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The sodium-phosphate (NaPi) type lib cotransporter protein is expressed on the 

apical membrane of type II alveolar cells in the lung and is likely involved in surfactant 

synthesis. Several studies have demonstrated an inhibition of surfactant secretion in the 

lung after cigarette smoke exposure. The aim of this study was to test the hypothesis that 

second-hand cigarette smoke (SSCS) exposure decreases NaPi-IIb cotransporter 

expression in the mouse lung. We exposed mice to SSCS for 14 days using a nose-only 

exposure column connected to a vacuum. Cotinine levels in the urine were assayed (7.75 

fold greater level in smoke group). We developed polyclonal antibodies against theN

terminus of the NaPi-IIb peptide. Northern and Western blots were performed with the 

animals ' lung tissue. We observed ~60% reduction in NaPi-IIb mRNA expression and 

~20% reduction in NaPi-IIb protein expression in mice. We concluded that SSCS 

exposure reduced the expression of the NaPi-IIb cotransporter. 
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ABSTRACT 

The sodium-phosphate (NaPi) type lib cotransporter protein is expressed on the 

apical membrane of type II alveolar cells in the lung and is likely involved in surfactant 

synthesis. Several studies have demonstrated an inhibition of surfactant secretion in the 

lung after cigarette smoke exposure. The aim of this study was to test the hypothesis that 

second-hand cigarette smoke (SSCS) exposure decreases NaPi-IIb cotransporter 

expression in the mouse lung. We exposed mice to SSCS for 14 days using a nose-only 

exposure column connected to a vacuum. Cotinine levels in the urine were assayed (7.75 

fold greater level in smoke group). We developed polyclonal antibodies against theN

terminus of the NaPi-IIb peptide. Northern and Western blots were performed with the 

animals ' lung tissue. We observed ~60% reduction in NaPi-IIb mRNA expression and 

~20% reduction in NaPi-IIb protein expression in mice. We concluded that SSCS 

exposure reduced the expression of the NaPi-IIb cotransporter. 
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INTRODUCTION 

In mammals, the level of inorganic phosphate (Pi) is regulated both inside the cell 

and in the whole organism. This inorganic phosphate is involved in many biochemical 

processes and contributes to the structure of DNA, RNA, proteins and phospholipids. 

Many organs are involved in vertebrate Pi homeostasis. Pi is absorbed from the diet in 

the proximal intestine and is primarily stored in the bones where it is used for metabolic 

and structural purposes. The kidneys tightly regulate the extracellular concentration of 

Pi. Different membrane transporters have been developed in bacteria, yeast, plants, and 

vertebrates to control Pi homeostasis. Movement of Pi across the cell membrane is 

maintained in conjunction with movement of sodium (Na) down its electrochemical 

gradient (3 Na+ to 1 Pi) (24). Membrane proteins responsible for this transport are called 

sodium-phosphate cotransporters. Three mammalian sodium-phosphate (Na-Pi) 

cotransporter protein families have been identified: type I, type II, and type III Na-Pi 

cotransporters. The type III cotransporter is ubiquitously expressed while the type I 

cotransporter is predominantly expressed in the kidney, liver, and brain (24). The type II 

cotransporter family is divided into two subgroups: type IIa and type lib. The type IIa 

isoform is expressed in renal proximal tubules (24) while the type lib isoform is 

expressed in the small intestine, kidney, lung, and other tissues (26). The Na-Pi lib 

protein is most highly expressed in the lung (26). Structure-function studies of the NaPi

IIb cotransporter have not been done to date. This protein contains eight membrane

spanning domains with both theN and C terminus inside the membrane (Figure 1). 



N 

G 

G 

Figure 1. Topological model of the NaPi-IIb protein showing 
eight transmembrane domains (numbered 1-8) with both the N 
and C terminus positioned inside the cell. Putative N
glycosylation sites (labeled G) are localized within the large 
extracellular loop. 

The NaPi-IIb cotransporter is located in the lung, which is part of the respiratory 
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system. The respiratory system consists of respiratory airways leading into the lungs, the 

lungs themselves, and muscular structures involved in producing movement of air 

through the airways into and out of the lungs. Among the respiratory airways, the right 

and left bronchi enter the right and left lungs, respectively. Within each lung, the 

bronchus continues to branch into narrower, shorter, and more numerous airways called 

bronchioles. Clustered at the ends of the terminal bronchioles are the alveoli, the tiny 

airsacs where gas exchange between blood and air occurs. The alveolar epithelial wall 

consists of a single layer of type I alveolar cells and intermingled type II alveolar cells 

(Figure 2). 



Alveolus 

Alveolar Macrophage 
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Figure 2. A representation of an alveolus and an associated 
capillary. A single layer of Type I alveolar cells forms the 
alveolar walls. Type II alveolar cells are embedded in the 
alveolar wall and secrete surfactant. The NaPi-IIb cotransporter 
protein is localized to the apical membrane of the Type II 
alveolar cell. Alveolar macrophages are also found within the 
alveolar lumen. 
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The type I alveolar cells are mainly responsible for promoting gas exchange while 

the type II cells are involved with type I cell proliferation and surfactant secretion. The 

Na-Pi lib protein has been exclusively localized to the apical membrane of type II 

alveolar cells (Figure 2) (1 0, 22). The type III NaPi contransporter is also expressed in 

the type II alveolar cells (3). This type III NaPi contransporter is likely to be involved in 

uptake of phosphate from the blood on the basolateral membrane. The expression of the 

NaPi-IIb protein at the apical membrane of the type II alveolar cells suggests a possible 

role in the production of pulmonary surfactant, because phosphate is a major constituent 

of phospholipids, which are the major components of surfactant ( 1 0). Figure 3 shows the 



chemical structure of phosphatidylcholine, the most prominent phospholipid in 

surfactant. 
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Figure 3. Chemical structure of phosphatidycholine. 
Phosphatidylcholine is a member of the broader class molecule 
known as phospholipids, whose main function is the formation 
of biological membranes. Phosphatidylcholine is considered the 
major component of surfactant. Phospholipids are phosphates of 
fatty acid esters. Notice that each phosphatidylcholine molecule 
contains one phosphate (P04-

3
) group. 

Pulmonary surfactant lines the alveolar surface of the lung and is primarily 
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responsible for stabilizing the alveoli at low lung volumes by reducing the surface tension 

at the air-alveolar interface (17). The alveolar surface fluid consists of an aqueous and a 

lipid phase acting as a surfactant. The lipid phase contains high amounts of 

phosphatidylcholine, phosphoglycerol, and cholesterol (17). Since phosphate is a major 

constituent of surfactant and is also needed for energy required for surfactant synthesis, it 

can be hypothesized that phosphate in the alveolar fluid compartment is efficiently taken 

up (recycled) by alveolar type II cells via the type Ilb Na-Pi cotransporter (22). 
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Several studies have reported significant changes in the lipid composition and the 

physical properties of the pulmonary surfactant of smokers (5 , 6, 19). In cell culture, 

cigarette smoke constituents have a direct inhibitory effect on surfactant secretion in type 

II cells (25). Chronic exposure to cigarette smoke has also been shown to adversely 

affect the pulmonary surfactant system of rats by inhibiting surfactant secretory processes 

(21). These previous findings led us to examine how the Na-Pi lib cotransporter is 

affected by cigarette smoke. Therefore, the aim of this study was to test the hypothesis 

that side-stream cigarette smoke exposure decreases N a-Pi lib cotransporter expression in 

the rodent lung. 
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MATERIALS AND METHODS 

Animals. 8 wk old male mice (C57BL/6J) were obtained from the Jackson 

Laboratory (Bar Harbor, ME). 8 wk old male rats were obtained from Harlan/Sprague

Dawley (Indianapolis, IN). All animals were given tap water ad libitum and a 

commercial diet. The experimental group of animals was exposed to side-stream 

cigarette smoke everyday for 14 days using research cigarettes code 1R4F (University of 

Kentucky Tobacco and Health Research Institute; Lexington, KY). Smoke exposure was 

achieved by placing the animals individually into tubes that restrained the animals from 

turning around and then placing these tubes onto an exposure column (Figure 4) that is 

connected to a vacuum. The vacuum draws the second-hand smoke from a cigarette 

through the column and into each tube containing the animals. The experimental group 

was exposed to 18 cigarettes per day for one hour (3 cigarettes per 1 0 minutes repeated 6 

times). The control group was also placed in tubes restraining movement and exposed to 

room air for one hour. After exposing the animals for 14 days, the animals were 

sacrificed by C02 narcosis followed by cervical dislocation and lungs were harvested. 

The lung tissue was immediately frozen in liquid nitrogen and placed at -80°C. Urine 

was also taken from the animals via syringe at the time of sacrifice and frozen at -20°C to 

measure cotinine levels. Urinary cotinine was assayed by the Foundation for Blood 

Research (Scarborough, ME). 



Figure 4. Chamber used to expose rodents to side-stream 
cigarette smoke. Cigarettes were lit and placed upright in a 
clamp under the glass funnel (left bottom). Second-hand smoke 
is sucked through the bottom of the chamber. The entire 
apparatus is airtight and the "house" vacuum supply provides the 
pressure. Animals were placed in a "nose only" fashion into the 
tubes, which were then placed on the exposure chamber. Control 
animals were also placed in tubes that were kept on the bench for 
the same period of time. 

RNA Purification and Northern Blot Analyses. Poly (Af mRNA of lung was 

isolated by using the FastTrack®2.0 mRNA Isolation Kit (Invitrogen; Carlsbad, CA) 

according to the manufacturer' s protocol. 2-4 j.!g of mRNA was fractionated by 

formaldehyde-!% agarose gel electrophoresis and transferred to a nitrocellulose 

membrane (Osmonics, Westborough, MA). Both mouse and rat northern blots were 
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hybridized with a mouse-specific NaPi-Ilb probe that was labeled by random priming in 
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the presence of [ a-32P]dCTP. A probe for ~-actin (Sigma) served as an internal standard. 

Hybridization was performed in 6X saline-sodium citrate (SSC), 5X Denhardt' s solution, 

0.5% SDS, and 100 mg/ml of denatured salmon sperm DNA at 65°C overnight. The 

blots were subsequently washed overnight with 0.1X SSC-0.1 o/o SDS at 65°C. The blots 

were then exposed to clear blue X-Ray film (Pierce). Intensities of hybridization signals 

were analyzed by scanning densitometry with Quantity One software (BioRad; Hercules, 

CA). The ratio ofNaPi-IIb intensity to ~-actin intensity was taken for each group. 

Experiments were repeated with different groups of animals (3 repetitions for rats and 8 

repetitions for mice). 

Antisera. Rabbit polyclonal antibodies were raised against synthetic peptides 

close to both theN terminus and C terminus of the mouse NaPi-IIb protein (Research 

Genetics; Huntsville, AL ), where we observed hydrophilic regions in the protein (Figure 

5). These regions were predicted using a Kyte-Doolittle hydropathy analysis (Figure 5). 

The exact Nand C terminal sequences used have been underlined in Figure 6. Research 

Genetics (Huntsville, AL) developed all antibodies using the following protocol. The 

peptide was conjugated to KLH and injected into New Zealand white rabbits (range 3-9 

months of age) (Research Genetics; Huntsville, AL). A pre-immune bleed was taken 

prior to the primary injection. At week 2, the first boost was administered. At week 4, 

the first bleed was taken. On week 6, the animals received the second boost. At week 8, 

the animals were given the third boost and the second bleed was taken. On the tenth 

week, the third bleed was taken. We extended the antibody production 4 more weeks 

resulting in a fourth and terminal bleed. The anti-peptide antibody titer was determined 
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with an enzyme linked immunosorbent assay (ELISA) and used to measure the antigenic 

properties of the animal bleeds to the peptide. All bleeds had an ELISA of >204800 

which is the upper threshold of the assay. All serum was aliquoted and stored at -20°C. 

100 200 300 400 500 600 

Residue 
Key 
· -·-···· Kyle-OoolitUe hydropathy: mNPT·IIb protein 

Figure 5. Kyle-Doolittle hydropathy analysis of the mouse 
NaPi-1/b protein. Peaks that are less than zero represent 
hydrophilic regions in the protein while peaks that are greater 
than zero represent regions of hydrophobicity. Hydrophillic 
regions are likely to be exposed to the surface of a protein and 
are therefore more likely to be antigenic. Both the N terminus 
(residue 0) and the C terminus (residue 697) appear to be 
hydrophilic regions in the protein. 
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Figure 6. Predicted amino acid sequence of the mouse NaPi-1/b 
cotransporter protein. Initially, we had developed two C
terminal antibodies (underlined regions) that were unsuccessful 
in immunoreacting with lung protein. Our N-terminal antibody 
(underlined region) was successful in reacting with rodent lung 
protein. 

Membrane Preparations. A crude membrane fraction from the lungs was 

obtained using two different protocols. The first method (22), previously described, 

involves using a mannitol-EGTA buffer (300 mM mannitol, 5 mM EGTA, and 12 mM 

Tris·HCl, pH 7.1). We achieved better results using our own method which is the same 

as the first method, but involves a different buffer as follows. All procedures were 

carried out at 4°C. Frozen lungs were thawed on ice and homogenized using a tissue 

grinder (Tekmar Company; Cincinatti, OH) in 15 ml of IX TE buffer containing 

Complete TM protease inhibitors at one tablet per 50 ml buffer (Roche Diagnostics; 

Mannheim, Germany). The suspension was centrifuged at 1,000X g for 5 min. The 

16 
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supernatant was centrifuged at 5,000X g for 15 min. The resulting supernatant was 

centrifuged at 40,000X g for 30 min. The resulting pellet was resuspended in lml IX TE 

buffer by passage through a 26-gauge needle and immediately frozen and stored at -70°C 

until used. Protein concentration was quantitated using the Bio-Rad Protein Assay (Bio

Rad; Hercules, CA). 

In Vitro Translated Protein. An in vitro translated NaPi-IIb protein was 

synthesized using the TnT®T7 Quick Coupled Transcription/Translation System 

(Promega; Madison, WI). The full length mouse NaPi-IIb eDNA was inserted into the 

pCR-3.1 Uni vector and used, according to the manufacturer's protocol, to produce a 

synthetic NaPi-IIb protein. This system uses a T7 or SP6 promoter in the plasmid DNA 

for transcription followed by translation using a reticulocyte lysate. 

Western Blot Analyses. Proteins were denatured in Laemmli Buffer containing 

5% ~ME (BioRad; Hercules, CA) by heating for 5 min at 95°C. Membrane proteins (35 

J..Lg/lane) were separated by 8% SDS-PAGE using No vex® Tris-Glycine gels (Invitrogen; 

Carlsbad, CA) and transferred to a nitrocellulose membrane (Osmonics, Westborough, 

MA). All washing and incubations were carried out at room temperature. The 

membranes were blocked overnight with 5o/o milk in phosphate buffered saline, 0.1% 

Tween 20 (PBST) (Sigma). They were subsequently incubated for one hour with primary 

antibodies (dilution 1 :4,000) followed by 5 minutes of washing in PBST containing 0.1% 

milk. As a secondary antibody, a goat anti-rabbit IgG conjugated to horseradish 

peroxidase (Amersham) was used for one hour followed by 10 minutes of washing. 

Immunodetection was carried out by enhanced chemiluminescence (Pierce). The blot 
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was then exposed to clear blue X-Ray film (Pierce). The pre-immune and antigen 

blocked serum was used exactly the same as the primary antibody. To achieve antigen 

blocking, primary antibody was incubated overnight at 15°C with antigenic peptide at 

1000 J.lg peptide per 1 ml of serum. ~-actin antiserum (Sigma) was also used at a dilution 

of 1:5,000 in PBST. A ratio was taken for each group ofNaPi-Ilb intensity to ~-actin 

intensity. Experiments were repeated 3 times with mice. Intensities of hybridization 

signals were analyzed by scanning densitometry with Quantity One software (BioRad; 

Hercules, CA). 

Immunohistochemistry . Lungs were removed en masse and inflated with Streck 

Tissue Fixative (Streck Laboratories; Omaha, NE) at 20 em pressure for 1-2 hours. The 

inflated lungs were left in fixative for 2-3 hours after the trachea was tied closed and then 

transferred to a 30o/o sucrose PBS solution at 4°C overnight. Thin slices of the tissue 

were cut and embedded in paraffin. 6-1 0 J.lm sections were cut and affixed to microscope 

slides. The slides were washed 3X 5 minutes in xylenes followed by 2X 5 minutes 

washes in first 1 OOo/o ethanol, then 70% ethanol. The slides were then rinsed in tap water 

for 5 minutes and washed in PBS for 5 minutes. Each slide was incubated for 1 hour in 

blocking serum containing 1.5% Normal Goat Serum (Vector Laboratories; Burlingame, 

CA) in PBS. The slides were subsequently washed in PBS for 5 minutes. The slides 

were then incubated for 1 hour with primary antibody (1 :4,000) in PBS followed by a 5 

minute wash in PBS. The slides were incubated for 1 hour with the secondary antibody 

(Alexa Fluor® 647 goat anti-rabbit IgG; Molecular Probes; Eugene, OR) at 5f..!g/mL 

followed by 2X 5 minute washes in PBS. The slides were then washed 2X 5 minutes first 
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in 70% ethanol, then 1 00% ethanol. The slides were washed 2X 5 minutes in xylenes and 

were allowed to completely dry. The slides were mounted with fluormount and allowed 

to dry overnight. Slides were visualized with the BioRad MRC 1024 ES Laser Scanning 

Confocal Microscope (BioRad; Hercules, CA) equipped with the Nikon Eclipse TE 300 

Research Grade Microscope. We used the Krypton/ Argon laser with the 64 7nm laser line 

and the 680 DF 32 Emission Filter. All images captured with the confocal microscope 

had identical settings. 
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RESULTS 

Animal and Smoke Exposure Parameters. No treatment-related mortality occurred in the 

experiment. None of the animals had tumors and all the lungs appeared morphologically 

normal. To determine the effectiveness of smoke exposure, the urinary cotinine level of 

each animal was measured. The smoke group had significantly higher levels of urinary 

cotinine compared to the controls (Figure 7) In mice; control=11.58±0.88 ng/ml, 

range= I 0-22, n=17, sinoke=89.67±8.55, range=18-182, n=18. In rats; 

control=lO.OO±O.OO ng/ml, range=l0-10, n=4, smoke=153.67±13.53, range=127-171, 

n=3). Note: the lowest threshold of the cotinine assay was 10. 
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Figure 7. Results from the radioimmunoassay used to measure urinary cotinine levels 
in mice and rats. A major metabolite of nicotine, urinary cotinine is the most reliable 
measurement of actual inhaled tobacco smoke and is sufficiently sensitive to measure 
second-hand smoke exposure. In mice, the smoke exposed group had a significantly 
higher level of urinary cotinine (89.67±8.55) when compared to the control group 
(11.58±0.88) (top panel). The rats also had significant levels of urinary cotinine in the 
smoke group (smoke=l53.67±13.53, control=lO.OO±O.OO) (bottom panel). The values 
shown are mean± SEM (ng/ml) (*=p<O.Ol) 
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Northern Blot Analysis. With Northern blot analysis performed with poly (At RNA 

isolated from the lungs of each group, we observed a significant decrease in the 

expression ofNaPi-IIb mRNA in both the rat and mouse groups. In rats; 

control=7.26±1.19 ODu (optical density units), smoke=1.91± 0.29 (n=3; p<0.05) (Figure 

8). In mice; control= 1.32±0.17, smoke=0.58±0.13 (n=8; p=O.O 152) (Figure 9). 
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Figure 8. Top panel is a representative rat northern blot 
showing a decrease in the NaPi-IIb mRNA in the smoke (Sm) 
versus control (C) group. The f3-actin bands serve as an internal 
control. The bottom panel shows the data from three different 
experiments. The smoke group had significantly less mRNA 
expression than control (control= 7.26 ± 1.19, smoke= 
1.91±0.29) (* = p<0.05). 
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Figure 9. Top panel is a representative mouse northern blot 
showing a decrease in the NaPi-IIb mRNA in the smoke versus 
control group. The ~-actin bands serve as an internal control. 
The bottom panel shows the data from 8 different experiments. 
The smoke group had significantly less mRNA expression than 
control (control = 1.32±0.17, smoke= 0.58±0.13) (*=p<0.05). 
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Development and Characterization of Antibodies. Initially, we developed two C-

terminal antibodies that were successful in immunoreacting with the NaPi-IIb protein in 

the small intestine (data not shown) but would not react with lung proteins. We then 

developed anN-terminal antibody that was successful in reacting with lung tissue. We 

also encountered a problem with the membrane protein preparation method. We found 

that our N-terminal antibody from rabbit 15 reacted with a 75 kDa band in rat lung and 

had a stronger immunoreaction using our protein preparation method (Figure 1 0). The 75 



23 

kDa band in rats did not change with smoke exposure, but was blockable and not seen 

with pre-immune (Figure 11 ). The IS-terminal bleed recognized a 100 kDa band in mice 

only, was blockable and not in the pre-immune (data not shown), and also recognized an 

in vitro translated NaPi-IIb protein (Figure 12). Previous work shows a protein of similar 

size (1 OOkDa) in the mouse lung (22). 

J5-2 14-2 

---75kDa ~ 

2 

Figure 10. Western blot analysis comparing different rat lung 
membrane protein preparations with the N-terminal antibody. 
Numbers 1 and 2 represent our membrane protein preparation 
and the previously described method, respectively (see methods). 
15-2 and 14-2 are both second bleeds from two different rabbits 
injected with the same peptide. Only one animal exhibited an 
immune response (rabbit 15) and our protein prep method has 
much higher reactivity with theN-terminal antibody. 
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Figure 11. Western Blot analysis of rat lung protein comparing 
control versus smoke group using theN-terminal antibody. Rat 
lung protein expression showed no change in the control versus 
smoke group (top panel). The bottom panel shows that the N
terminal antibody is blocked using the antigenic peptide?. 
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~ ---75kDa 
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In vitro tmnslated NaPi-llb pi'Otein 

Figure 12. Western blot analysis showing specificity of N
terminal antibody in mouse lung protein versus rat lung protein. 
The top left panel shows the expected protein size of~ 1 OOkDa in 
mouse lung only in the terminal bleed ( 15-term) of the N
terminal antibody. The top right panel shows no bands at 
~ 1 OOkDa in both rat and mouse lung using the second bleed (15-
2"d) of the N-terminal antibody. These results led us to move 
from using rats as the animal model to mice. Further specificity 
of theN-terminal antibody is shown in the bottom panel with an 
in vitro translated mouse NaPi-Ilb protein. The two+ lanes are 
the NaPi-Ilb translated protein, the two - lanes are negative 
controls (vector minus eDNA insert) 

24 
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Immunohistochemistry. Immunohistochemical analysis of mouse lung using our 

N-terminal antibody showed specific recognition of the NaPi-IIb protein that is highly 

expressed only on apical membranes of alveolar type II cells (Figure 13, panel A). 

Antigen blocking abolished recognition of this protein (not shown) and the pre-immune 

serum also did not recognize any cell type within the mouse lung (Figure 13, panel B). 

No other antibody reaction with other cell types was observed in the mouse lung. We 

confirmed that we were observing type II alveolar cells by their location within the 

alveolus and by their morphology under high magnification which revealed their cuboidal 

shape and the presence of lamellar bodies within the cytoplasm. 

Figure 13. Immunohistochemistry experiment. Panel A shows 
the specific recognition of the apical membrane of only type II 
epithelial cells using the N-terminal antibody. This further 
confirms the specificity of our antibody to the NaPi-IIb protein. 
Panel B shows no staining with pre-immune serum. 
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Western Blot Analysis. A significant decrease in expression of the 

immunoreactive NaPi-IIb protein was observed in the smoke versus the control groups of 

mice (control=6.81±0.26 ODu, smoke=5.48±0.16) (n=3) (p=0.0127) (Figure 14). 
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Figure 14. Western blot analysis showing control versus smoke 
groups in mice. The top panel is a representative western blot 
showing a decreased expression of the 1 OOkDa NaPi-IIb protein 
in the smoke group. The lowest band is the same blot probed 
with ~-actin as an internal control. The lower panel shows the 
results from all three experiments, confirming a significant 
decrease 111 protein expression 111 the smoke group 
(control=6.81±0.26, smoke=5.48±0.16) (n=3) (*=p<0.05). 
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DISCUSSION 

The present study showed a significant reduction in both the mRNA and protein 

expression of the NaPi-IIb cotransporter in the rodent lung following exposure to second

hand cigarette smoke. The precise role of the type lib NaPi cotransporter located in the 

apical membrane of alveolar type II cells is not known. Very few animal studies have 

investigated the effects of smoke exposure on pulmonary surfactant and none has 

examined the relationship between second-hand cigarette smoke and the NaPi-IIb 

con transporter. 

As a model for second hand smoke exposure, we chose to expose both mice and 

rats to cigarette smoke using a well-established method; the nose-only smoke exposure. 

This method continues to be widely used in many studies and has been characterized as a 

relevant model of cigarette smoke exposure (2, 4, 8, 9, 20). We used research cigarettes 

from the University of Kentucky Tobacco and Health Reseach Institute for the same 

reason; these cigarettes have been established in the literature (15, 16, 20). We 

developed our own exposure regime of 18 cigarettes per day for 14 days based upon our 

dose-response observations we made with 3 (not shown), 12 (not shown), and 18 

cigarettes per day regimes. We found that we obtained the most repeatable results with 

the maximum dosage of 18 cigarettes per day for 14 days. 

In order to establish that we had sufficiently exposed the experimental group of 

animals to cigarette smoke, we assayed each animal's urine at the time of sacrifice for 

cotinine. Cotinine is a major metabolite of nicotine and is the most reliable marker for 

smoke exposure (14 ). Although we did observe very significant levels of cotinine in the 
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smoke group and virtually none in the control group (see Figure 7), the cotinine data of 

the mouse smoke group was very scattered (range=18-182). This information led us to 

conclude that, for some unknown reason, some of the experimental animals were getting 

much more smoke exposure than others, and this could explain why the reduction in 

mRNA and protein expression were not greater (see Figures 8, 9, and 14). 

We encountered several issues in developing a reliable antibody for the NaPi-IIb 

protein in the rodent lung. Our C-terminal antibody that had worked with rodent small 

intestine would not react with mouse or rat lung (data not shown). We developed anN

terminal antibody that would successfully react with the NaPi-IIb protein (at the expected 

size, see below) only in mouse lung protein. It should be noted that the conservation of 

the NaPi-IIb N-terminus between mice and rats is greater than 90% in similarity and 

therefore we believed it would work for rat experiments. In rat lung, using theN

terminal antibody, we observed a band at around 75kDa (see Figure 11). This is not the 

reported size of the NaPi-IIb protein (22), yet this band was repeatably blockable and not 

in the pre-immune. This band appeared using all the bleeds from theN-terminal 

antibody; however, the terminal bleed also reacted with a protein at around 1 OOkDa (see 

Figure 11) only in mouse lung protein. This finding led us to change our animal model 

from rats to mice. We hypothesized that this lower band (75kDa) could also be the NaPi

IIb protein, except that it has been altered in some way, possibly being the unglycosylated 

form; although no previous findings support this supposition. Additionally, we had to 

develop our own method of protein preparation in order to get a good reaction with our 

antibody (see Figure 9). We also had issues with solubilization conditions of the protein 



as well as protein gel type. These issues required substantial modification of analytical 

methods. 

We believe that our N-terminal antibody is recognizing the NaPi-IIb 
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con transporter in the mouse lung due to the following reasons: 1) we observed a protein 

band of expected size on westerns (see Figure 12), 2) the serum is blockable, 3) the 

observed band is not in the pre-immune serum, 4) the antibody reacts with an in vitro 

translated NaPi-IIb protein (see Figure 12), and 5) the antibody reacts with the apical 

membranes of type II alveolar cells (see Figure 13). 

We observed a significant reduction in mRNA and protein expression in the 

smoke group of mice (see Figures 9 and 14). From this data, we concluded that the 

reduction in mRNA and protein expression must be due to some constituent of the 

cigarette smoke or possibly as a result of an inflammatory response to the cigarette 

smoke. The reduction in mRNA expression was greater than the reduction in protein 

expression in the mice (compare Figure 9 to 14). This could be due to differences in 

sensitivity in the northern blot versus the western blot. Another possible explanation for 

this difference could be that mRNA expression is being inhibited by cigarette smoke 

exposure, but synthesis or activation of this protein is getting upregulated in order to 

compensate for the inhibited mRNA expression. Functional studies of the NaPi-IIb 

protein could not be performed due to the presence of two NaPi co transporters in type II 

alveolar cells (type lib and type III). 

Inhibition of the secretion of surfactant by the type II alveolar cells is another 

mechanism through which cigarette smoke may alter the expression of the NaPi-IIb 
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cotransporter. Secretion of surfactant occurs mainly by exocytosis, which is an energy

dependent process and requires an undamaged cytoskeleton (20). Previous studies have 

shown that cigarette smoke contains substances that inhibit energy generation processes 

in mitochondria and disrupt cytoskeletal structures (7, 11 ). Also, impaired respiratory 

activity in mitochondria has been observed in the mitochondria isolated from lung tissue 

of chronically smoke-exposed rats (12). The NaPi-IIb cotransporter protein at the apical 

membrane of the type II alveolar cells may play a role in the production of pulmonary 

surfactant, because in alveolar type II cells phosphate is a major constituent of 

phospholipids, which are the major components of surfactant [Hashimoto, 2000 #10]. 

Thus, if smoke exposure inhibits surfactant production, a cause and effect relationship 

could be hypothesized with smoke exposure and a reduction in the expression of the 

NaPi-IIb cotransporter. 

Future studies involving the effects of smoking on the NaPi-IIb cotransporter in 

the lung would further establish exactly how the smoke is affecting this protein. As 

mentioned before, the cotinine measurements in the smoke group of mice were very 

scattered. This observation could question the validity of this experiment, but could be 

avoided in future studies if the cotinine was first assayed, and then the animal tissue was 

grouped according to this assay into different levels of cotinine, such as a high and low 

cotinine group. For the current study, we always simply grouped all the experimental 

animals into one group. Additionally, in vitro studies could look more closely at the 

mechanism of inhibition of this gene by smoking. Several in vitro studies have already 

looked at how cigarette smoke affects various genes and mechanisms (1, 13, 18, 23). 



Also, a lung-specific knockout model of this gene could be made to examine exactly 

what this NaPi-Ilb protein is doing physiologically in the lung. 
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In summary, this study has investigated how second-hand cigarette smoke alters 

the NaPi-Ilb cotransporter in the rodent lung. We have shown that cigarette smoke 

exposure can significantly decrease the expression of both the mRNA and protein level of 

this cotransporter. 
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APPENDIX 

Animal Subjects Approval. This project has been approved by the Institutional Animal 

Care and Use Committee (IACUC # 01-052, Characterization of the Effect of Nicotine on 

the Lung Sodium Phosphate Cotransporter). 
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