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Abstract

Sepsis is a major cause of acute kidney injury (AKI) with high rates of morbidity and mortality. 

Surfactant proteins A and D (SP-A, SP-D) play a critical role in host defense and regulate 

inflammation during infection. Recent studies indicate SP-A and SP-D are expressed in the 

kidney. The current study examines the role of SP-A and SP-D in the pathogenesis of sepsis-

induced AKI. Wild-type (WT) and SP-A/SP-D double knockout (KO) C57BL/6 mice were treated 

by cecal ligation and puncture (CLP) or sham surgery. Histological, cellular and molecular indices 

of kidney injury were investigated in septic mice 6 and 24 h after CLP. 24 h post-CLP, kidney 

injury was more severe, renal function was decreased, blood creatinine and BUN were higher in 

septic SP-A/SP-D KO mice (p<0.05, vs septic WT mice). Kidney edema and vascular 

permeability were increased in septic SP-A/SP-D KO mice (p<0.01, vs septic WT mice). 

Apoptotic cells increased significantly (p<0.01) in the kidney of septic SP-A/SP-D KO mice 

compared to septic WT mice. Molecular analysis revealed levels of Bcl-2 (an inhibitor of 

apoptosis) were lower and levels of caspase-3 (a biomarker of apoptosis) were higher in the 

kidney of septic SP-A/SP-D KO mice (p<0.01, vs septic WT mice). Furthermore, levels of NF-κB 

and phosphorylated IκB-α increased significantly in the kidney of septic SP-A/SP-D KO mice 

than septic WT mice, suggesting SP-A/SP-D KO mice have a more pronounced inflammatory 

response to sepsis. We conclude SP-A and SP-D attenuate kidney injury by modulating 

inflammation and apoptosis in sepsis-induced AKI.
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Introduction

Acute kidney injury (AKI) is a serious problem that affects more than 20% of critically ill 

patients (1). The presence of AKI is an independent risk factor for mortality in sepsis. 

Although AKI can develop from a variety of clinical disorders, sepsis, a major cause, 

accounts for more than 50% of AKI cases in critically ill patients (2). Despite significant 

advances in the support of kidney function, the mortality rate of septic patients is still high 

(about 15–30%) in part due to our poor understanding for the mechanisms of AKI (3). 

Septic animal models have been developed, which demonstrate the pathogenesis of AKI is 

caused by renal cell apoptosis, renal endothelial cell dysfunction, intrarenal hemodynamic 

change, and infiltration of inflammatory cells in the kidney (3–4). Of these factors, cell 

apoptosis and tissue significant inflammation in the kidney appear to be critical mediators of 

sepsis-induced AKI (5). Furthermore, recent studies indicate innate immunity and 

inflammatory signaling pathways are involved in the pathogenesis of septic AKI (5).

Surfactant protein A and D (SP-A and SP-D) are members of C-type lectin family, which 

play a critical role in host defense and the regulation of inflammation in a variety of 

infections (6). Although SP-A and SP-D are predominantly expressed in the lung, they are 

also expressed in other tissues/organs including kidney (7). Like other members of C-type 

lectin family, SP-A and SP-D proteins consist of four functional domains: N-terminus, 

triple-helical collagen-like domain, neck region, and carbohydrate recognition domain 

(CRD). The CRD domain of SP-A and SP-D can directly bind to the carbohydrate molecules 

on the surface of microorganisms, which facilitates the clearance and uptake of pathogens 

by macrophages and neutrophils (8). As pattern recognition proteins, SP-A and SP-D 

interact with different receptors on the surface of inflammatory and epithelial cells in innate 

immunity. They modulate inflammatory processes by regulating signaling pathways 

involved in inflammation, including nuclear factor-kappa B (NF-κB) pathway (9–10). Based 

on these observations, we felt SP-A and SP-D proteins maybe involve in the pathogenesis of 

sepsis-induced AKI.

To avoid the complication of potential overlapping functions of SP-A and SP-D in single 

gene knockout mice, SP-A and SP-D double knockout (SP-A/SP-D KO) mice were recently 

generated to study pulmonary infections (6, 11–12). These studies indicate SP-A and SP-D 

proteins have protective effects in microbial infections because mice lacking SP-A and SP-D 

expression are more susceptible to viral and bacterial pathogens (6). SP-A and SP-D are also 

involved in the regulation of noninfection-induced tissue injury. For instance, SP-A and SP-

D demonstrate protective effects on indirect lung injury induced by bleomycin and 

lipopolysaccharide (LPS) (13–14). SP-A can attenuate vascular permeability and apoptosis 

in bleomycin-induced acute lung injury (ALI) (13). SP-D deficiency results in increased 

macrophage recruitment and pulmonary inflammation in LPS-induced lung injury (14).

In the present study, we hypothesize SP-A and SP-D demonstrate protective effects in 

sepsis-induced AKI. To test this hypothesis, we had performed polymicrobial abdominal 

sepsis by cecal ligation and puncture (CLP) operation in wild type (WT) and SP-A/SP-D 

KO mice and investigated the mechanisms of sepsis-induced AKI. We found that septic SP-

A/SP-D KO mice showed decreased kidney function, increased kidney cell apoptosis and 
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vascular permeability compared to septic WT mice, suggesting SP-A and SP-D play a 

protective role in sepsis-induced AKI.

Materials and Methods

Animals

SP-A and SP-D double knockout (SP-A/SP-D KO) mice with a C57BL/6 background were 

originally generated by Dr. Hawgood’s laboratory of The University of California, San 

Francisco. The SP-A/SP-D KO strain was backcrossed at least 10 generations against a 

C57BL/6 background (11). No significant difference of phenotype exists between age- and 

sex-matched WT and SP-A/SP-D KO mice. Age, sex and background-matched C57BL/6 

WT mice were obtained from Jackson Laboratories (Bar Harbor, ME). In addition, SP-A 

single gene knockout (SP-A KO) mice were used in some experiments in the study. Mice 

were housed in the pathogen-free conditions and the protocol for this study has approved by 

Institutional Animal Care and Use Committee at SUNY Upstate Medical University and 

meets the National Institutes of Health and ARRIVE guidelines on the use of laboratory 

animals.

Sepsis-induced AKI mouse model and specimen collection

In the present study, sepsis-induced AKI was induced by subjecting mice to cecal ligation 

and puncture (CLP) (4, 15). Male and female mice between 8 – 12 weeks old were 

anesthetized using intraperitoneal ketamine/xylazine (90 mg/kg ketamine, 10 mg/kg 

xylazine) injection. For CLP mice, after laparotomy, at 1.3 cm position of the cecum from 

distal pole to the base of the cecum, a 5-0 silk ligature was made, without interrupting bowel 

continuity. The cecum was punctured twice with a 22-gauge needle and gently squeezed to 

extrude a 1-mm3 column of fecal materials. The cecum was returned to the abdominal 

cavity. For sham mice, neither ligation nor puncture was made. The abdominal incision was 

closed with 5-0 silk sutures. After operation, mice were given the fluid resuscitation with 1 

ml warmed saline immediately. Buprenorphine (0.05 mg/kg body weight s.c) was injected 

for postoperative analgesia every 12 hrs. At 6 h and 24 h post-CLP, mice were sacrificed 

under anesthesia. Blood was collected from the inferior vena cava using 1-ml syringe. 

Kidneys were frozen in liquid nitrogen or fixed in 10% formalin for further study. In some 

experiments, mice were subjected to peritoneal lavage with 4 ml of saline supplemented 

with 20% fetal bovine serum, and 2 ml of peritoneal lavage fluid was collected for further 

analysis.

Evans, blue dye leakage assay

At 6 h and 24 h post-CLP, mice were anesthetized as described above and 100 µl/mouse of 

Evans, blue (EB) dye solution (50 mg/kg, Sigma, St. Louis, MO) was injected via the tail 

vein as described previously (16). Thirty min after injection, mice were perfused through left 

ventricle with 30 ml PBS to eliminate all the blood. Kidneys were collected for analysis. To 

determine EB dye leakage in the kidney, kidneys were homogenized with 0.4 ml of 

formamide per kidney. The solution was incubated at 55°C for 24 h. The resulting samples 

were centrifuged at 21,130×g for 25 min. The supernatant containing EB dye was removed 

into new tube, and then Evans, blue dye was detected spectrophotometrically by the 
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absorbance at 620 nm. The standard curve was prepared using different concentrations of 

EB dye.

Blood chemistry assay

After blood collection, the concentrations of blood urea nitrogen (BUN) and lactate, as well 

as blood pH value were analyzed immediately using a Roche Diagnostic analyzer (Roche, 

Indianapolis, IN). The content of serum creatinine was determined using a creatinine 

(serum) colorimetric assay kit (Cayman Chem, Ann Arbor, MI).

Histological analysis

Kidneys were fixed in 10% formalin for at least 24 h and embedded in paraffin. About 4-µm 

sections from six mice for each condition were stained with Haematoxylin and Eosin (H/E) 

or Periodic acid-Schiff (PAS) and then assessed qualitatively for kidney injury 

histopathology in a blinded fashion by two experienced investigators. Histological kidney 

injury scores were assessed and calculated as previously described (17).

Apoptotic cell determination by TUNEL assay

About 4-µm sections from six mice for each condition were incubated at 60°C for 20min. 

The sections were deparaffinized in xylene twice, treated with graded series of alcohol 

[100%, 90%, 80% and 70% ethanol/ddH2O] and rinsed in PBS (pH 7.5). Apoptotic cells 

were detected using deoxynucleotidyl transferase-mediated dUTP nick-end labeling 

(TUNEL) kit (Roche, Indianapolis, IN) following the manufacturer’s instructions. Apoptotic 

(TUNEL-positive) cells were quantified in 20 randomly chosen fields at ×400 

magnification.

Quantification of aerobic bacterial CFUs and inflammatory cells in peritoneal lavage fluid

Peritoneal lavage fluid (PLF) was collected as described above for quantification of colony-

forming units (CFUs) and inflammatory cells (macrophages/monocytes and neutrophils). 

One to ten µl of each PLF sample were diluted into 1 ml of sterile PBS, then 100 µl of the 

diluted sample was aseptically plated on LB agar plate and the plate was incubated at 37°C 

for 16 h. The CFUs were determined using the Quantity One colony-counting software (Bio-

Rad, Hercules, CA). To quantify inflammatory cells in PLF samples, total cells in 1 ml of 

the PLF samples were collected by centrifugation at 250×g for 10 min. The cell pellets were 

resuspended with 1 ml of sterile saline (4°C) and then diluted 10–1000 times. All the cells in 

200 µl diluted cell solution were mounted on a slide by cytospin centrifugation. Cells were 

stained with HEMA staining kit (Fisher, Pittsburg, PA). Polymorphonuclear neutrophils 

(PMNs) and monocytes/macrophages in the PLF were analyzed by microscope at ×400 

magnification.

Western blot analysis

Frozen kidney tissues were homogenized in RIPA buffer containing cocktail of protein 

inhibitors (Roche, Indianapolis, IN). The samples were centrifuged at 13,000×g for 10 min 

and supernatant was recovered for the Western blot analysis as described previously (18). In 

brief, protein concentrations were determined using the micro BCA protein assay kit 

Liu et al. Page 4

Shock. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Thermo Scientific, Rockford, IL). Protein samples (80 µg/sample) were subjected to 

separate by reducing 12% SDS-polyacrylamide gel electrophoresis, and then transferred 

onto PVDF membrane at 4°C overnight (Bio-Rad, Hercules, USA). The membrane was 

blocked in 3% non-fat milk in Tris-buffered saline, and probed using a primary antibody 

against Bcl-2 (Santa Cruz Biotechnology, Dallas, Texas), or caspase-3 (Santa Cruz 

Biotechnology, Dallas, Texas), or NF-κB p65 (Santa Cruz Biotechnology, Dallas, Texas), or 

p-IkB-α (Santa Cruz Biotechnology, Dallas, Texas), and subsequently incubated with a 

secondary HRP-conjugated antibody (Bio-Rad, Hercules, CA). Bands were detected using 

Pierce ECL Western Blotting detection reagent (Thermo Scientific, Rockford, IL) and the 

blots were exposed to X-film. The membrane was stripped and reprobed with β-actin 

antibody (Santa Cruz Biotechnology, Dallas, Texas). The bands on the films were quantified 

by the Quantity One software (Bio-Rad, Hercules, CA).

Cytokine determination in kidney tissue

The concentrations of IL-6 and TNF-α in kidney tissue were assayed using commercially 

available murine enzyme linked immunosorbent kits following the manufacturer’s 

instructions (SuperArray Bioscience, Frederick, MD). All samples were analyzed in 

triplicates.

Statistical analysis

In the present study, all the data are expressed as mean ± SEM. Statistic analysis was 

performed using the Sigmastat software version 3.5 (Jandel Scientific, CA). Statistic 

differences were assessed using one-way ANOVA and Tukey’s post-hoc tests. p <0.05 was 

considered statistically significant.

Results

Kidney function

To study the role of SP-A and SP-D in sepsis-induced AKI, we measured the serum 

creatinine, blood urea nitrogen (BUN), lactate and pH levels in CLP-induced septic WT and 

SP-A/SP-D KO mice and sham mice 6 h and 24 h after CLP. The levels of serum creatinine 

and BUN were usually used as biomarkers of kidney injury (27). The results indicate the 

levels of creatinine and BUN were significantly higher in the septic mice (Fig. 1A, p<0.01, 

vs sham mice) 24 h post-CLP. Septic SP-A/SP-D KO mice had higher levels of creatinine 

and BUN than septic WT mice 24 h after CLP (Fig. 1A, p<0.05). There was no difference in 

BUN observed between septic and sham mice 6 h after CLP. Similarly, the blood lactate 

level was increased in septic mice compared to sham mice 24 h after CLP, and septic SP-

A/SP-D KO mice had higher level of blood lactate than septic WT mice 24 h after CLP (Fig. 

1B, p<0.05). However, no change was found in the level of blood pH value between septic 

and sham mice (data not shown). Additionally, we also analyzed serum creatinine in septic 

SP-A KO mice (n= 5) and sham SP-A KO mice (n=5) 24 h after CLP. The results showed 

that the level of serum creatinine in septic SP-A KO mice was significantly higher than 

sham SP-A KO mice (septic vs sham SP-A KO mice = 0.41± 0.05 mg/dl vs 0.10 ± 0.01 

mg/dl, p<0.01). Furthermore, the level of serum creatinine in septic SP-A KO mice was 
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lower compared to septic SP-A/SP-D KO mice (0.56 ± 0.07 mg/dl, p<0.05) but higher 

compared to septic WT mice (0.32 ± 0.03 mg/dl, p<0.05).

Kidney histology

To assess the effects of SP-A and SP-D on kidney injury in CLP-induced sepsis, we 

examined kidney histology with H/E staining and PAS staining at 6 h and 24 h after CLP. 

There were obvious pathological changes in kidneys from septic but not sham mice (Fig. 2). 

Kidney injury in septic mice was prominent in the renal cortex. Microscopic analysis with 

H/E staining found hemorrhage, vacuolization of tubular epithelial cells in the kidney from 

septic mice 24 h post-CLP, but septic SP-A/SP-D KO mice showed more severe kidney 

injury 24 h post-CLP (Fig. 2A). With PAS staining, septic SP-A/SP-D KO mice exhibited 

increased loss of brush border and flattened tubular cells in the kidney when compared with 

septic WT mice 24 h post-CLP (Fig. 2B). Furthermore, the histopathological score of kidney 

injury increased in both septic WT and SP-A/SP-D KO mice from 6 h to 24 h post-CLP 

(Fig. 2C, p<0.01) but septic SP-A/SP-D KO mice had higher kidney injury score compared 

with septic WT mice 24 h post-CLP (Fig. 2C, p<0.01). These results indicate mice lacking 

SP-A and SP-D had more severe sepsis-induced AKI. In addition, we also examine single 

gene SP-A efefct in the sepsis-induced AKI using SP-A KO mice. Histological analysis 

showed kidney injury (hemorrhage and vacuolization of tubular epithelial cells, loss of brush 

border) in septic SP-A KO mice (n = 5 mice) 24 h after CLP but not sham SP-A KO mice (n 

= 5 mice). Qualitative assessment of kidney histopathological injury indicated that the score 

of septic SP-A KO mice (the score = 4.4 ± 0.1) was lower (p<0.05) compared to septic SP-

A/SP-D KO mice (the score = 4.8 ± 0.1) but higher (p<0.05) compared to septic WT mice 

(the score = 3.8 ± 0.1).

Kidney vascular permeability

Endothelial cells play an integral role in the vascular response to acute inflammation in the 

kidney and result in increased vascular permeability (3, 19). Since increased hemorrhage 

was observed in the kidney tissues from septic mice, we examined whether SP-A and SP-D 

had a role in maintaining cell integrity and regulating vascular permeability during sepsis-

induced AKI. As described in methods, the level of EB dye in the kidney was determined 

and used as index of kidney vascular permeability. The level of the EB dye leakage 

increased in septic mice 6 h and 24 h after CLP surgery. The septic SP-A/SP-D KO mice 

showed more blue dye leakage in the kidney than septic WT mice (Fig. 3A). Quantitative 

analysis of the EB dye indicates the level of EB dye was higher in the kidneys of septic SP-

A/SP-D KO mice compared to septic WT mice 6 h and 24 h post-CLP(Fig. 3B, p<0.01). In 

addition, with septic WT mice, the wet weight of the kidney from septic SP-A/SP-D KO 

mice was higher than septic WT mice 24 h post-CLP (Fig. 3C, p<0.05). These data suggest 

SP-A and SP-D participate in regulating cell integrity and vascular permeability during 

sepsis-induced AKI.

Kidney cell apoptosis

Previous studies have observed increased apoptosis in the kidneys from septic animals and 

patients (20–21). To study the role of SP-A and SP-D in renal cell apoptosis in sepsis-

induced AKI, we examined apoptotic cells and apoptosis-related protein expression in the 
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kidney tissues of septic WT and SP-A/SP-D KO mice. First, renal apoptotic cells were 

analyzed by TUNEL assay. As shown in the Figure 4, those cells with the brown nucleus 

were apoptotic. The results demonstrate obvious apoptosis of tubular cells occurred in the 

kidneys of septic mice 6 h and 24 h after CLP treatment, but not in sham mice (Fig. 4A). 

After quantifying analysis of apoptotic cells, we found that the number of apoptotic cells 

was larger in the kidney of septic SP-A/SP-D mice than that of septic WT mice 6 h and 24 h 

after CLP (Fig. 4B, p<0.01).

We also examined the expression of apoptosis-related proteins in the kidney by Western blot 

analysis. Bcl-2, an inhibitor of apoptosis, was used as a negative biomarker of cell apoptosis. 

The higher Bcl-2 protein expression means the less cell apoptosis. Septic mice showed 

decreased level of Bcl-2 expression in the kidney compared with sham mice (p<0.01). The 

level of Bcl-2 of septic SP-A/SP-D KO mice was lower than that of septic WT mice 24 h 

after CLP (Fig. 5A, p<0.01). Another hallmark of ongoing cell apoptosis, caspase-3, was 

also examined. The caspase-3 expression was increased in the kidney of septic mice 

(p<0.01, vs sham mice). Septic SP-A/SP-D KO mice expressed higher level of caspase-3 

than septic WT mice at both 6 h (p<0.05) and 24 h (p<0.01) after CLP (Fig. 5B). These 

indicated that SP-A and SP-D proteins could influence cell apoptosis in the kidney of sepsis-

induced AKI.

Kidney NF-κB activation

SP-A and SP-D are involved in the activation of the NF-κB signaling pathway (9–10, 22). 

Initiation of NF-κB activation requires phosphorylation of IκB-α. We therefore examined 

the levels of NF-κB p65 and phosphorylated IκB-α (p-IκB-α) in the kidney using Western 

blotting analysis with antibodies against NF-κBp65 and p-IκB-α. The results showed 

increased levels of NF-κB p65 and p-IκB-α in the kidney of septic mice compared to sham 

mice (Fig. 6, p<0.01). When compared with septic WT mice, the levels of NF-κB p65 (Fig. 

6A, p<0.05) and p-IκB-α (Fig. 6B, p<0.01) were higher in the kidney of septic SP-A/SP-D 

KO mice 6 h and 24 h post-CLP, indicating that septic SP-A/SP-D KO mice had higher NF-

κB activation in the kidney than septic WT mice.

Kidney proinflammatory cytokines

Cytokines and chemokines are related to the development of sepsis-induced AKI. The levels 

of two proinflammatory cytokines (IL-6 and TNF-α) were measured in kidney tissues by 

ELISA. Increased levels of IL-6 and TNF-α in septic mice were observed when compared 

with sham mice. The levels of IL-6 and TNF-α were 18459 ± 3129 pg/g & 28372 ± 4966 

pg/g for IL-6 and 860 ± 165 pg/g & 1128 ± 174 pg/g for TNF-α 24 h post-CLP in the septic 

WT and SP-A/SP-D KO mice, respectively (Fig. 7) but only minimal levels (< 1 pg/g) of 

IL-6 and TNF-α were detected in the kidney of sham mice. Although IL-6 and TNF-α 

expression in the kidney of septic SP-A/SP-D KO mice 24 h post-CLP was increased, 

statistical analysis revealed no significant difference of either IL-6 or TNF-α between septic 

WT and SP-A/SP-D KO mice (p>0.05). We also examined proinflammatory cell counts and 

bacterial loads in the peritoneal lavage fluid (PLF) prepared from septic mice. No significant 

differences of cell counts and bacterial loads were observed between septic WT and SP-

A/SP-D KO mice. However, the numbers of PMNs and macrophages increased, and CFUs 
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reduced significantly in the PLF of both septic WT and SP-A/SP-D KO mice from 6 h to 24 

h after CLP (Fig. 8).

Discussion

Sepsis is a major cause of AKI. SP-A and SP-D play important roles in innate immunity and 

in the modulation of inflammation in pulmonary infections (6, 11–12). We recently 

demonstrated SP-A and SP-D are expressed in renal epithelial cells (7) and some human SP-

A and SP-D genetic variants are susceptible to urinary tract infection (23). It is unclear 

whether expression of SP-A and SP-D has an impact on the development of sepsis-induced 

AKI. In the present study, we demonstrate that mice lacking SP-A and SP-D expression 

exhibit decreased renal function and more severe kidney injury compared to WT mice in 

response to polymicrobial sepsis. Cellular and molecular analyses reveals SP-A and SP-D 

inhibit renal cell apoptosis and modulate vascular permeability in part by regulating the 

inflammatory NF-κB pathway in sepsis-induced AKI.

The histopathological changes of AKI vary depending on the cause (3). In the present study, 

mild vacuolization of tubular cells in the kidney was observed in the early phase of sepsis. 

i.e. 6 h post-CLP, severe vacuolization of tubular cells and the loss of brush border were 

found only in the late phase of sepsis i.e. 24 h post-CLP. When compared with septic WT 

mice, kidney injury was worse in septic SP-A KO and SP-A/SP-D KO mice, suggesting that 

SP-A KO and SP-A/SP-D KO mice are more susceptible to sepsis-induced AKI. 

Furthermore, the kidney injury (histopathological score) showed positive correlations with 

the increase of the creatinine and BUN levels in the CLP-induced sepsis.

Sepsis-induced AKI is associated with increased renal vascular permeability (19, 24). Our 

data showed septic SP-A/SP-D KO mice exhibit increased renal wet weight and more severe 

vascular permeability compared with septic WT mice. Collectively, these results suggested 

SP-A and SP-D have a protective role in maintaining the integrity of the kidney capillary 

membranes in AKI. These findings were consistent with previous reports which 

demonstrated a protective effect of SP-A and SP-D in bleomycin-induced lung injury (13) 

and LPS-induced pulmonary disease (14). Neutrophil and monocyte/macrophage 

infiltrations contribute to renal interstitial inflammation and represent one mechanism in the 

pathogenesis of sepsis-induced AKI (25). The immunohistochemical analysis revealed 

intensive monocytes/macrophages in the interstitial capillaries in the kidneys of septic WT 

and SP-A/SP-D KO mice but only few neutrophils existed (data not shown).

Tubular cell apoptosis of the kidney is another important mechanism in the pathogenesis of 

AKI (20). In this study, renal tubular cell apoptosis was increased at 6 h and 24 h after CLP, 

evidenced by TUNEL analysis and molecular analyses of two apoptosis-related biomarkers. 

Caspases proteins, a family of intracellular cysteine proteases, play a pivotal role in the 

initiation and execution of apoptosis; the member caspase-3 is an executor in the apoptosis 

while Bcl-2 acts as an inhibitor of apoptosis. The significantly increased level of activated 

caspase-3 (17 kDa) and the reduced level of anti-apoptosis protein Bcl-2 support the results 

from TUNEL analysis in the kidneys of septic mice after CLP treatment. There are 

increasing evidence that renal tubular cells die by apoptosis at the early phase of 
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experimental model of acute toxic renal injury (26). Obvious cell apoptosis was observed at 

6 h after CLP in this study. As shown in figures 4 and 5, increased TUNEL-positive cells 

and enhanced caspase-3 expression in the kidneys of septic SP-A/SP-D KO mice compared 

to septic WT mice demonstrated the protective effect of SP-A and SP-D to renal cells in 

sepsis-induced AKI. These findings were also consistent with previous observation that 

found the protective effect of SP-A against alveolar type II cell apoptosis in bleomycin-

induced lung injury (13).

Nuclear factor-kappa B (NF-κB) is a well-known transcription factor that regulates many 

inflammation-related gene expression in response to various infections (27). When cells are 

stimulated, IκB of NF-kB/IκB complex in the cytoplasm is phosphorylated and dissociated 

from the complex, then NF-κB (p50 and p65) are translocated from the cytoplasm into the 

nucleus, rendering NF-κB activation. Endotoxemia stimulates the activation of renal NF-κB 

in vivo (28) and the inhibition of NF-κB activity ameliorates sepsis-induced AKI (29). In the 

present study, we demonstrated increased levels of NF-κBp65 and phosphorylated-IκB-α 

(p-IκB-α) in the kidneys of septic WT and SP-A/SP-D KO mice 6 h and 24 h post-CLP, 

with more pronounced expression in the septic SP-A/SP-D KO mice. Although the role of 

NF-κB signaling pathway in apoptosis is elusive, increasing evidence suggests positive 

correlation between apoptosis and NF-κB activation (30). Furthermore, increased caspase-3 

expression is positively correlated with the NF-κBp65 level in kidney tissues from septic 

patients (20). In the present study, we observed increased NF-κB activation is associated 

with renal cell apoptosis in CLP-induced AKI. Collectively, our data provides two possible 

mechanisms for the amelioration of sepsis-induced AKI by SP-A and SP-D: 1) SP-A and 

SP-D may inhibit renal cell apoptosis by interacting with renal tubular cell receptors, such as 

TLR4 (31), which leads to down-regulate the activation of the NF-κB signaling pathway 

(32); 2) SP-A and SP-D proteins may influence the integrity of the kidney capillary 

membranes and thus reduce renal vascular permeability in sepsis-induced AKI.

Proinflammatory cytokines like TNF-α and IL-6 are important mediators to trigger the later 

systematic inflammation response and subsequently multi-organ failure in sepsis (33). 

Increased levels of TNF-α and IL-6 in the kidney tissues of septic WT and SP-A/SP-D KO 

mice were observed 6 h and 24 h post-CLP. Of interesting, no different levels of these 

proinflammatory cytokines were detected between septic WT and SP-A/SP-D KO mice 

although there were significant differences of NF-κB and p-IκB-α levels in the kidneys of 

septic WT and SP-A/SP-D mice. It is possible that the mice lacking SP-A and SP-D have 

changed renal immune homeostasis because it has been shown that SP-A/SP-D KO mice 

express significantly lower levels of IL-1β and IL-6 in myometrium during parturition (34). 

Furthermore, the imbalance of pro-inflammatory and anti-inflammatory cytokines may 

contribute to deterioration of sepsis and sepsis-induced AKI. Only two pro-inflammatory 

cytokines were assessed in this study, therefore, analysis of more kinds of cytokines and 

evaluation of the balance between pro-inflammatory and anti-inflammatory cytokines may 

explain the mechanisms of SP-A and SP-D function in the modulation of immune 

homeostasis of sepsis-induced AKI in the future study.

Massive leukocyte infiltration into the peritoneal cavity is commonly observed in CLP-

induced sepsis. Innate immune responses to restrict bacterial spread are one of the most 
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important defense mechanisms to prevent systemic infection. The enhanced migration of 

inflammatory cells, i.e. monocytes/macrophages and neutrophils, into the peritoneal cavity 

lead to increased expression of cytokines and chemokines in CLP-induced sepsis model 

(35). Although monocyte/macrophage infiltration and neutrophil influx were observed in the 

peritoneal cavity of septic WT and SP-A/SP-D KO mice 6 h and 24 h post-CLP, no 

significant difference was found between septic WT and SP-A/SP-D KO mice, suggesting 

that SP-A and SP-D may function in the local tissues in the sepsis-induced AKI. Therefore, 

future study will be needed whether exogenous SP-A and SP-D would restore the ability of 

immune homeostasis and reduce kidney injury in sepsis-induced AKI.

In summary, we conclude that SP-A and SP-D can attenuate kidney injury in sepsis-induced 

AKI model by inhibiting renal cell apoptosis, decreasing renal vascular permeability, and 

regulating renal inflammatory response through NF-κB pathway. These findings were 

obtained from SP-A/SP-D KO mouse model and further data are needed before these data 

might apply to humans.
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Fig. 1. The levels of creatinine, BUN, and Lactate in the blood of septic WT and SP-A/SP-D KO 
mice
Blood samples were collected from WT and SP-A/SP-D KO mice 6 h and 24 h after CLP or 

sham operation. Septic WT and SP-A/SP-D KO mice had higher levels of serum creatinine 

(A), BUN (B) and lactate (C) compared with sham group 24 h after CLP. Increased levels of 

creatinine (A), BUN (B) and lactate (C) were found in septic SP-A/SP-D KO mice 

compared with septic WT mice 24 h after CLP. Graphs represent the mean ± SEM. *p<0.05, 

**p<0.01. (n = 6 mice/group)
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Fig. 2. Histology of the kidney in septic WT and SP-A/SP-D KO mice
The histopathology of kidney tissues was analyzed in septic WT and SP-A/SP-D KO mice, 

as well as control (sham). Histological sections of kidney tissues were stained with H/E (A) 

or PAS (B) method. The histological score of kidney tissue injury was assessed (C). Kidney 

histology shows the presence of vacuolar degeneration of tubular cells (arrows), flattened 

tubular cells with tubular lumen dilatation (stars) and lack of brush border (triangles) in 

septic but not sham mice. Compared with septic WT mice, the kidney injury score is higher 

in septic SP-A/SP-D KO mice 24 h after CLP. Magnification ×200 or ×400. Graphs 

represent the mean ± SEM. **p<0.01. Bars = 100 µm. (n = 6 mice/group)
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Fig. 3. Kidney vascular permeability and wet weight of the kidneys in septic WT and SP-A/SP-D 
KO mice
Evans Blue (EB) dye (50 mg/kg) was injected via the mouse tail vein and EB leakage as 

described in the methods. Representative photos of the kidneys from septic WT and SP-

A/SP-D KO mice 6 h or 24 h after CLP are shown in the panel (A). The levels of EB dye 

(B) recovered in kidney tissues and the wet weights of the kidneys (C) were higher in septic 

SP-A/SP-D KO mice compared with septic WT mice. Values represent the mean ± SEM, 

*p<0.05, **p<0.01. (n = 6 mice/group)
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Fig. 4. Apoptotic cells in the kidney of septic WT and SP-A/SP-D KO mice
Cell apoptosis was examined by TUNEL assay in the kidney of septic WT and SP-A/SP-D 

KO mice 6 h and 24 h after CLP or sham (A).The cells with brown nucleus are apoptotic 

(arrows). Apoptotic cells were quantified by per high power field (HPF) at ×400 

magnification. The number of apoptotic cells was larger in septic SP-A/SP-D KO mice than 

septic WT mice 6 h and 24 h post-CLP (B). Values represent the mean ± SEM, *p<0.05, 

**p<0.01. Bars=100 µm. (n = 6 mice/group)
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Fig. 5. Expression of Bcl-2 and caspase-3 in the kidney of septic WT and SP-A/SP-D KO mice
Protein levels of Bcl-2 (A) and activated caspase-3 (B) in the kidney were determined by 

Western blotting analysis and quantified by densitometry. Protein levels were normalized to 

β-actin. Decreased level of Bcl-2 and increased level of activated caspase-3 were found in 

septic SP-A/SP-D KO mice compared to septic WT mice 6 h and 24 h post-CLP. Graphs 

represent the mean ± SEM, *p<0.05, **p<0.01. (n = 6 mice/group)
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Fig. 6. Expression of NF-κB p65 and phosphorylated IκB-α (p-IκB-α) in the kidney of septic WT 
and SP-A/SP-D KO mice
Protein levels of NF-κB p65 (A) and p-IκB-α (B) in the kidneys were determined by 

Western blotting analysis and then quantified by densitometry. The levels were normalized 

to β-actin. Increased levels of NF-κB p65 and p-IκB-α were detected in the kidneys of septic 

SP-A/SP-D KO mice compared to septic WT mice 6 h and 24 h post-CLP. Graphs represent 

the mean ± SEM, *p<0.05, **p<0.01. (n = 6 mice/group)
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Fig. 7. Cytokine production in the kidney of septic WT and SP-A/SP-D KO mice
Kidneys were collected from septic WT and SP-A/SP-D KO mice 6 h and 24 h post-CLP. 

The levels of cytokine IL-6 (A) and TNF-α (B) were measured by ELISA. Compared with 

basal levels of IL-6 and TNF-α (sham mice), significantly increased levels of IL-6 and TNF-

α were detected in the septic WT and SP-A/SP-D KO mice. However, no significant 

difference of either IL-6 or TNF-α was detected between septic WT and SP-A/SP-D KO 

mice 6 h and 24 h post-CLP. Graphs represent the mean ± SEM. *p<0.05, **p<0.01. (n = 6 

mice/group)

Liu et al. Page 20

Shock. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 8. Cell counts and CFUs in the peritoneal lavage fluid of septic WT and SP-A/SP-D KO mice
Peritoneal lavage fluid (PLF) was collected from septic WT and SP-A/SP-D KO mice 6 h 

and 24 h post-CLP. Slides containing cells from PLF were prepared by cytospin 

centrifugation and then stained by HEMA staining. PMNs (A) and macrophages (B) were 

counted at ×400 magnification. No significant difference of either PMNs or macrophages 

was found between septic WT and SP-A/SP-D KO mice. The CFUs (C) were determined by 

culturing the lavage fluid on LB plates. No significant difference of CFUs was found 

between septic WT and SP-A/SP-D KO mice. Graphs represent the mean ± SEM. *p<0.05, 

**p<0.01. (n = 6 mice/group)
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