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Introduction

Cholestasis, defined as little or no flow of bile from the liver 
into the intestine, may be functional secondary to hepatic 
parenchymal disease, such as hepatitis, or mechanical due to an 
obstructing tumor or stricture. Regardless of the etiology, cho-
lestasis, itself, produces an injury to not only the patient’s liver 
but also their intestine. The genetic background of the host has 
long been known to be an important modifier of the inflamma-
tory process associated with injury.1 Studies using experimental 
murine models showed that inbred mouse strains displayed dif-
ferences in the response to lipopolysaccharide (LPS).2 A/J mice 
were found to be more resistant to LPS-induced mortality than 
other strains, with C57BL/6J (B6) mice being the most sus-
ceptible.2 These observations were correlated with differences 
in the inflammatory response including the level of circulating 

Failure of the intestinal barrier is a characteristic feature of cholestasis. We have previously observed higher mortality 
in C57BL/6J compared with A/J mice following common bile duct ligation (CBDL). We hypothesized the alteration in 
gut barrier function following cholestasis would vary by genetic background. Following one week of CBDL, jejunal 
TEER was significantly reduced in each ligated mouse compared with their sham counterparts; moreover, jejunal TEER 
was significantly lower in both sham and ligated C57BL/6J compared with sham and ligated A/J mice, respectively. 
Bacterial translocation to mesenteric lymph nodes was significantly increased in C57BL/6J mice vs. A/J mice. Four of 15 
C57BL/6J mice were bacteremic; whereas, none of the 17 A/J mice were. Jejunal IFN-γ mRNA expression was significantly 
elevated in C57BL/6J compared with A/J mice. Western blot analysis demonstrated a significant decrease in occludin 
protein expression in C57BL/6J compared with A/J mice following both sham operation and CBDL. Only C57BL/6J mice 
demonstrated a marked decrease in ZO-1 protein expression following CBDL compared with shams. Pyrosequencing 
of the 16S rRNA gene in fecal samples showed a dysbiosis only in C57BL/6J mice following CBDL when compared with 
shams. This study provides evidence of strain differences in gut microbiota, tight junction protein expression, intestinal 
resistance and bacterial translocation which supports the notion of a genetic predisposition to exaggerated injury 
following cholestasis.
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TNF-α, IL-1β, Il-6 and the expression of acute-phase proteins 
in the liver.2 Similar observations were made in a murine model 
of sepsis.3

Interestingly, A/J mice have also been found to be resistant 
toward Salmonella Typhimurium4 and Bordetella pertussis5 infec-
tions; however, A/J mice are susceptible to Candida albicans,6 
Plasmodium chabaudi,7 Listeria monocytogenes,8 and Bacillus 
anthracis.9 In contrast, B6 mice are relatively resistant to each of 
these infections.6-9

Further analysis of these two mouse strains may uncover 
genetic variations responsible for disparate inflammatory 
responses after a different insult, such as common bile duct liga-
tion (CBDL), which is a standard model for cholestasis.10 Failure 
of the intestinal barrier is a characteristic feature of cholestasis, 
as bacteria from the intestinal lumen enter the circulation and/
or initiate a systemic inflammatory response which can lead to 
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analysis would likely uncover similar genetic predispositions to 
cholestasis including single nucleotide polymorphisms.

Results

Histology and intestinal apoptosis following CBDL were con-
sistent between mouse strains. One week following sham or 
CBDL operations, no significant differences were noted between 
the two strains in villus height, crypt depth or villus:crypt (V:C) 
ratio. The ligated mice exhibited dilated lymphatics and edema 
of the lamina propria; however, there were no differences in these 
phenotypes between the two mouse strains. Following three 
weeks of ligation, no strain differences were noted in the degree 
of inflammation present in the lungs, liver, kidneys and hearts of 
the mice.

There were no significant differences in apoptosis in intestinal 
crypt cells found between sham or ligated mice of either strain, 
nor were there any strain differences in apoptosis. The TUNEL 
assays both with and without pretreatment using diethyl pyro-
carbonate (DPEC), which inhibits false positive staining due to 
endogenous nucleases, confirmed these negative findings. (Table 1  
summarizes parameters tested; data not shown).

Intestinal permeability varies with mouse strain. TEER 
was measured in the jejunum of B6 and A/J mice one week after 
CBDL or a sham operation. Following the sham operation, jeju-
nal TEER was significantly lower in B6 mice compared with A/J 
mice (p < 0.05 by ANOVA), suggesting a higher baseline per-
meability in the B6 mice. Following CBDL, jejunal TEER was 
significantly reduced in each strain compared with their baseline 
(i.e., sham counterpart), (p < 0.05 by ANOVA); however, jeju-
nal TEER was significantly lower in ligated B6 mice compared 
with ligated A/J mice (p < 0.05 by ANOVA) (Fig. 1A). A FITC-
Dextran intestinal permeability assay performed simultaneously 
on sham A/J and B6 mice demonstrated increased permeability 
in the B6 mice as compared with the A/J mice, thus confirm-
ing the TEER results (Fig. 1B). In addition, intestinal resistance 
calculated from Ussing chamber measurements also confirmed 
decreased resistance in B6 as compared with A/J mice (Fig. 1C).

Bacterial translocation varies with mouse strain. Our pilot 
experiments demonstrated that a MLN-positive culture was a 
rare event after only one week of ligation. The paucity of translo-
cation seen following one week of ligation was not totally unex-
pected, given how well-appearing were the mice. After three 
weeks of ligation, the vast majority of the mice showed signs of 
chronic obstructive jaundice including ascites. So, we studied 
this later time point. Three weeks following CBDL, MLNs from 
both strains were harvested and cultured on blood agar plates. 
Positive MLN cultures, a measure of bacterial translocation, were 
noted in four of 17 A/J mice (24%) vs. 10 of 15 B6 mice (67%) 
(p = 0.03). There was also a marked disparity in positive blood 
cultures; while four of 15 B6 mice (27%) were bacteremic, none 
of the 17 A/J mice were (p < 0.05). No significant differences 
were seen in liver and spleen cultures. In 12 of the 17 A/J mice, 
all of the cultures were negative; whereas, in only three of the 15 
B6 mice were all of the cultures negative (Table 2). Interestingly, 
only one A/J mouse and two B6 mice had negative MLN cultures 

impairment of multiple organs. We have previously found dif-
ferences in the systemic inflammatory responses and outcome 
following CBDL between two inbred mouse strains, C57BL6/cJ 
(B6) and A/J, suggesting a genetic contribution.11 In particular, 
B6 mice were significantly more likely to develop ascites follow-
ing one week of CBDL.11 In concordance with this observation, 
the frequency of mortality after CBDL was significantly higher 
in B6 mice compared with A/J mice on days following CBDL.11 
Surprisingly, the liver chemistries and histology did not differ 
between the two strains of ligated mice. Each strain developed 
elevated serum bilirubin and transaminases as well as hepatic 
inflammation following CBDL.11 Therefore, in this study, we 
have focused on the intestinal barrier in an attempt to begin to 
delineate the mechanism responsible for the different outcome 
between the two strains. Specifically, we examined tight junction 
protein expression, intestinal permeability and bacterial translo-
cation following CBDL.

Increased permeability of the gut has been demonstrated in 
patients with inflammatory disorders such as Crohn disease12-14 
and cirrhosis15,16 as well as animal models of intestinal inflamma-
tion and infection.17-19 For example, cirrhotic rats with bacterial 
translocation have been found to have increased intestinal perme-
ability.20 Alterations in tight junction architecture are one cause of 
increased permeability.21 Tight junction proteins can be occlusive 
in function such as ZO-1, claudin-1 and occludin, or they can be 
leaky in function, such as the pore-former, claudin-2. Changes in 
the expression of these different tight junction proteins alter the 
resistance of the intestinal barrier. Pro-inflammatory cytokines 
such as interferon-γ and tumor necrosis factor-α have been found 
to decrease epithelial barrier function by disrupting tight junction 
proteins in vitro.21-25 Defined as the transmission of viable gut flora 
through the intestinal barrier, bacterial translocation has tradition-
ally been determined by culture-positivity of mesenteric lymph 
nodes.26 Bacterial translocation commonly occurs in both cirrhotic 
rats with ascites (45–78%) and cirrhotic patients.27-29 We hypoth-
esized that the genetic background modulates the intestinal barrier 
following cholestatic injury. Furthermore, we hypothesized differ-
ences in intestinal resistance and bacterial translocation account, at 
least in part, for the different outcomes in A/J and B6 mice follow-
ing CBDL. We hypothesized that tight junction protein expression 
will vary by mouse strains, be altered by CBDL and directly corre-
late with mortality. Our data support these hypotheses. Moreover, 
our in vivo data implicates a well-published mechanism previously 
studied in vitro, the IFN-γ-mediated apoptosis-independent dis-
ruption of tight junction proteins.21-25 Based on this study, human 

Table 1. Parameters tested which failed to show significant strain differ-
ences

Histology

Villus height, crypt depth and villus:crypt ratio

Degree of inflammation seen on hematoxylin and eosin slides of:

Intestine, liver, lung, kidney and heart

Apoptosis

Karyorrhexis and pyknosis

TUNEL assay for apoptosis
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but a positive blood, liver or spleen culture, suggesting that the 
route of translocation probably goes through the MLNs before 
the blood, liver or spleen. Bacteria isolated were predominantly 
aerobic gram-negative including Enterobacter and Klebsiella. 
Enterococcus faecalis and Staphylococcus aureus were also isolated. 
Positive cultures were rarely found in either mouse strain follow-
ing the sham operation (1 of 11 A/J and 1 of 11 B6 mice).

In a mortality study, we confirmed our previous reported 
finding of increased mortality in B6 mice compared with A/J 
mice following CBDL. Three weeks after CBDL, seven of 13 B6 
mice had died vs. 1 of 12 A/J mice (p = 0.03 by two-sided Fisher’s 
exact test). One A/J mouse died from an anesthetic complica-
tion preoperatively and was therefore excluded from the analysis. 
Defining poor outcome as either death or a positive mesenteric 
lymph node culture in this study, 12 of 13 B6 mice (92%) had 
a poor outcome vs. 4 of 12 A/J mice (33%) (p < 0.004 by two-
sided Fisher’s exact test). Thus, B6 mice have greater rates of bac-
terial translocation and mortality following CBDL. This directly 
correlates with their decreased intestinal resistance and suggests 
a potential mechanism.

Soluble CD14 is markedly elevated in both strains of ligated 
mice compared with shams. A marker of monocyte response to 
LPS, soluble CD14 levels were dramatically increased in all mice 
14 d following CBDL compared with shams (p < 0.000002), 
thus indicative of LPS translocation from the gut into the circu-
lation. There was not a significant strain difference at this time 
point, which was not too surprising given that the mortality 
curves for the two strains do not begin to diverge until after the 
third postoperative week.10

Jejunal IFN-γ mRNA expression is increased in B6 com-
pared with A/J mice. In an attempt to uncover pathways respon-
sible for our above findings, we examined various cytokines and 
other mediators known to play a role in intestinal injury. One 
week following CDBL, jejunal tissue was collected from A/J and 
B6 mice. Q-PCR was used to examine the intestine for mRNA 
expression of the following: proinflammatory cytokines (IL-12a 
and b, IFN-γ), an anti-inflammatory cytokine (IL-10), cathep-
sin E, TLRs 2, 4 and 5, NODs 1 and 2 and the nuclear bile 
acid receptor, FXR (Fig. 2). Although the mRNA expression of 
TLR4, the ligand for LPS, was significantly decreased in ligated 
B6 mice compared with ligated A/J mice, the fold-change was 
less than 2 and probably of little physiologic significance, given 
the relatively low constitutive expression (threshold cycle of 28). 
However, IFN-γ mRNA expression was found to be 2- to 3-fold-
increased in the jejunum of B6 mice compared with A/J mice (p 
< 0.05). This was true for sham-operated mice as well as ligated 
mice. This suggests that IFN-γ may play a role in the mecha-
nisms contributing to the strain differences. Indeed, IFN-γ has 
been previously shown in vitro to disrupt epithelial barrier func-
tion by altering the architecture of the tight junction proteins, 
including a decrease in occludin expression.21,23,24 Interestingly, 
we found that the B6 mice were deficient in cathepsin E in the 
intestine compared with A/J mice in sham-operated animals; 
however, that difference disappeared following CBDL (Fig. 2). 
IL-12b expression was significantly decreased in the B6 sham and 
ligated mice compared with their respective A/J counterparts (p 

Figure 1. (A) Transepithelial electrical resistance (TEER) was measured 
ex vivo in jejunal specimens from sham and ligated A/J and B6 mice 
7 d post-op. Measurements were taken at 30, 60, 90, 120 and 180 min 
following snapwell mounting. The epithelial permeability at 7 d was in-
creased (TEER decreased) in B6 mice compared with A/J mice following 
sham operation (n = 8 sham A/J and 8 sham B6 mice). In addition, the 
epithelial permeability at seven days increased (TEER decreased) follow-
ing CBDL in each strain (n = 8 CBDL A/J and 8 CBDL B6 mice). *p < 0.05 
by ANOVA at every time point. (B) FITC-Dextran permeability assay re-
sults performed at the time of TEER confirm decreased intestinal barrier 
integrity in B6 mice compared with A/J mice, *p < 0.05. (C) Resistance 
calculated by Ussing chamber measurements confirm lower resistance 
in B6 mice compared with A/J mice, *p = 0.001.

Table 2. Incidence of bacterial translocation 21 d following CBDL

Incidence of bacterial translocation

Strain MLN B L S

A/J 4/17 0/17 2/17 1/17

B6 10/15* 4/15** 2/15 3/15

Data are reported as # of animals with positive cultures per total animals 
of each strain. (MLN = mesenteric lymph node, B = blood, L = liver and S 
= spleen). *Positive MLN cultures were noted in 24% of A/J mice vs. 67% 
of B6 mice (Fisher’s exact test, p = 0.03). **Whereas 27% B6 mice were 
bacteremic, none of the 17 A/J mice were (Fisher’s exact test, p < 0.05).
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occludin mRNA expression in ligated A/J mice compared with 
sham A/J mice (p = 0.07). No significant changes in TJP-1 (ZO-1)  
mRNA expression were found between strains or following 
CBDL. In summary, these alterations in the tight junction pro-
tein assembly may contribute to the decreased intestinal resis-
tance previously noted in the B6 mice and play an early role in 
the cascade of events leading to the worse outcome found several 
weeks following CBDL in B6 compared with A/J mice.

Tight junction protein expression on western blots vary 
by genetic strain. Western blot analysis (Fig. 4) demonstrated 
a trend toward a decrease in occludin protein expression in B6 
mice compared with A/J mice seven days following the sham 
operation (p = 0.10). No significant difference was found in either 
strain following the CBDL operation. B6 mice demonstrated a 

< 0.05). No strain differences were noted with respect to IL-12a 
(p35), IL-12b (p40), IL-10, TLR 2, TLR 5, NOD1, NOD2 or 
FXR mRNA expression (data not all shown).

Claudin-2 and occludin mRNA expression levels vary by 
mouse strain. The constitutive expression of each of the three 
tight junction proteins was noted to be quite high [threshold 
cycles of 20 (TJP-1), 21 (occludin) and 22 (claudin-2)]. The 
mRNA expression of a pore-forming tight junction protein, 
claudin-2, was increased in B6 mice compared with A/J mice. 
This was true for both sham (p = 0.035) and ligated (p = 0.015) 
animals. CBDL had no effect on claudin-2 mRNA expression; 
however, CBDL caused a pronounced decrease in the mRNA 
expression of an occlusive tight junction protein, occludin, in B6 
mice (p = 0.005) (Fig. 3). There was a trend toward a decrease in 

Figure 2. RT-PCR analysis of intestinal specimens collected on postoperative day 7 from sham and ligated A/J and B6 mice. Jejunal mRNA expres-
sion of IL-12b, Cathepsin E, IFN-γ and TLR4 had significant findings. Please note that for (A–E), the bar graphs provide four different comparisons of 
two bars each. For each pair of bars, the bar on the right has been normalized with respect to the bar on the left, which has been assigned a value of 
1. (A) For IL-12b, there was a significant increase in ligated B6 mice compared with sham B6 mice. (B) For Cathepsin E, there was significantly greater 
expression in A/J sham mice compared with B6 sham mice. This difference disappeared following ligation. (C) IFN-γ mRNA expression was significantly 
elevated in both B6 sham and ligated mice compared with their A/J counterparts, *p < 0.05. (D) For TLR4, there was significantly less expression in 
ligated B6 mice compared with ligated A/J mice. n = 5 mice in each of four groups. (E) For FXR, there was no significant difference in jejunal expression 
between strains or following ligation. (F) FXR expression in the ileum did not vary between strains.
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is separate from the tight clustering of the bacterial community 
for the sham B6 mice. On the other hand, both the sham A/J 

marked decrease in ZO-1 protein expression following CBDL 
compared with shams (*p < 0.0002); whereas, there was no sig-
nificant change in ZO-1 protein expression in A/J mice following 
CBDL. Claudin-1 protein expression was significantly decreased 
in ligated B6 mice compared with B6 shams (*p < 0.02) but no 
significant change was found in the A/J strain. Interestingly, 
claudin-2 protein expression was also decreased in B6 sham mice 
compared with A/J sham mice (*p < 0.05). There was a trend 
toward decreased claudin-2 expression in ligated B6 mice com-
pared with ligated A/J mice (p = 0.09).

Increased mortality following CBDL in IFN-γ R−/− mice 
compared with wild-type mice is not seen in C57BL/6J IFN-
γ−/−. Previously, Sewnath et al.34 demonstrated that endogenous 
IFN-γ was protective against cholestatic liver injury. They showed 
that IFN-γ receptor (R)−/− mice had a much lower survival (40% 
mortality) 2 weeks following CBDL than the wild-type 129/Sv 
mice (0% mortality). Moreover, the IFN-γ R−/− mice had more 
severe jaundice and cholestatic liver injury reflected by higher 
serum bilirubin and liver enzyme levels as well as histology. Given 
our previous finding of increased IFN-γ expression in the intes-
tine of B6 mice, we hypothesized that IFN-γ−/− C57BL/6J mice 
would have increased intestinal resistance compared with wild-
type C57BL/6J mice following CBDL, which would impact sur-
vival. Following 2 weeks of CBDL, 0% mortality was observed 
both in the wild-type C57BL/6J mice and IFN-γ−/− C57BL/6J 
mice, p = NS (Fig. 5). This is in stark contrast to the 40% mortal-
ity previously seen in the IFN-γ R−/− mice.32 Despite its protective 
role to the liver, IFN-γ may be simultaneously damaging to the 
intestine during the complex pathologic condition of cholestasis.

Gut microbiota displays a dysbiosis following CBDL in B6 
but not A/J mice. Qualitative changes in the gut microbiota 
were assessed by massively parallel pyrosequencing, because con-
ventional culture techniques fail to culture the majority of bac-
teria. We found a significant change in the microbiota in the B6 
mice 14 d following CBDL compared with shams. This dysbiosis 
was not seen in the A/J mice (Fig. 6). Therefore, the intestinal 
dysbiosis observed is positively correlated with the strain-depen-
dent later increase in mortality following CBDL in mice. The 
Principal Coordinates Analysis (PCoA) demonstrates tight clus-
tering of the bacterial community for the ligated B6 mice which 

Figure 3. Jejunal tight junction protein mRNA expression in A/J and B6 mice 1 week following a sham or CBDL operation. Claudin-2 mRNA expres-
sion was increased in the B6 mice compared with the A/J mice; whereas, occludin mRNA expression was decreased in both strains following CBDL. No 
change was noted in TJP-1 (ZO-1) mRNA expression. n = 5 in each of four groups.

Figure 4. Tight junction protein expression by western blot analysis. 
Note each lane represents tissue from a separate mouse. (A) Occludin 
protein expression appeared decreased in B6 mice compared with 
A/J mice; however, densitometry showed only a trend when compar-
ing shams (p = 0.10). (B) Following CBDL, ZO-1 protein expression was 
significantly decreased in B6 mice (*p < 0.0002) but not A/J mice. (C) 
Claudin-1 protein expression decreased significantly (*p < 0.02) in B6 
but not A/J mice following CBDL. (D) Interestingly, claudin-2 protein 
expression was significantly decreased in B6 sham mice compared 
with A/J sham mice (*p < 0.05). There was a trend toward decreased 
claudin-2 expression in B6 CBDL mice compared with A/J CBDL mice (p 
= 0.09).
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Additional statistical analyses of the microbiota were per-
formed. The number of observed operational taxonomic units 
(OTUs) increased significantly in B6 mice following CBDL 
compared with shams; however, no significant difference was 
seen in A/J mice following CBDL compared with shams (Fig. 9). 
The bacterial diversity was significantly increased in the B6 mice 
following CBDL compared with shams as determined by the 
Shannon diversity index (Fig. 10). No significant difference was 
noted in the A/J strain. Similarly, bacterial richness was signifi-
cantly increased in the B6 mice following CBDL compared with 
shams as determined by the Chao1 richness estimate (Fig. 11).

Discussion

Both the systemic inflammatory response and mortality follow-
ing CBDL have previously been shown by our laboratory to vary 
with the genetic inbred strain when studied in a mouse model.11 
This suggested that some differences in the genetic background 
may affect the inflammatory response seen following CBDL. 
The findings from this study not only confirm the mortality 
observation, but also provide in vivo support for a potentially 
responsible mechanism, the IFN-γ-mediated mechanism of tight 
junction disruption, which has already been well-characterized 
in vitro.21-25

The modified “Snap-well” assay pioneered by El Asmar  
et al.31 and used in this study is a quick and reproducible method 
to measure TEER in tissue. Decreased TEER correlates with 
increased permeability and has been described in mouse models 
in the setting of intestinal infections, including Giardia lamblia,18 
Campylobacter jejuni,35 Salmonella Typhimurium,36 and enterohe-
morrhagic Escherichia coli O157:H7.37 We found decreased TEER 
in the small intestines of both A/J and B6 mouse strains follow-
ing CBDL, which is in agreement with others who have found 
increased intestinal permeability following CBDL in mice.38 A 
novel finding in this study was that B6 mice had decreased jeju-
nal TEER after a sham operation compared with A/J mice, as 
well as decreased jejunal TEER following CBDL compared with 
ligated A/J mice; however, the “net” decrease in TEER in each 
strain following ligation appeared similar. Therefore, it may well 
be that the sham or “baseline” TEER in the B6 mice is so low 
that following the ligation, a pathologic threshold is crossed.

Given that the mice underwent the same insult and were 
housed under identical environmental conditions, the difference 
in their genetic backgrounds is implicated but not proven; there 
remains the confounding variable of the effects of the intestinal 
flora. It is well documented that both the type and concentra-
tion of bacteria present in the intestinal lumen affects intestinal 
barrier function.39 Certain types of bacteria such as Escherichia 
coli translocate in large numbers from the intestinal tract to the 
draining mesenteric lymph nodes; gram-positive bacteria trans-
locate at intermediate levels, and anaerobic bacteria translocate at 
very low levels.39 In addition, intestinal permeability is increased 
with bacterial overgrowth.39 An additional caveat is that kinship 
has been shown to be a significant determinant of the intestinal 
microbiota.40 Consequently, the intestinal flora may not be an 
exclusive environmental factor but may, itself, have a genetically 

and ligated A/J mice display similar bacterial communities with 
considerable overlap (Fig. 7). The Firmicutes:Bacteroidetes ratio 
was significantly elevated in the B6 mice compared with the 
A/J mice (Fig. 8). No effect on this ratio was apparent follow-
ing CBDL; however, there was a marked decrease in the rela-
tive amount of Lactobacillus organisms and a great increase in 
the relative number of clostridial organisms along with a small 
increase in the relative number of proteobacterial organisms 
in the B6 mice following CBDL as compared with their sham 
counterparts (Figs. 9 and 10). No relative increase in either clos-
tridial or proteobacterial organisms was found in the ligated A/J 
mice.

Figure 5. Survival graph following CBDL in IFN-γ−/− (C57BL/6J back-
ground) (n = 10) and wild-type C57BL/6J (B6) (n = 10) mice. No signifi-
cant difference in mortality was found at any time point out to four 
weeks.

Figure 6. Rarefraction curves for fecal microbiota collected from sham 
and ligated A/J and B6 mice (n = 5 mice for each of four groups). The 
number of species is plotted against the number of samples analyzed.
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speculate that the B6 mice may be more likely to develop chronic 
systemic inflammation because of their relatively increased num-
bers of Firmicutes compared with Bacteroidetes. The relative 
increase in the number of both clostridial and proteobacterial 

determined component. Our findings support this statement. 
Despite identical environmental conditions, including diet, the 
B6 mice had different bacterial communities compared with the 
A/J mice. There were 3 distinct clusters on our PCoA graph: B6 
sham, B6 CBDL and A/J (CBDL and Sham). The distinct B6 
sham cluster suggests that the baseline microbiota differs between 
the B6 and A/J strains. We speculate that this difference in the 
microbiota is then responsible for the different baseline intestinal 
resistances, for it has been shown that changes in the gut micro-
biota lead to changes in the intestinal resistance.38 Hence, the 
ligated B6 mice displayed a dysbiosis which was not seen in the 
ligated A/J mice. This finding differs from a recently published 
article41 which failed to show a dysbiosis in B6 mice 10 d follow-
ing CBDL; however, 50% of the bacteria in that study could not 
be identified. Bacterial diversity and richness statistical analyses 
confirmed the gut microbiota in B6 mice following CBDL to be 
more complex than in their sham counterparts. This result along 
with an increased Firmicutes:Bacteroidetes ratio in the B6 mice as 
compared with the A/J mice might contribute to the decreased 
intestinal resistance, increased bacterial translocation and 
increased mortality later seen in the B6 mice following CBDL. 
An increased Firmicutes:Bacteroidetes ratio has been associated 
with both genetically-induced40,42 and high fat-diet-induced obe-
sity in mice.43 Moreover, ZO-1 mRNA expression was shown to 
be decreased and endotoxemia to be increased in mice fed a high-
fat diet, and this positively correlated with inflammatory mark-
ers, oxidative stress and macrophage infiltration markers.44,45 We 

Figure 8. Bar graph of phyla for fecal microbiota from sham and ligated 
A/J and B6 mice (n = 5 mice for each of four groups). Firmicutes and 
Bacteroidetes dominate the phyla of both strains; however, note the 
increased Firmicutes:Bacteroidetes ratio in the B6 as compared with the 
A/J mice.

Figure 7. Principal coordinates analysis (PCoA) plot of fecal microbiota collected from sham and ligated A/J and B6 mice (n = 5 mice for each of four 
groups). This analysis enables visualization of similarities of the microbiota data. Three separate clusters can be seen: ligated B6 mice, sham B6 mice 
and A/J mice (both sham and ligated).
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expressed at high levels in some epithelial and hematopoetic cells. 
The enzyme has been implicated in a variety of functions, includ-
ing antigen processing.52 Interestingly, we found that the B6 mice 
were deficient in cathepsin E in the intestine compared with A/J 
mice in sham-operated animals; however, that difference disap-
peared following CBDL as the cathepsin E expression increased 
in the ligated B6 mice. With no apparent strain differences in 
intestinal apoptosis or cathepsin E mRNA, our study suggests 
an apoptosis-independent mechanism may be responsible early 
on that then leads to the different outcomes seen later (3 weeks) 
following CBDL in the two strains. We speculate that apoptosis 
is increased in the intestine of ligated mice in both strains at time 
points greater than one week postoperatively. Recent evidence 
has shown that the host’s innate immune response is regulated by 
the nuclear bile acid receptor, FXR, both in the small intestine53 
and colon.54 We questioned whether differential FXR expression 
played a role in the strain differences noted in our CBDL model. 
We found no significant strain differences in FXR expression in 
either the jejunum or ileum.

Our Q-PCR data suggested two alternative mechanisms. The 
first candidate mechanism centered around claudin-2, known 
as a pore-forming tight junction; that is, claudin-2 expression 

organisms and relative decrease in Lactobacillus in the ligated B6 
mice compared with their sham counterparts may be indicative 
of a transition toward a more pathogenic microbiota which three 
weeks later contributes to the significant mortality difference 
between the strains.10 Both Clostridia and Proteobacteria have 
each been recently shown to be increased in the gut microbiota in 
a preterm piglet model of necrotizing enterocolitis46 as well as in 
premature infants with this disease.47

Increased bacterial translocation in mice following CBDL has 
been previously described.48,49 Our results not only confirm but 
expand this finding. Different strains of inbred mice were found 
to have a different incidence of bacterial translocation to both 
MLNs and the bloodstream following CBDL. Increased septic 
complications in cholestatic patients are thought to be due to the 
failure of the intestinal barrier; our results support that, at least in 
a mouse model, the genetic background contributes to the integ-
rity of the intestinal barrier during cholestasis.

Mounting evidence suggests that non-caspase proteases, in 
particular lysosomal cathepsins, are influential in the regulation 
of apoptosis.50 Recently, B6 mice were found to have a natu-
ral cathepsin E deficiency compared with Balb/c and 129S2/
Sv mice.51 Cathepsin E is an aspartic endosomal proteinase, 

Figure 9. Bar Graph of genera for fecal microbiota collected from sham and ligated A/J and B6 mice (n = 5 mice for each of four groups). Note the 
decrease in Lactobacillus (first purple bar from the bottom) and increase in Clostridiales (blue bar directly above first purple bar from the bottom) in 
ligated B6 mice as compared with sham B6 mice. This signifies a transition from a more benign to a more virulent microbiota.
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decreased occludin protein expression in the B6 mice following 
a sham operation as compared with the A/J mice. Also, ZO-1 
protein expression significantly decreased following CBDL in B6 
but not A/J mice. This finding of increased IFN-γ expression 
with reduced ZO-1 levels is in agreement with in vitro work by 
Youakim et al.25 Claudin-1 protein expression decreased signifi-
cantly following CBDL in B6 mice but not A/J mice. Collectively, 
these alterations in the tight junction protein assembly may play 
an early role in the cascade of events leading to the worse out-
come found several weeks following CBDL in B6 compared with 
A/J mice.

On the other hand, Sewnath et al.34 demonstrated that endoge-
nous IFN-γ was protective to the liver following cholestatic injury. 
They showed that IFN-γ receptor (R)−/− mice had a much lower 

correlates directly with “leakiness” of the gut.55,56 The B6 mice 
demonstrated a strain-associated increase in claudin-2 mRNA 
expression compared with the A/J mice; however, the reverse 
was true regarding the protein, thus eliminating any significant 
role for this specific tight junction protein. The second possible 
mechanism suggested by our Q-PCR data are that increased 
IFN-γ and/or altered tight junction proteins may lead to the 
increased intestinal permeability and bacterial translocation 
found in the B6 mice. IFN-γ has been previously shown in vitro 
to disrupt epithelial barrier function by altering the architecture 
of the tight junction proteins, including a decrease in occludin 
expression.22,24,25 In our study, we found increased IFN-γ mRNA 
as well as a reduction in occludin mRNA expression in ligated 
B6 mice. Furthermore, there appeared to be a trend toward 

Figure 10. Heat map of classes of fecal microbiota collected from sham and ligated A/J and B6 mice (n = 5 mice for each of four groups). Firmicutes 
and Bacteroidetes dominate, as shown in red, but note the small increase in Proteobacteria following CBDL which was found in four of five B6 mice. This 
increase was not found in any of the ligated A/J mice.
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survival (40% mortality) two weeks following 
CBDL than the wild-type 129/Sv mice (0% 
mortality). Moreover, the IFN-γ R−/− mice had 
more severe jaundice and cholestatic liver injury 
reflected by higher serum bilirubin and liver 
enzyme levels as well as histology. Conversely, 
we hypothesized that a lack of IFN-γ would 
protect the intestine by preventing the decrease 
in occludin expression, increase TEER and 
improve survival. We found no mortality in 
either the IFN-γ−/− or the wild type B6 mice 
after two weeks of CBDL. Recognizing that the 
two studies used different strains of mice, we 
speculate that in our IFN-γ−/− (i.e., Not IFN-γ 
R−/−) B6 mice, the lack of IFN-γ created greater 
intestinal resistance which offset the cholestatic 
liver injury to the point that the IFN-γ−/− mor-
tality was not significantly increased compared 
with the wild-type. We posit that cholestasis is a 
complex pathologic condition in which the liver 
and intestinal injuries are precisely interrelated.

Following one week of CBDL, we expected 
to see increased intestinal mucosal atrophy 
evidenced by decreased villus/crypt ratios in 
ligated mice compared with sham controls. 
In addition, we expected to see more atrophic 
changes in the B6 strain; however, we found 
no significant histologic changes at seven days 
post-CBDL. Others have shown intestinal atro-
phy following seven days of CBDL in another 
rodent species, rats.57 The ligated mice did dem-
onstrate dilated lymphatics and edema in the 
lamina propria as previously reported in the 
literature;48 however, there were no apparent 
strain differences. The lack of gross histologic 
changes may not be too surprising, given that 
apoptosis did not increase in the intestine in our 

Figure 11. Diversity and richness of fecal Micro-
biota in sham and ligated A/J and B6 mice (n = 5 
mice for each of four groups). (A) Sobs analysis 
of number of observed OTUs in A/J and B6 mice 
following Sham and CBDL procedures. Note that 
the number of fecal OTUs increases significantly 
in the B6 mice following CBDL as compared with 
shams, p < 0.05. There is no significant difference in 
the number of fecal OTUs in the A/J mice follow-
ing CBDL as compared with shams. (B) Shannon 
diversity index analysis of A/J and B6 mice following 
sham and CBDL procedures. The B6 mice sig-
nificantly increased their fecal bacterial diversity 
following CBDL compared with shams, p < 0.05. No 
significant difference was found in the A/J mice. (C) 
Chao1 richness estimate analysis of A/J and B6 mice 
following sham and CBDL procedures. B6 mice had 
a significantly elevated richness estimate of their fe-
cal bacteria following CBDL compared with shams, 
p < 0.05. No significant difference was found in the 
A/J mice.
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two-layer fashion using absorbable sutures. Sham-operated mice 
were treated identically but without dissection or ligation of the 
CBD. Postoperatively, animals were resuscitated with warmed 
subcutaneous injections of saline (1 mL) to replace losses. Mice 
were returned to clean cages where food and water were provided 
ad libitum.

Histology. Seven days after CBDL or sham operation, mice 
underwent anesthesia with isoflurane and euthanasia by cervical 
dislocation. Their previous incision was reopened and the small 
intestine was resected. Jejunal and ileal sections were pinned to 
preserve their architecture and then placed in 4% paraformal-
dehyde, paraffin-embedded and cut into 5 μm-thick sections. 
Sections were stained with hematoxylin and eosin for determina-
tion of histopathological features, including villus height, crypt 
depth, inflammation, dilatation of lacteals and edema in the 
lamina propria. Three weeks after CBDL, mice underwent the 
same histologic protocol; however this time, the specimens were 
lung, liver, kidney and heart tissue. Inflammation manifesting as 
neutrophil infiltration and/or edema was noted and served as a 
marker for systemic sepsis.

Apoptosis. Seven days following CBDL, apoptosis was 
determined using a TUNEL assay performed with a commer-
cially available kit, according to manufacturer specifications 
(Millipore). In addition, apoptosis was also measured by evaluat-
ing the crypt cells for pyknosis and karyorrhexis. Apoptosis was 
quantified in 100 crypts from well-oriented crypt-villus units, 
defined as a crypt sectioned parallel to the crypt-villus axis with 
Paneth cells at the crypt base and an unbroken epithelial col-
umn extending to the villus tip.30 The slides were reviewed by a 
pathologist who was blinded to the treatment assignments.

Transepithelial electrical resistance (TEER), Ussing cham-
bers and FITC-dextran intestinal permeability. We used a 
modified snap-well assay system described by El Asmar et al.31 
to measure TEER of the intestinal mucosa. Briefly, seven days 
following CBDL or sham operation, segments of the jejunum 
were resected and the muscle layers carefully stripped away from 
the mucosa. For each mouse, three 0.07 cm2 pieces of mucosa 
were mounted in snap-well chambers (Costar) and cultured 
in DMEM without serum. Epithelial resistance was measured 
every 30 min using an EndOhm-24 and EVOM voltmeter 
(World Precision Instrument). Intestinal tissue permeability 
was also assessed in our TEER snapwells using a FITC-Dextran 
assay. Briefly, muscle-free jejunal samples were mounted in 
snapwells with the mucosal side up. 4-kDa FITC-Dextran in 
D-MEM pre-warmed at 37°C was placed in the top compart-
ment of each well, and samples were collected over time from 
the bottom compartment of each well. A sample from the top 
compartment at the time of the last sampling of the bottom 
compartment was used to normalize the samples to account for 
possible differences in the total fluorescence added at the begin-
ning of the experiment. Fluorescence of the samples was quanti-
fied in a multi-plate fluorescence reader in black 96 well plates; 
excitation wavelength was 485 nm and emission wavelength was 
538 nm.

To confirm our TEER results, resistance was also calculated 
from Ussing chambers. For each strain, four 1 cm segments of 

mice following one week of CBDL. In retrospect, we believe our 
time point was too premature to demonstrate the gross pathology 
seen following CBDL.

In summary, our study in A/J and B6 mice demonstrates that 
the intestinal barrier varies with each mouse strain. Whereas, we 
had hypothesized that the genetic background modulates the 
intestinal barrier following cholestatic injury; in fact, we found 
that the genetic background modulates the intestinal barrier at 
baseline (after a sham operation) as well as after CBDL. This 
was evidenced by the low baseline intestinal resistance and low 
expression of the tight junction protein, occludin, in the B6 mice. 
Following CBDL, the occludin and claudin-1 protein expres-
sion and TEER significantly decrease in each strain, such that 
the resistance in the ligated B6 mice remains significantly lower 
than that in the ligated A/J mice. We speculate that this very low 
resistance corresponds to a threshold being crossed, after which 
bacterial translocation and mortality later significantly increase 
in the B6 strain, which were also noted in our study. These dif-
ferences support the notion that failure of the intestinal barrier in 
cholestatic mice results in increased episodes of sepsis and higher 
mortality. This study provides in vivo support for the apoptosis-
independent mechanism of IFN-γ mediated disruption of the 
intestinal barrier. In addition, our study showed that the genetic 
background of the host influenced the gut microbiota and 
resulted in a dysbiosis following CBDL in one strain. Notably, 
this dysbiosis was positively correlated with the strain-dependent 
increase in mortality later seen following CBDL. This altered 
microbiota may play a causal role in the pathologic changes fol-
lowing CBDL. The genetic differences noted in these two strains 
of mice may extrapolate to human variations and potentially 
provide a basis for identifying individuals at risk for exagger-
ated injury following cholestasis. Furthermore, alterations in 
the intestinal microbiota via prebiotics, probiotics or symbiotics 
may have therapeutic implications in the treatment of cholestatic 
patients in the future.

Materials and Methods

Animals. Male A/J and C57BL/6J (B6) and IFN-γ−/− (B6 back-
ground) mice (8 weeks old) were obtained from the Jackson 
Laboratory and maintained in identical environmental condi-
tions with identical diets in a pathogen-free animal facility with 
12-h light-dark cycles. All mice weighed 18 to 25 g at the time of 
operation. Animal studies were conducted according to protocols 
reviewed and approved by the University of Maryland School of 
Medicine Institutional Animal Care and Use Committee and 
adhered to guidelines promulgated by the National Institutes of 
Health.

CBDL operative procedure. Mice were anesthetized by 
inhaled isoflurane anesthesia. The abdomen was clipped and 
then prepared in sterile fashion with 70% ethyl-ethanol fol-
lowed by betadine. A transverse upper abdominal incision was 
performed. The CBD was dissected away from the portal vein 
and was ligated near its junction with the duodenum using aneu-
rysm clips engineered with a precisely standardized opening and 
closing mechanism. The abdominal wall was then closed in a 
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Western blot analysis of tight junction proteins. Expression 
of claudin-1, claudin-2, occludin and zona occludins-1 (ZO-1) 
were quantified by western blot analysis. The antibodies recog-
nizing occludin and ZO-1 were obtained from Invitrogen (Grand 
Island, NY). Claudin-1 and claudin-2 antibodies were purchased 
from Santa Cruz Biotechnology. Fluorescein-conjugated goat 
anti-mouse and goat anti-rabbit antibodies were purchased from 
Santa Cruz Biotechnology. Briefly, 1-cm sections of mid-jejunal 
intestine were harvested from each mouse and immediately 
homogenized in 1 mL ice-cold RIPA-buffer (50 mM TRIS-HCl, 
pH 7.4, 150 mM NaCl, 1 mM DTT, 0.5 mM EDTA, 1.0% 
NP40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM phenyl-
methylsulfonyl fluoride, 20 μg/ml aprotinin, 2 μg/ml leupeptin 
and 2 mM sodium orthovanadate). Tissue lysates were sonicated, 
incubated on ice for 20 min and centrifuged at 4°C; superna-
tants were subsequently collected for immunoprecipitation. The 
protein concentration of the supernatants was measured using 
the technique previously described by Bradford.32 Following  
5 min of boiling samples, equal amounts of protein (2 μg) were 
loaded into each lane and protein was subjected to electrophoresis 
on 10% acrylamide gels. Following the transfer of protein onto 
nitrocellulose filters, they were incubated with primary antibod-
ies directed against occludin, claudin-1 and ZO-1 overnight at 
4°C. The filters were subsequently washed with 1 × TBST and 
incubated with secondary antibodies conjugated with horseradish 
peroxidase (HRP) for one hour at room temperature. Following 
this, immunocomplexes were detected by chemiluminescence.

Gut bacterial community profiling using 454 pyrosequenc-
ing of the 16S rRNA gene. After being housed under identi-
cal environmental conditions, including diet, A/J and B6 mice 
underwent either a sham (n = 5 A/J and 5 C57BL/6J) or CBDL 
(n = 5 A/J and 5 C57BL/6J) operation. Two weeks later, their 
stool was collected. Profiling of the bacterial communities inhab-
iting the gut of Male A/J and C57BL/6J (B6) was performed as 
previously described.33 Total genomic DNA was extracted from 
fecal pellets using the protocol described by Zupancic and col-
leagues. Briefly, 1 ml of phosphate-buffered saline was added 
to the mouse stool aliquots and cell lysis was performed using 
an enzymatic cocktail composed of lyzosyme, mutanolysin and 
lysostaphin. After one hour of incubation at 37°C, samples were 
further lysed by addition of proteinase K and 10% SDS, followed 
by incubation at 55°C for 45 min. The samples were then dis-
rupted by bead beating using a FP120 FastPrep instrument and 
0.1 mm silica spheres. The resulting crude lysate was processed 
using the ZYMO Fecal DNA Kit (Zymogen) according to the 
manufacturer’s recommendations. Negative extraction controls, 
where stool samples were omitted, were performed to ensure the 
samples were not contaminated by exogenous bacterial DNA 
during the extraction process.

The universal primers 27F and 338R were then used for PCR 
amplification of the V1–V3 hypervariable regions of 16S rRNA 
genes. The 338R primer included a unique sequence tag to bar-
code each sample. Using 96 barcoded 338R primers, the V1–V3 
regions of 16S rRNA genes were amplified in 96-well microti-
ter plates using AmpliTaq Gold DNA polymerase (Applied 
Biosystems) and 50 ng of template DNA in a total reaction 

mucosa were stripped of muscle and mounted in Ussing cham-
bers that exposed 0.126 cm2 to 10 ml of Kreb’s buffer. Agar-salt 
bridges and electrodes were used to measure potential difference. 
Every 50 sec, the tissues were short-circuited at 1 V for 10 sec 
(World Precision Instruments DVC 1000 V clamp) to allow cal-
culation of tissue resistance using Ohm’s law.

Bacterial cultures. Our pilot experiments demonstrated that 
translocation, defined as a positive mesenteric lymph node cul-
ture, was a rare event after only one week of ligation, so we 
focused our efforts on translocation occurring after three weeks 
of ligation. This time point was physiologically relevant as evi-
denced by the signs of chronic obstructive jaundice, including 
ascites, which was seen in the majority of the mice. Twenty-one 
days after CBDL, separate groups of mice underwent anesthesia 
with isoflurane and euthanasia by cervical dislocation. Their 
thoraco-abdominal area was prepped with betadine. A median 
sternotomy was performed, and blood was collected by direct 
cardiac puncture. Their previous incision was reopened. Liver, 
spleen and mesenteric lymph nodes (MLNs) were resected. 
While maintaining sterile conditions, blood and the aforemen-
tioned tissue specimens were then plated onto blood agar plates 
and incubated for 24 h at 37°C. In order to ensure sterility 
and prevent cross contamination, we chose not to use a homog-
enizer; rather, the specimens were minced with sterile scissors. 
The plates were examined non-quantitatively for the presence 
of bacterial growth, and isolates were identified. Bacterial trans-
location was defined by the presence of bacteria on the agar 
plate.

Soluble CD14 measurement by ELISA. Soluble CD14 is a 
biomarker for monocyte activation following endotoxemia. 
Fourteen days following CBDL or sham operation, blood was 
collected. A commercially available enzyme-linked immunosor-
bent assay was used according to the manufacturer’s protocol for 
measuring soluble CD14 (biometec).

RNA extraction, cDNA synthesis and real-time quantita-
tive PCR (Q-PCR) analysis. Seven days following CBDL or 
sham operation, intestine was harvested. Total RNA was isolated 
from homogenized jejunal samples that were stored in TRIzol 
(Invitrogen). The total RNA was isolated from TRIzol samples as 
per the manufacturer’s instructions. The pellet was allowed to air-
dry, and the total RNA was resuspended in an appropriate volume 
of RNase-free water. RNA concentrations were calculated using a 
NanoDrop 1000 spectrophotometer (Thermo Scientific). Single 
stranded cDNA was synthesized from 2 μg of total RNA using 
random hexamer primer and the First Strand cDNA Synthesis Kit 
(MBI Fermentas). The specific primer sequences were designed 
using Beacon Designer 7.0 (Premier Biosoft International) and 
synthesized by the University of Maryland School of Medicine 
Biopolymer/Genomics Core. Q-PCR reactions were set up using 
iQ SYBR Green Supermix (Bio-Rad) in a total volume of 25 μl. 
Amplification conditions were: 95°C for 3 min, 50 cycles of 95°C 
for 15 sec, 60°C for 15 sec and 72°C for 20 sec. All reactions 
were performed using Bio-Rad iCycler instrumentation and soft-
ware. All samples were normalized with 18s rRNA housekeeping 
gene levels with subsequent calculation of fold-change in mRNA 
expression. Analysis was performed in GraphPad Prism5.
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experiments and the mortality study, a two-sided Fisher’s exact 
test was used. Statistical probability of p < 0.05 was considered 
significant. Q-PCR data was analyzed using ANOVA with the 
Bonferroni post-test.
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volume of 50 mL, using the cycling conditions described by 
Zupancic and colleagues.33 Negative controls without a template 
were included for each barcoded primer pair. PCR products were 
quantified using the Quant-iT PicoGreen dsDNA assay, and 
equimolar amounts (100 ng) of the PCR amplicons were mixed in 
a single tube. The purified amplicon mixture was then sequenced 
by 454 FLX Titanium pyrosequencing using 454 Life Sciences 
primer A by the Genomics Resource Center at the Institute for 
Genome Sciences, University of Maryland School of Medicine, 
using protocols recommended by the manufacturer as amended 
by the Center. Processing (sequence binning and trimming) and 
analysis of the 16S rRNA reads was performed using the CLoVR 
system (CloVR 1.0-RC2; http://clovr.org/) and the CloVR-16S 
protocol (http://clovr.org/methods/clovr-16s; version 1.1).

Statistical analysis. ANOVA was used to determine sig-
nificance in the TEER data. For the bacterial translocation 
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