 
(IBM Corp., Armonk, NY, USA). The significance of differences 
between groups was determined using one-way analysis of 
variance followed by a post-hoc Dunnett's test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

SP‑A induces oxidative stress and fibrosis in HK‑2 cells. To 
determine whether SP‑A induces oxidative stress in HK‑2 
cells, the effect of SP‑A on ROS production was first examined. 
As presented in Fig. 1A, ROS production was increased in a 
time-dependent manner (30, 60 and 120 min).

Furthermore, the amount of Type I collagen was also 
increased in a time-dependent manner, as demonstrated by the 
ELISA (Fig. 1B).

Figure 1. Production of ROS and the secretion of type I collagen in HK‑2 cells 
induced by SP‑A. HK‑2 cells were incubated with 10 µg/ml SP‑A for 30, 60 
and 120 min. SP-A induced (A) oxidative stress and (B) the secretion of type I 
collagen in a time-dependent manner. *P<0.05, **P<0.01, ***P<0.001 vs. 0 min. 
ROS, reactive oxygen species; SP‑A, surfactant protein A.
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To characterize the effects of SP‑A in inducing renal fibrosis 
by MMPs, western blot analysis was performed to measure the 
protein levels of MMP2, MMP9 and TIMP1. The expression of 
MMP2 and MMP9 protein was decreased, while that of TIMP1 
protein was increased in a time-dependent manner (Fig. 2).

The mechanism of the renal fibrosis induction effect of 
SP‑A via the MAPK/NF‑κB signaling pathways was further 
verified by assessing the levels of MAPK p38, MAPK p‑p38, 
NF-κB p65, NF-κB p-p65 and NOX2 protein within total 
cell lysate. The expression of p/t-p38, p/t-p65 and NOX2 
proteins was gradually increased by SP-A in a time-dependent 
manner (Figs. 3 and 4).

Figure 2. Expression of MMP2, MMP9 and TIMP1 protein. HK‑2 cells were incubated with 10 µg/ml surfactant protein A for 30, 60 or 120 min. 
(A) Representative western blot of MMP2, MMP9 and TIMP1. (B-D) Relative protein levels of (B) MMP2, (C) MMP9 and (D) TIMP1. GAPDH was used as 
an internal reference. **P<0.01 vs. 0 min. MMP, matrix metalloproteinase; TIMP1, tissue inhibitor of MMPs.

Figure 3. Levels of p38, p‑p38, p65 and p‑p65 protein. HK‑2 cells were incubated 
with 10 µg/ml surfactant protein A for 30, 60 or 120 min. (A) Representative 
western blot bands for p38, p-p38, p65 and p-p65. Relative protein levels of 
(B) p/t-p38 and (C) p/t-p65. GAPDH was used as an internal reference. *P<0.05, 
**P<0.01 vs. 0 min. p‑p38, phosphorylated p38; p‑p65, phosphorylated p65.

Figure 4. Expression of NOX2 protein. HK‑2 cells were incubated with 
10 µg/ml surfactant protein A for 30, 60 or 120 min. (A) Representative 
western blot bands NOX2. (B) Relative protein levels of NOX2. GAPDH 
acted as an internal reference. *P<0.05, **P<0.01 vs. 0 min. NOX2, NADPH 
oxidase 2.
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These results indicated that SP-A induces oxidative stress 
and renal fibrosis in HK‑2 cells.

Anti‑CRT alleviates oxidative stress and fibrosis in HK‑2 
cells induced by SP‑A. To determine whether SP-A induces 

Figure 5. Effects of anti‑CRT on the production of ROS and the secretion of type I collagen in SP‑A‑induced HK‑2 cells. HK‑2 cells were pre‑treated with 
anti-CRT and then incubated with 10 µg/ml SP-A for 60 min. (A) Anti-CRT treatment attenuated the production of ROS in a time-dependent manner. 
(B) Anti-CRT treatment relieved the secretion of type I collagen in a time-dependent manner. ***P<0.001 vs. SP‑A group. SP‑A, surfactant protein A; ROS, 
reactive oxygen species; CRT, calreticulin; NC, normal control.

Figure 6. Cell apoptosis was measured using an Annexin V assay. (A) Flow cytometry results. (B) Apoptotic rate in different groups. ##P<0.01 vs. NC; 
**P<0.01 vs. SP‑A group. SP‑A, surfactant protein A; NC, normal control; FITC, fluorescein isothiocyanate; PI, propidium iodide; CRT, calreticulin.

Figure 7. Effects of anti‑CRT on the expression of MMP2, MMP9 and TIMP1 protein. HK‑2 cells were pre‑treated with anti‑CRT and then incubated with 
10 µg/ml SP-A for 60 min. (A) Western blot bands for MMP2, MMP9 and TIMP1. Relative protein levels of (B) MMP2, (C) MMP9 and (D) TIMP1. GAPDH 
was used as an internal reference. ##P<0.01 vs. NC; **P<0.01 vs. SP‑A group. SP‑A, surfactant protein A; NC, normal control; MMP, matrix metalloproteinase; 
CRT, calreticulin; TIMP1, tissue inhibitor of metalloproteinase 1.
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oxidative stress through binding to CRT, HK‑2 cells were 
pre-treated with anti-CRT for 1 h, and the production of 
ROS and the content of type I collagen were assessed using a 
Reactive Oxygen Species Assay Kit and ELISA kit. Addition 
of anti-CRT obviously reduced the SP-A-induced production 
of ROS (Fig. 5A) and secretion of type I collagen by HK‑2 
cells (Fig. 5B). As presented in Fig. 6, compared with the 
control group, SP-A treatment significantly promoted cell 
apoptosis and anti-CRT partially alleviated this increase.

To characterize the effects of SP-A on MMPs through 
binding to CRT, the levels of MMP2, MMP9 and TIMP1 
protein were assessed by western blot analysis. The addition of 
anti-CRT inhibited the SP-A-induced decreases in the protein 
expression of MMP2 and MMP9, and the increase in the 
expression of TIMP1 protein (Fig. 7).

To further characterize whether SP‑A has a significant role 
in renal fibrosis through binding to CRT, the levels of MAPK 
p38, MAPK p‑p38, NF‑κB p65, NF-κB p-p65 and NOX2 
protein were assessed by western blot analysis. The expression 
of these proteins was increased by SP-A, and this increase was 
reversed by anti-CRT (Figs. 8 and 9).

These results suggested that anti-CRT alleviates oxidative 
stress and fibrosis in HK‑2 cells induced by SP‑A. Overall, 
SP‑A has an important role in renal fibrosis through binding 
to CRT.

Discussion

The main features of chronic kidney disease are excessive 
deposition and fibrosis of ECM, leading to decreased renal 
function. Renal interstitial fibrosis is a common pathway and 
main pathological characteristic of chronic kidney disease 
progression to end-stage renal disease (12-14). SP-A is a novel 
factor that has been associated with pulmonary fibrosis (2,3).

MMPs have a key role in the degradation of ECM and 
promote the degradation of ECM (particularly Type I and 
Type III collagen), while TIMPs have the effect of inhibiting 
the ECM, which reduces the degradation of the ECM and 
leads to fibrosis. MMPs/TIMPs have been confirmed to have 
a pivotal role in liver, myocardial and lung fibrosis (15‑17). 
In the present study, western blot analysis was performed 
to determine the protein expression of MMP2, MMP9 and 
TIMP1. The results indicated that SP-A inhibits the expression 
of MMP2 and MMP9 and promotes the expression of TIMP1, 
while the addition of anti-CRT reduced these effects. In 
addition, ELISA indicated that SP-A promotes the secretion 
of Type I collagen, which was attenuated by the addition of 
anti-CRT. These results indicated that SP-A regulates renal 
fibrosis through binding to CRT.

Figure 8. Effects of anti-CRT on the levels of p38, p-p38, p65 and p-p65 
protein. (A) Representative western blot bands for p38, p-p38, p65 and p-p65. 
Relative protein levels of (B) p/t-p38 and (C) p/t-p65. GAPDH was used as an 
internal reference. ##P<0.01 vs. NC; **P<0.01 vs. SP-A group. SP-A, surfac-
tant protein A; CRT, calreticulin; NC, normal control; p‑p38, phosphorylated 
p38; p‑p65, phosphorylated p65.

Figure 9. Effects of anti-CRT on the expression of NOX2 protein. 
(A) Representative western blot bands for NOX2. (B) Relative protein levels 
of NOX2. GAPDH was used as an internal reference. ##P<0.01 vs. NC; 
**P<0.01 vs. SP‑A group. SP‑A, surfactant protein A; CRT, calreticulin; NC, 
normal control; NOX2, NADPH oxidase 2.
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In the initial stage of renal fibrosis, numerous factors affect 
the redox state of renal cells and macrophages to stimulate the 
production of ROS. In the development stage of renal fibrosis, 
various stimuli lead to multiple fibrogenetic signaling. ROS 
are an important intracellular secondary messenger, activating 
the MAPK/NF‑κB signaling pathway (1,18). Gardai et al (5) 
demonstrated that SP-A regulates NF-κB p65 and stimulates 
the production of proinflammatory mediators by binding 
to CRT. In the present study, SP-A treatment increased the 
production of ROS, and anti-CRT partially alleviated this 
increase. The western blot results illustrated that the protein 
expression of MAPK p38, MAPK p‑p38, NF‑κB p65, NF-κB 
p-p65 and NOX2 was increased by SP-A, while this increase 
was inhibited by anti‑CRT. These results confirmed that SP‑A 
upregulates the expression of p65 and stimulates the produc-
tion of proinflammatory mediators by binding to CRT.

In conclusion, the present results demonstrated that SP-A 
may participate in the pathogenesis of kidney fibrosis and 
activate the MAPK/NF‑κB oxidative stress signaling pathway 
by binding to CRT.
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