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Abstract
Objectives—The intestinal mucosal barrier is important to protect the body from the large
numbers of microbes that inhabit the intestines and the molecules they release. Intestinal barrier
function is impaired in humans with cystic fibrosis (CF), including reduced activity of the
lipopolysaccharide detoxifying enzyme intestinal alkaline phosphatase (IAP) and increased
permeability. The objective of this study was to determine the suitability of using the CF mouse to
investigate intestinal barrier function, and whether interventions that are beneficial for the CF
mouse intestinal phenotype (antibiotics or laxative) would improve barrier function. Also tested
were the effects of exogenous IAP administration.

Methods—The Cftrtm1UNC mouse was used. IAP expression (encoded by the murine Akp3 gene)
was measured by qRT-PCR and enzyme activity. Intestinal permeability was assessed by
measuring rhodamine dextran plasma levels following gavage.

Results—CF mice had 40% Akp3 mRNA expression and 30% IAP enzyme activity, as compared
to wild type mice. Oral antibiotics and laxative treatments normalized Akp3 expression and IAP
enzyme activity in the CF intestine. CF mice had a 5-fold greater transfer of rhodamine dextran
from gut lumen to blood. Antibiotic and laxative treatments reduced intestinal permeability in CF
mice. Administration of exogenous purified IAP to CF mice reduced intestinal permeability to WT
levels and also reduced small intestinal bacterial overgrowth by more than 80%.

Conclusions—The CF mouse intestine has impaired mucosal barrier function, similar to human
CF. Interventions that improve other aspects of the CF intestinal phenotype (antibiotics and
laxative) also increased IAP activity and decreased intestinal permeability in CF mice. Exogenous
IAP improved permeability and strongly reduced bacterial overgrowth in CF mice, suggesting this
may be a useful therapy for CF.
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INTRODUCTION
Cystic fibrosis (CF) is one of the most common life-shortening genetic diseases in
Caucasians (www.CFF.org). In the absence of functional CFTR anion channel, affected
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epithelial surfaces are poorly hydrated and more acidic than normal (1). The altered luminal
environment of the affected epithelial organs impairs turnover and clearance of the normally
protective mucus layer (2) and this situation fosters abnormal bacterial colonization (3). The
major cause of mortality in CF is chronic airway infection that leads to progressive damage
and eventual respiratory failure. In addition, CF affects other organs with important
consequences for health and longevity, particularly the gastrointestinal system.

The intestinal tract is involved early in life in CF, and long term gut dysfunction in CF is
apparent as malnutrition. Poor nutrition in CF is strongly associated with airway disease
severity and progression (4-7). A major factor of malnutrition in CF is exocrine pancreatic
insufficiency. However, even with optimal pancreatic enzyme therapy, nutrition is often not
fully corrected (8; 9). Also, despite the fact that gene targeted mouse models of CF are
pancreatic sufficient (10; 11) their major phenotype is in the intestines and they exhibit poor
body weight gain (12). These facts suggest there are functional defects in the CF small
intestine where digestion and absorption occur.

The CF small intestine exhibits mild inflammation and structural changes to the mucosa
(13-15) which may affect digestive and absorptive functions. Such changes may be due to
dysbiosis of the normal enteric microbiota [altered bacterial composition and/or small
intestinal bacterial overgrowth (SIBO)]. Microbial dysbiosis is a likely consequence of
abnormal mucus clearance in the CF intestine. In CF mice, SIBO occurs with colonic type
bacteria that colonize the accumulated mucus (16; 17), and CF mice are more susceptible to
colonization with pathogenic bacteria (18). Although the evidence is less direct, microbial
dysbiosis is likely also common in human CF (19-22). Additionally, the mucosal barrier
function of the intestine is compromised in CF patients as shown by enhanced urinary
excretion of orally administered permeability markers, and elevated levels of serum albumin
in the intestinal lumen (15; 23-26). Increased permeability is expected to allow passage of
danger signals such as the bacterial component lipopolysaccharide (LPS) from the intestinal
lumen into the mucosa, which can trigger inflammatory reactions (27).

Besides the physical barrier comprised of the lining epithelium and its mucus covering, there
are other mechanisms that contribute to the mucosal barrier function. One of these is the
enzyme intestinal alkaline phosphatase (IAP) which protects against LPS from Gram
negative bacteria. IAP dephosphorylates and thereby detoxifies LPS (28). IAP activity in
biopsies of human CF duodenum is decreased by 20-60% of normal levels (29; 30). This is
expected to reduce the ability of the CF intestine to detoxify LPS.

We used the Cftr knockout mouse (Cftrtm1unc, CF mouse) to determine if this mouse is a
good model to investigate intestinal mucosal barrier function in CF. We also tested the
hypothesis that interventions known to ameliorate the CF intestinal phenotype would
improve the barrier function. The CF mouse has many similarities to human CF with respect
to effects on the small intestine. These include excessive luminal mucus accumulation (31;
32), SIBO (16; 17; 20; 31), altered innate defenses (18; 33), and poor weight gain (9; 16).
The CF intestinal phenotype in mice is significantly improved by eradication of SIBO using
oral administration of broad spectrum antibiotics (16; 31) or by improving the hydration of
the gut lumen with oral osmotic laxative (34). In this work we tested whether the intestinal
mucosal barrier function could be improved by antibiotic or laxative treatments, and we also
investigated the effects of inhibiting endogenous IAP or supplementation with exogenous
IAP on permeability and bacterial load in the small intestine.
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MATERIALS AND METHODS
Materials

Unless otherwise specified, all reagents were from Sigma (St. Louis MO USA).

Animals
Cftrtm1UNC+/- mice were originally obtained from the Jackson Laboratories (Bar Harbor ME
USA). These mice have been bred onto the C57BL/6J background until congenic. They are
periodically backcrossed with wild type (WT) C57BL/6J mice to prevent genetic drift of our
colony and mice used in this study were at generation 31 of backcrossing. Cftrtm1UNC+/-

mice were bred to obtain Cftrtm1UNC-/- (CF) and Cftrtm1UNC+/+ (WT) mice. Mice aged 6-12
weeks and of both genders were used; no gender differences in the measured parameters
were observed in this study. Cftrtm1UNC+/- mice are phenotypically normal and were used
occasionally when needed as WTs; none of the parameters measured in this study were
different between Cftr homozygous wild type and Cftr heterozygous mice. Unless otherwise
indicated, WT and CF mice were fed a liquid diet (Peptamen, Nestle Nutrition, Florham
Park NJ USA) from weaning which prevents lethal intestinal obstruction in CF mice. Some
mice received broad spectrum antibiotics added to the liquid diet (ciprofloxacin, 0.05 mg/
ml; metronidazole, 0.5 mg/ml) as previously described (16). Some mice received purified
calf intestinal alkaline phosphatase (Lee Biosolutions, St. Louis MO USA) (35-38), at 13.3
U/ml in the liquid diet. Another group of mice received the AP selective inhibitor L-
phenylalanine (L-Phe) (39), at 10 mM in the liquid diet. Another group of mice was
maintained on standard mouse chow and given an osmotic laxative (Colyte® formulation) in
their drinking water (40). Before sacrifice, all mice were fasted overnight (<16 hr) with free
access to water (supplemented with L-Phe as appropriate) or laxative solution as
appropriate. All animal use was submitted to and approved by the University of Kansas
Medical Center IACUC.

IAP histochemistry
Intestinal tissue was fixed in 4% paraformaldehyde overnight followed by paraffin
embedding, sectioning, deparaffinization, and rehydration in saline. For conventional
histochemistry of IAP, slides were incubated in 0.1 M Tris-HCl, pH 9.5, 5 mM MgCl2,
0.1M NaCl containing 0.19 mg/ml 5-bromo-4-chloro-3-indolyl-phosphate and 0.5mg/ml
nitroblue tetrazolium. WT and CF samples were processed in parallel using identical
conditions and times of incubation. For histochemistry using LPS as substrate, slides were
processed according to (28). Briefly, slides were incubated with 50 μg/ml LPS and lead
nitrate at pH 7.6, plus or minus the selective inhibitor of IAP L-Phe (10 mM) (28). The lead
precipitate was converted to a visible product with ammonium sulfide.

qRT-PCR
The entire small intestine was flushed with ice cold saline and the mesentery was trimmed
off. The tissue was then processed with TRIzol (Invitrogen, Carlsbad, CA USA) to isolate
total RNA as previously described (16). Real time qRT-PCR was performed with an iCycler
instrument (Bio-Rad, Hercules CA USA) with a one-step RT-PCR kit (Qiagen, Valencia,
CA USA). The following primers were used for Akp3, the mouse IAP gene: forward 5'-CAT
GGA CCG CTT CCC ATA-3' and reverse 5'-CTT GCA CTG TCT GGA ACC TG-3',
product = 72 bp; and for Akp6: forward 5'-AGG ATC CAT CTG TCC TTT GGT-3' and
reverse 5'-CAG CTG CCT TCT TGT TCC A-3', product = 73 bp. The mRNA for ribosomal
protein L26 (Rpl26) was used as a housekeeping gene for normalization as previously
described (34). Expression levels were calculated using the ΔΔCt method after correcting for
differences in PCR efficiencies, and were expressed relative to WT control levels.
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Enzyme activity measurement
Tissues were homogenized by sonication on ice in 10 mM Tris, pH 7.0, plus protease
inhibitors at 10 ml buffer per gram wet weight of tissue. Alkaline phosphatase activity was
measured using di-Tris p-nitrophenyl phosphate (18 mM final) as substrate in 0.1M Tris-
HCl, pH 10, 0.1 mM MgCl2, 0.1M NaCl buffer (41). The reaction was measured at 405 nm
using zero order kinetics on a Synergy HT microplate reader (BioTek, Winooski VT USA)
at 30°C. Where indicated, the IAP selective inhibitor L-Phe was included in the assay.
Alkaline phosphatase activity data are presented as μmol product (p-nitrophenol) per min,
normalized to DNA content of the homogenates. DNA was measured using a fluorometric
assay (42).

Western blot of serum albumin
Mice were fasted overnight with free access to water. The next morning mice were
sacrificed, the entire small intestine was removed and lavaged with 5 ml ice cold saline. The
lavaged fluid was centrifuged to pellet debris and the supernatant was saved. Equal volumes
of supernatant (12 μl) were separated on 7.5% SDSPAGE and transferred to PVDF
membrane. The membranes were probed with an antibody to mouse serum albumin
(#ab19194; Abcam.com).

Intestinal permeability measured in vivo
Mice were fasted overnight with free access to water or laxative solution as appropriate. In
the morning, they were gavaged with 0.1 ml solution of 1.5% methylcellulose (to mimic the
viscosity of digesta) in saline with 25 mg/ml rhodamine-dextran (70 kDa). Ninety minutes
later mice were sacrificed and blood collected in EDTA-tubes. The samples were
centrifuged and plasma collected. The fluorescence in plasma samples was measured on the
plate reader and concentrations of rhodamine dextran in plasma was determined using a
standard curve of known concentrations of rhodamine-dextran.

Estimation of bacterial load
The bacterial 16S rRNA gene was used as an estimate of bacterial load in the small intestine
as previously described (34). Briefly, mice were fasted overnight with free access to water.
The small intestine was resected and flushed with PBS containing the mucolytic agent
dithiothreitol (10 mM). The flushed material was centrifuged and the pellet was processed to
extract bacterial DNA, using the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA,
USA) with minor modifications as previously reported (16). The DNA was used to amplify
the bacterial 16S rRNA gene with universal primers by real-time PCR and quantified by
comparison to a standard curve of known amounts of a cloned PCR 16S product (16).

Data analysis
Data are expressed as means ± SE and the number of animals used for each group is given in
the figure legends. Statistical analysis was by ANOVA with posthoc Tukey's test using
Systat software (SPSS Inc, Chicago IL USA).

RESULTS
IAP activity on the brush border membrane is decreased in the CF intestine

IAP is a brush border enzyme, most heavily expressed in the proximal small intestine (43).
We performed histochemical staining for IAP using conventional reaction conditions (5-
bromo-4-chloro-3-indolyl-phosphate as substrate at pH 9.5, which when cleaved by alkaline
phosphatase precipitates nitroblue tetrazolium). In the WT mouse the reaction product was
strong in the duodenum (Fig.1A) on the brush border surface (Fig.1A'), as expected. Under
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identical reaction conditions and time of development using CF tissue, the reaction product
was still localized to the brush border surface but was noticeably weaker (Fig.1B, B') as
compared to WT control (Fig.1A). To verify others’ work that IAP can use LPS as a
substrate, we also performed the reaction at physiological pH (7.6) using LPS as substrate.
Again, the product in WT intestine was on the brush border surface (Fig.1C, C'). We also
used the selective IAP inhibitor L-Phe (10 mM) (44) to demonstrate specificity of the
reaction using LPS as substrate. As shown in Fig.1D, L-Phe totally inhibited formation of
reaction product in WT intestinal tissue with LPS as substrate.

CF mice have decreased IAP (Akp3) gene expression and interventions that improve the
CF phenotype increase IAP expression

The gene encoding intestinal alkaline phosphatase is Akp3 and we measured its mRNA
levels by qRT-PCR. As shown in Fig.2A, CF control mice express less than a third as much
Akp3 as do WT controls. To further test whether Akp3 expression is associated with the CF
intestinal phenotype we used interventions previously shown to improve intestinal function
in CF mice. One of these is oral administration of broad spectrum antibiotics which
eradicates SIBO and improves several aspects of the CF phenotype (16; 31). When CF mice
were treated with antibiotics, there was a 3.8-fold increase in Akp3 expression as compared
to CF controls (Fig.2A). When WT mice were treated with antibiotics there was a 2.1-fold
increase in Akp3 mRNA expression as compared to WT controls (Fig.2A).

Another intervention is use of oral osmotic laxative (Colyte® formulation) that better
hydrates the gut lumen, preventing intestinal obstruction and allowing CF mice to be
maintained on standard solid chow (40). Laxative treatment was shown to improve several
aspects of the CF intestinal phenotype (34), so we tested its effects on Akp3 gene expression.
Treatment of CF mice with laxative increased Akp3 expression more than 5-fold as
compared to CF controls (Fig.2A). When WT mice were maintained on laxative there was a
1.9-fold increase in Akp3 expression as compared to WT controls (Fig.2A).

Recently, there has been discovered a second intestine specific alkaline phosphatase gene in
mice, Akp6, whose expression is increased in Akp3 knockout mice (43). To see if there are
any compensatory changes in Akp6 expression in control CF mice or after experimental
interventions, we measured its expression levels by qRT-PCR. In control WT mouse small
intestine, Akp6 expression was 6.5-fold less than that of Akp3, based on comparison of Ct
values; the PCR efficiencies for the two genes were identical (data not shown). There was
no difference in Akp6 expression comparing control CF to control WT mice (Fig.2B). After
treatment with antibiotics, there was a small but significant increase in Akp6 expression in
treated WT mice as compared to control (Fig.2B). Antibiotic treatment did not change Akp6
expression in CF mice (Fig.2B). In mice treated with laxative, there was not a significant
change in Akp6 expression in either WT or CF mice (Fig.2B).

CF mice have decreased IAP enzyme activity and interventions that improve the CF
phenotype increase IAP activity

We next measured IAP enzyme activity to compare expression levels of Akp3 mRNA to
actual enzyme activity. Specific IAP activity was considered to be that which was sensitive
to inhibition by 10 mM L-Phe (44). As expected, IAP activity was strongest in the proximal
small intestine, with very little activity in the WT mouse after the first tenth of the intestine
(Fig.3A). IAP activity in the CF intestine was also similarly localized to the first tenth of the
intestine, but it was less than a third of the WT control activity (Fig.3A), essentially the
same as the respective mRNA levels. In CF mice treated with antibiotics, IAP enzyme levels
were now the same as in WT control mice (Fig.3B), consistent with the increase in Akp3
mRNA in antibiotic treated CF mice (Fig.2A). Antibiotic treatment of WT mice did not
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significantly affect IAP enzyme levels as compared to WT controls (Fig.3B). Laxative
treatment of CF mice increased IAP activity to a level comparable to that of control WT
mice (Fig.3C), similar to the effect of laxative on Akp3 mRNA in the CF intestine (Fig.2A).
When WT mice were treated with laxative, there was a small decrease in IAP activity as
compared to WT controls (Fig.3C), in contrast to the significant increase observed in Akp3
mRNA levels in laxative treated WT mice (Fig.2A).

To see if a non-IAP alkaline phosphatase (AP) activity was increased in the control CF
intestine or after the specific interventions, we also calculated the L-Phe insensitive activity.
As shown in Fig.4, there was very little L-Phe insensitive activity in either WT or CF small
intestine, under either control or experimental conditions. Because the enzyme encoded by
Akp6 has not been characterized biochemically, it is not known if this enzyme is L-Phe
sensitive, and we could not investigate its enzymatic activity in WT and CF mice.

CF mice have increased intestinal permeability and interventions that improve the CF
phenotype decrease permeability

As an indication of increased intestinal permeability, the presence of serum albumin in the
luminal content of the small intestine was assessed by Western blot. As shown in Fig.5,
there was more immunoreactive serum albumin in intestinal lavage fluid from CF mice as
compared to WT. Note that there were several reactive bands smaller than the expected size
of intact serum albumin, indicating proteolytic activity in the lumen of the intestine of both
WT and CF mice, which are pancreatic sufficient. When this antibody was used on mouse
plasma a single immunoreactive band at the expected location was observed (data not
shown). To determine intestinal permeability more quantitatively, we measured passage of a
nondigestible fluorescent tracer (rhodamine-dextran) from the intestine into the blood
circulation. Mice were fasted overnight to empty the gastrointestinal tract followed by
gavage of the tracer into the stomach. After 90 min the mice were sacrificed and blood was
collected to measure levels of fluorescence as an indicator of intestinal permeability.
Fluorescence in the plasma of CF mice was about 5-fold greater than wild type (WT) mice
(Fig.6).

When CF mice were treated with broad spectrum antibiotics to eradicate SIBO, plasma
fluorescence after gavage was reduced as compared to CF controls and this difference was
borderline significant (p=0.07 vs CF control). The plasma fluorescence of antibiotic treated
CF mice was not significantly different compared to WT mice (p=0.22 vs antibiotic treated
WT) (Fig.6). Antibiotic treatment of WT mice did not affect plasma fluorescence after
gavage compared to WT control (Fig.6).

We next tested the effect of laxative, which aids normal hydration of the CF gut lumen and
improves several aspects of the CF intestinal phenotype, for potential effects on intestinal
permeability. When CF mice were treated with laxative, the amount of plasma fluorescence
after gavage was less than one half that of CF controls (p=0.045; Fig.6). This value was not
significant as compared to WT plasma fluorescence (p=0.73 vs. laxative treated WT; Fig.6).
When WT mice were treated with oral laxative solution there was no change in plasma
fluorescence as compared to WT control (Fig.6).

IAP is not directly related to intestinal permeability
To gain insight into whether IAP has a direct role in intestinal permeability, two
experimental manipulations were used. First, exogenous purified calf IAP was added to the
liquid diet for 3 weeks followed by measurement of intestinal permeability. Exogenous IAP
has been shown to be protective in experimental colitis (35; 37) and necrotizing enterocolitis
(38), as well as in human patients with inflammatory bowel disease (36). In WT mice
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exogenous IAP caused a non-significant decrease in permeability (Fig.6). In CF mice, there
was a significant decrease in permeability after IAP treatment, and the level of fluorescence
in the plasma was not significantly different from the WT group (p=0.79 vs WT IAP treated)
(Fig.6).

Second, to test whether loss of IAP activity results in increased permeability, endogenous
IAP activity was inhibited by addition of the IAP-selective inhibitor L-Phe to the liquid diet
for 3 weeks. Previous work showed that oral L-Phe inhibited IAP activity and increased the
severity of experimental colitis (39). In mice treated with L-Phe there was not a significant
change in permeability in either WT or CF mice (Fig.6). Interestingly, 2 of the 6 CF mice
administered L-Phe died within 1 week of starting the treatment, whereas none of the 9 L-
Phe treated WT mice died. The postweaning death rate of CF control mice on Peptamen is
less than 1/5 that observed in the L-Phe treated mice; only 2 of 31 CF control mice in recent
litters died after weaning to Peptamen, and no WT mice died.

Exogenous IAP affects bacterial load
Because it was recently reported that the fecal microbiota is altered in IAP-deficient Akp3
knockout mice (45) and CF mice have small intestinal bacterial overgrowth, it was of
interest to measure bacterial load in the small intestine after experimentally manipulating
IAP levels. In WT mice treated with oral exogenous IAP, there was not a significant effect
on the normal low bacterial load in the small intestine (Fig.7). In contrast, in IAP treated CF
mice, where was more than 80% decrease in bacterial load (Fig.7). Administration of the
IAP inhibitor L-Phe had no significant effect on bacterial load in either WT or CF mice (Fig.
7).

DISCUSSION
In this work we set out to determine if the CF mouse was a suitable model to investigate
altered mucosal barrier function of the CF intestine; and whether interventions known to
improve the CF intestinal phenotype would also improve barrier function. We demonstrate
that CF mice have impairments of the intestinal mucosal barrier similar to that reported in
human CF patients. We show that oral broad spectrum antibiotics or osmotic laxative,
interventions that improve the CF intestinal phenotype, also improve mucosal barrier
function. Also, administration of exogenous IAP to CF mice improved intestinal
permeability as well as reducing small intestinal bacterial overgrowth more than 80%.

Investigation of the LPS detoxifying enzyme IAP showed that IAP activity was correctly
localized to the brush border of villus enterocytes in the CF mouse but the strength of the
reaction was reduced as compared to WT. Expression of the murine IAP gene (Akp3) in the
CF mouse intestine was also reduced, to less than a third of WT. This was paralleled by an
equal decrease in IAP enzyme activity. The regulation of IAP expression is complex and is
affected by many conditions in the gut [for review see (46)]. It needs to be pointed out that
changes in IAP expression are not directly linked to Cftr. IAP levels can be brought back to
normal in the CF mouse by antibiotics or laxative, so the decrease in IAP in CF is not a
direct consequence of loss of Cftr, but rather is secondary to its loss. A common result in the
CF intestine to oral antibiotics and laxative treatments is that both eradicate bacterial
overgrowth. Hence, it is proposed that as part of the intestinal response to bacterial
overgrowth that IAP expression is decreased in the CF intestine.

Because a second intestine specific alkaline phosphatase gene, Akp6, was recently
discovered whose expression is increased in Akp3 knockout mice (43), we also measured
RNA levels for this gene in CF mice with and without the interventions used here. There
was a modest increase in Akp6 mRNA levels in antibiotic treated WT mice (175% of WT
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control) but no changes in CF mice under any conditions. Because the Akp6 encoded
enzyme has not been characterized, it is not known if it is L-Phe sensitive and it was not
possible to measure its enzymatic activity. In any case, unlike the Akp3 knockout mouse,
Akp6 gene expression is not significantly different in the CF mouse which has a deficiency
in Akp3 expression and activity.

Two situations that may be relevant to the CF phenotype that have been shown to reduce
IAP expression are inflammation and severe malnutrition. The CF intestine has a mild
inflammation which could contribute to decreased IAP expression. It is known that
inflammation of the gut decreases IAP expression, and this can be mediated by the
inflammatory cytokines IL-1β and TNFα (47). When CF mice are treated with antibiotics to
eradicate SIBO, mast cell and neutrophil infiltration is reduced and expression of innate
immune markers is more normal (16). Also, when treated with laxative, CF mice have
normal numbers of small intestinal bacteria and, again, the innate immune changes are
ameliorated (34). Although there are many changes in innate immune markers in the CF
small intestine, our previous microarray study did not show changes in IL-1β or TNFα (33).
Therefore, it is uncertain that the changes observed in IAP expression are related to the mild
immune response in the CF mouse intestine.

An alternative possibility is that decreased IAP in the CF intestine is a result of malnutrition.
It has been shown in rodents that prolonged fasting or starvation strongly decrease IAP
expression (48; 49). Also, early weaning in pigs, which involves nutritional stress, results in
decreased IAP levels (50). CF mice on the liquid diet are about 70% the weight of age and
diet matched WT mice (16). However, the mechanism linking nutrition to IAP expression is
currently unknown and, although CF mice grow poorly, it not clear if this degree of
malnutrition is sufficient to result in the strong decrease in IAP in CF.

In addition to its ability to detoxify LPS, IAP has been shown to have other important
physiological functions (46). One is that IAP dephosphorylates luminal ATP, thereby
contributing to a feedback loop controlling P2Y1 purinergic signaling and influencing
bicarbonate secretion in the intestine (51). Thus, a consequence of decreased IAP in the
intestine would be to increase bicarbonate secretion. However, bicarbonate secretion in the
intestine is CFTR-dependent, so a decrease in IAP in CF is not productive in this respect. An
additional consideration is that ATP in high enough concentrations is considered an
‘endogenous danger signal’ that has pro-inflammatory effects (52). So, a decrease in IAP
activity in the CF intestine may contribute to an inflammatory process.

Another role of IAP is in dietary lipid assimilation and IAP deficient (Akp3 null) mice show
enhanced lipid uptake (53). In CF, malnourishment is a significant problem and particularly
fat maldigestion and malabsorption are common (9). Poor fat assimilation is also true in CF
mice (10). A decrease in IAP in the CF intestine may be an adaptive change in an attempt to
increase dietary lipid assimilation. How IAP participates in fat assimilation is not well
understood, and whether a deficiency in dietary fat assimilation is important in regulating
Akp3 gene expression is unknown.

The other aspect of the mucosal barrier we investigated in the CF mouse was permeability of
the gut to macromolecules. We observed increased amounts of serum albumin in the lumen
of the small intestine, and greater passage of fluorescent dextran from the lumen to the blood
in CF mice as compared to WT. After antibiotic treatment of CF mice, passage of the
fluorescent dextran from the intestine into the blood was reduced by about one half. A
similar degree of reduced permeability occurred in laxative treated CF mice. An even
greater decrease in permeability was observed in CF mice given exogenous IAP, and these
mice also had a greater than 80% reduction in small intestinal bacterial overgrowth.
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Impaired intestinal permeability appears to be a ubiquitous feature of intestinal dysfunction
and it occurs even with mild inflammation (54). Additionally, increased permeability is a
common feature of microbial dysbiosis. In patients with SIBO with colonic type bacteria
there is increased intestinal permeability (55), and CF mice also have SIBO with
predominantly colonic type bacteria (16; 17). Since the interventions we used dramatically
decrease bacterial load in CF mice (16; 34) it is suggested that signals from the microbial
dysbiosis in CF affect the epithelium to make it more permeable.

Although IAP affects the gut microbiota (45), how it does so is unknown. A possible
mechanism of the effects of exogenous IAP in the CF intestine could be involve a decrease
in bacterial LPS which in turn will reduce stimulation of immune responses. Previous work
showed that eradication of bacterial overgrowth in the CF mouse reduced mucus
accumulation (31; 34), and bacteria colonize this mucus. Thus, it is possible that bacterial
LPS increases mucus production which in turn enhances the niche for bacterial growth.
More work is needed to investigate the effects of exogenous IAP on the CF intestinal
phenotype.

An interesting question is the extent to which IAP levels and epithelial permeability are
causally related. While IAP is considered part of the mucosal defenses of the intestine
because of its LPS detoxifying activity, there is also data suggesting that IAP is more
directly involved in the physical barrier of the epithelium. After ischemia-reperfusion, IAP-
deficient mice exhibit significantly increased bacterial translocation across the gut wall to
mesenteric lymph nodes (49). It has not been reported whether epithelial permeability to
tracer macromolecules is altered in the IAP deficient mouse. To address this we used the
IAP inhibitor L-Phe, added to the liquid diet. Previous work showed that oral L-Phe
increased passage of gavaged LPS into blood in rats (56) and increased the severity of
experimental colitis induced with dextran sodium sulfate in mice (39). When we treated
mice with oral LPhe, intestinal permeability was not affected in either WT or CF mice.
Therefore, it appears that IAP is not required for normal low permeability and that its
inhibition alone is not sufficient to increase permeability. However, there was more than a 5-
fold increase in postweaning deaths of L-Phe treated CF mice as compared to CF controls.
This was observed in a small sample size, but might indicate the importance of the residual
IAP activity in the CF intestine where increased permeability is also present. Further work is
needed to address this issue.

In summary, CF mice, like human CF patients, have significantly decreased IAP levels and
increased intestinal permeability. Interventions that improve other aspects of the CF
intestinal phenotype also increase IAP levels and decrease intestinal permeability. In the
untreated CF mouse small intestine there is SIBO with Gram negative bacteria, decreased
IAP activity, and increased permeability. These conditions are expected to allow greater
biologically active LPS to become systemic in CF which may have a significant impact on
distant sites like the airways. Another important novel finding was that exogenous IAP
reduced permeability in the CF intestine to WT levels and also reduced bacterial overgrowth
more than 80%. Thus, exogenous IAP may be a new therapy for CF intestinal disease.
Because systemic exposure to gut bacterial products like LPS can affect distant organs, our
work suggests that therapies that improve the mucosal barrier function of the intestine could
have broader beneficial effects such as lessening airway inflammation in CF.
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1. Histochemistry of alkaline phosphatase activity in WT and CF duodenum
(A) WT duodenum with bromo-4-chloro-3-indolyl-phosphate and nitroblue tetrazolium as
substrate at pH 9.5. (A') Inset showing brush border surface of villus. (B) CF duodenum
with bromo-4-chloro-3-indolyl-phosphate and nitroblue tetrazolium as substrate at pH 9.5.
(B') Inset showing brush border surface of villus. WT and CF samples were processed in
parallel using identical conditions and times of incubation. (C) WT duodenum with LPS and
lead nitrate as substrate at pH 7.6. (D) WT duodenum with LPS and lead nitrate as substrate
at pH 7.6 plus 10 mM L-Phe (IAP-selective inhibitor).
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2. Akp3 and Akp6 gene expression levels in WT and CF small intestine and effects of
interventions
Total RNA was used for qRT-PCR using (A) Akp3 and (B) Akp6 gene specific primers. The
ribosomal protein 26 (Rpl26) mRNA was used as a housekeeping gene and data were
calculated by the ΔΔCt method with correction for differential PCR efficiencies (see METHODS

AND MATERIALS). Con: Control, mice were fed the liquid diet; Abx: Mice were fed the liquid diet
supplemented with antibiotics; Lax: Mice were fed standard solid chow and given laxative
solution to drink. (*) p=0.009 CF control vs. WT control; (+) p<0.04 treated vs. control of
same genotype. (n=9 WT Con, 11 WT Abx, 12 WT Lax, 9 CF Con, 8 CF Abx, 6 CF Lax)
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3. IAP enzyme activity distribution in WT and CF small intestine and effects of interventions
The small intestine was divided into 10 equal segments from (1) duodenum to (10) ileum.
Homogenates were prepared and used to measure IAP activity (alkaline phosphatase activity
sensitive to 10 mM L-Phe). (A) Control WT and CF samples; mice were fed the liquid diet.
(B) WT and CF samples from antibiotic treated mice; mice were fed the liquid diet
supplemented with antibiotics. (C) WT and CF samples from laxative treated mice; mice
were fed standard solid chow and given laxative solution to drink. (*) p=0.023 CF control
vs. WT control for the first segment of the small intestine. (+) p=0.0025 CF Abx vs. CF
control for the first segment of the small intestine. (n=6 mice for each group and genotype)
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4. Non-IAP alkaline phosphatase enzyme activity distribution in WT and CF small intestine and
effects of interventions
The small intestine was divided into 10 equal segments from duodenum to ileum.
Homogenates were prepared and used to measure non-IAP activity (alkaline phosphatase
activity that was insensitive to 10 mM L-Phe). (A) Control WT and CF samples; mice were
fed the liquid diet. (B) WT and CF samples from antibiotic treated mice; mice were fed the
liquid diet supplemented with antibiotics. (C) WT and CF samples from laxative treated
mice; mice were fed standard solid chow and given laxative solution to drink. (n=6 mice for
each group and genotype)
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5. Serum albumin in the small intestinal lumina of WT and CF mice
The small intestines of 3 WT and 3 CF mice were lavaged with 5 ml saline and 12 μl of the
lavage fluids were separated on 7.5% SDS-PAGE and transferred to PVDF. The membrane
was probed with an antibody to mouse serum albumin. (*) Size of intact serum albumin (66
kDa). There is more serum albumin immunoreactivity in the CF samples. (n=3 WT and 3 CF
mice).
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6. Intestinal permeability of WT & CF mice and effects of interventions
Mice were fasted overnight and in the morning gavaged with the indigestible tracer
rhodaminedextran. After 90 min the mice were killed and the concentration of rhodamine in
blood plasma was determined. Con: Control, mice were fed the liquid diet; Abx: Mice were
fed the liquid diet supplemented with antibiotics; Lax: Mice were fed standard solid chow
and given laxative solution to drink; IAP: Mice were fed the liquid diet supplemented with
13.3 U/ml purified calf IAP; L-Phe: Mice were fed the liquid diet supplemented with 10 mM
L-Phe. (*) p=0.00001 CF Con vs WT Con; (+) p=0.040 CF Lax vs CF Con; (+) p= 0.00025
CF IAP vs CF Con; (*) p=0.024 CF L-Phe vs WT L-Phe (n=16 WT Con, 6 WT Abx, 6 WT
Lax, 6 WT IAP, 9 WT L-Phe, 15 CF Con, 7 CF Abx, 5 CF Lax, 6 CF IAP, 4 CF L-Phe)
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7. Bacterial overgrowth of the CF mouse small intestine and effects of exogenous IAP and L-Phe
The small intestine was resected and flushed with PBS containing a mucolytic (10 mM
dithiothreitol). The flushed fluid was centrifuged and the pellets processed to extract
bacterial DNA for realtime PCR of the bacterial 16S gene. The copy numbers of the
bacterial 16S rRNA gene were used to estimate bacterial load per intestine. Con: Control,
mice were fed the liquid diet; IAP: Mice were fed the liquid diet supplemented with 13.3 U/
ml purified calf IAP; L-Phe: Mice were fed the liquid diet supplemented with 10 mM L-Phe.
(*) p<0.0001 CF vs corresponding WT; (+) p=0.00027 CF L-Phe vs CF Con (n=5 WT Con,
6 WT IAP, 10 WT L-Phe, 6 CF Con, 6 CF IAP, 4 CF L-Phe)
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