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Abstract

P-glycoprotein (Pgp, encoded by ABCB1, commonly known as MDR1), an ATP-dependent 

transporter with a broad range of hydrophobic drug substrates, has been associated with the in 
vitro intracellular transport of cholesterol; however, these findings have not been confirmed in 
vivo. In this manuscript we tested the contributions of Pgp to in vivo cholesterol homeostasis by 

comparing the cholesterol phenotype of wild type mice with mice lacking both murine isoforms of 

Pgp (Abcb1a−/−/1b−/−) by measuring cholesterol absorption, circulating cholesterol, and 

lipoprotein cholesterol profiles. The mice were fed diets containing normal or high levels of 

dietary fat (25% vs. 45% kcal from fat) and cholesterol (0.02% vs. 0.20% w/w) for 8 weeks to 

challenge their capacity to maintain homeostasis.

There were no significant differences in cholesterol absorption, circulating cholesterol levels, and 

lipoprotein profiles between Pgp knockout and wild type mice fed matching diets. Compensatory 

shifts were observed in the activation of two key transcription factors involved in maintaining 

cholesterol balance, the Liver X Receptor and SREBP-2, which may have maintained the wild 

type phenotype in the knockout mice. Deletion of Pgp affected the molar composition of 

gallbladder bile when the mice were fed diets containing high levels of dietary fat, cholesterol, or 

both. The mole fraction of bile salts was reduced in the gallbladder bile of Pgp knockout mice 

while the mole fraction of cholesterol was increased.

In this paper, we provide evidence that Pgp knockout mice maintain cholesterol homeostasis, even 

when challenged with high cholesterol diets. We suggest that the specific shifts in cholesterol 

regulatory networks identified in the jejunum and liver of the knockout mice may have 

compensated for the lack of Pgp. Our finding that Pgp knockout mice were unable to maintain 
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gallbladder bile composition when challenged with high dietary fat and/or cholesterol 

compliments recent reports that Pgp may be a secondary bile salt export pump.

Graphical abstract
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INTRODUCTION

In vivo cholesterol homeostasis is maintained through the coordinated interplay of 

trafficking, biosynthesis, absorption, and efflux of cholesterol. These processes contribute to 

a cholesterol phenotype that can be characterized by measuring fractional cholesterol 

absorption from the jejunum, serum cholesterol levels, the distribution of cholesterol into 

specific lipoproteins, and the elimination of cholesterol from the liver into bile. Excess 

cholesterol is removed from the body by the liver primarily through catabolism into bile 

acids but also by direct secretion into bile via ATP-binding cassette (ABC) transporters1,2. 

The dimer formed by the half transporters ABCG5 and ABCG8 is the primary efflux 

mechanism for unmodified cholesterol from cells of the small intestine and the liver. 

Deletion of ABCG5 and ABCG8 does not completely ablate cholesterol efflux suggesting 

that a secondary mechanism for the removal of cholesterol may exist in mice3,4, with 

confirmatory findings in humans5.

There are several lines of evidence suggesting that the ABC transporter encoded by the 

ABCB1 gene, P-glycoprotein (Pgp), may be involved in the cellular disposition of 

cholesterol. Pgp is a 170kDa full ABC transporter with extensive N-linked glycosylation that 

effluxes a wide range of hydrophobic drugs6,7. Pgp function is intricately linked with 

membrane cholesterol content, though the details of the association are controversial8,9. 

Mechanistic in vitro studies demonstrated that Pgp binds cholesterol10 and that the 

association between cholesterol and Pgp impacted its drug efflux activity8,11. Furthermore, 

Pgp was proposed to be an ATP-dependent “flippase” of cholesterol, maintaining cholesterol 

on the extracellular leaflet of the membrane bilayer12. Non-specific Pgp inhibitors disrupt 

trafficking of cholesterol from the plasma membrane to the endoplasmic reticulum, reducing 

synthesis and esterification of cholesterol without direct inhibition of ACAT, the enzyme 

responsible for cholesterol esterification13–17. Similar findings were reported when new 

inhibitors with improved specificity for Pgp were used18. Two groups have used specific 
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overexpression of ABCB1 as part of their experimental design with contradictory 

results19,20.

Only two preliminary studies have been published investigating the role of Pgp in 

cholesterol homeostasis in vivo. Luker et al. showed that Abcb1a−/−/1b−/− knockout mice 

had unchanged cholesterol absorption but slight alterations to liver accumulation of 

cholesterol. The authors speculated that diets enriched in fat or cholesterol would be 

required to elucidate the role of Pgp but these studies were never published21. Our group 

published a pilot study demonstrating increased Liver X Receptor (LXR) levels in the liver 

of Abcb1a−/−/1b−/− mice22. In the current manuscript we evaluated the cholesterol 

phenotype of wild type and Abcb1a−/−/1b−/− mice after chronic feeding of diets enriched in 

fat and/or cholesterol to determine if Pgp contributes to in vivo cholesterol homeostasis. 

Although we challenged the mice with the dietary conditions that were predicted to be 

required to elucidate a role for Pgp in cholesterol balance we did not observe differences in 

the cholesterol phenotype between wild type and knockout mice, as characterized by 

fractional cholesterol absorption, serum cholesterol levels, and lipoprotein cholesterol 

profiles. This was perhaps explained by altered activation of two key cholesterol regulatory 

pathways. We noted that the Pgp knockout mice were unable to maintain the gallbladder bile 

composition of wild type mice when fed the high-fat and high-cholesterol diets suggesting 

that future studies should focus on the impact of diet and Pgp on bile homeostasis.

EXPERIMENTAL METHODS

Ethics Statement

All animal studies were conducted in strict accordance with the guidelines of the Canadian 

Council on Animal Care in Science. The protocol was reviewed and approved by the 

University of British Columbia Animal Care Committee (certificate A05-0032) prior to 

beginning the studies.

In vivo studies

All experiments compared male wild type FVB mice (WT) with male mice lacking both 

isoforms of P-glycoprotein23 backcrossed for 12 generations on the FVB background (KO: 

Abcb1a−/−/1b−/−) purchased from Taconic Farms (Hudson, NY). The test diets were 

developed with the assistance of Research Diets (New Brunswick, NJ). The fat content in the 

diets was based on the well-established “high” fat diet in which 45% of the kcal are from 

fat24. Lard was selected to increase the fat content, based on the “Western” pattern diet25.

When the mice were five-weeks old, each mouse was placed on one of the four test diets, 

(n=10) (NFNC: 25% kcal from fat and 0.02% w/w cholesterol, HFNC: 45% kcal from fat 

and 0.02% w/w cholesterol, NFHC: 25% kcal from fat and 0.20% w/w cholesterol, or a 

“Western” diet HFHC: 45% kcal from fat and 0.20% w/w cholesterol). After eight weeks on 

the test diets26, each mouse received a single oral bolus of either 75μL water or 75μL of 

ezetimibe solution (10mg/kg dose as a positive control for reduced cholesterol absorption). 

After 60min each mouse received a second oral bolus of 75μL of soybean oil containing 

1μCi of [4-14C]-cholesterol and 2μCi of [5,6-3H]-β-sitostanol. The mice were placed in 
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metabolic-style cages containing shelter and enrichment items for 96h. Total fecal output 

was collected at 24h, 48h, 72h, and 96h post administration. The mice were then returned to 

conventional-style housing and recovered for 72–120h. Under anesthetic (ketamine/

xylazine) the common bile duct was ligated and the gallbladders filled for 60min prior to 

sacrifice. Body temperature was maintained with heating pads. The mice were euthanized by 

cardiac puncture exsanguination and cervical dislocation. Serum was obtained from whole 

blood. The gallbladder and liver were removed, weighed and washed in PBS and frozen in 

liquid nitrogen. The small intestine was removed and split into three segments 

approximating the duodenum, jejunum, and ileum. The medial portion of each segment was 

cleaned in PBS and frozen in liquid nitrogen.

Chemicals

All solvents were purchased from Fisher Scientific (Waltham, MA) and were of HPLC grade 

unless otherwise noted. Dry chemicals were purchased from Sigma (St. Louis, MO) and 

were of SigmaUltra quality unless otherwise noted. The soybean oil was USP grade from 

Xenex Labs (Coquitlam, BC, Canada), [4-14C]-cholesterol was purchased from GE 

Healthcare (Waukesha, WI) and [5,6-3H]-β-sitostanol was purchased from American 

Radiolabeled Chemicals (St. Louis, MO). Scintillation cocktail was sourced from MP 

Biomedicals (Solon, OH).

Bile analysis

Each gallbladder was thawed and punctured with a 25-gauge needle and syringe to remove 

aliquots of bile for analysis. Bile phospholipid content was quantified using phospholipase D 

and choline oxidase from Wako Diagnostics (Richmond, VA). Cholesterol content was 

measured using the Amplex Red Cholesterol Assay by Life Technologies (Carlsbad, CA). 

Bile samples from five mice per group were randomly selected and sent to the Harvard 

Digestive Diseases Center, where the bile acids were extracted and quantified by HPLC27.

Lipid analyses

Total serum cholesterol and unesterified cholesterol was measured with cholesterol oxidase-

based colorimetric assays from Wako Diagnostics (Richmond, VA). Tissue lipid 

concentrations were determined after extracting the total lipid content from 50mg of tissue 

following the Folch method28. The lipid films were reconstituted in a bile acid buffer 

solution (100mM potassium phosphate, 5mM cholic acid, 0.1% Triton X-100, pH 7.4). The 

cholesterol content was determined using the Amplex Red Cholesterol Assay. Serum 

samples from each dietary group were pooled and sent to Dr. D.E. Cohen’s laboratory at the 

Harvard Digestive Diseases Center for separation by fast protein liquid chromatography 

(FPLC) and subsequent enzymatic analysis for cholesterol29.

Fecal analysis

Cholesterol was isolated from the fecal matter using a method based on work by Miettinen, 

Ahrens and Grundy30 incorporating the modifications published by Turley et al.31 Fecal 

samples collected from individual mice over a 24h period were dried overnight in a 60°C 

oven and crushed using a pestle and mortar. The total lipid content was extracted from fecal 
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matter with 19 volumes of 2:1 (v/v) chloroform:methanol at 60°C for 3min. The insoluble 

material was pelleted by centrifugation (1000g for 5min at 4°C) and the supernatant retained 

for analysis. The chloroform:methanol extraction was repeated on the insoluble material and 

the supernatant pooled with the first extraction. Solvent was removed by drying under N2 

gas. The lipid films were saponified with 3mL of 1:1 (v/v) methanol:2N NaOH(aq) for 60min 

in a 60°C water bath. The neutral sterols were isolated with sequential petroleum ether 

extractions: 3mL of petroleum ether was added to each tube, the tubes were vigorously 

mixed and the phases separated by centrifugation (1000g for 5min at 4°C). The upper, 

organic, phase was transferred to a scintillation vial. The petroleum ether extraction was 

repeated twice more on the aqueous phase. A 300μL aliquot of the final aqueous phase was 

transferred to a scintillation vial for determination of aqueous radiolabel. The contents of the 

scintillation vials were dried under N2 prior to addition of scintillation cocktail. The samples 

were incubated overnight and the radioactivity was quantified by liquid scintillation 

counting. [14C]-cholesterol in the feces was compared to the dose given as an indirect 

measurement of cholesterol absorption. The dosing mixture contained a dosing control of 

[3H]-sitostanol, a derivative of cholesterol that is not absorbed. Cholesterol absorption was 

calculated using the following equation:

Gene expression studies

The details of the RT-qPCR studies were provided to reviewers according to the MIQE 

guidelines32 (Supplementary Table 5). Total RNA was extracted from ~50mg of frozen 

jejunum or liver using TRIzol according to the manufacturer’s instructions. RNA was 

quantified using RiboGreen by Life Technologies and all samples were diluted to 0.2mg/mL 

in Tris-EDTA buffer prepared in DEPC-treated water. The reverse transcription reaction was 

completed using 1.0μg of RNA and a combination of OligodT20 and random hexamers in 

the SuperScript III First-Strand SuperMix from Life Technologies. The cDNA products were 

characterized using the OliGreen Assay by Life Technologies and all samples diluted to 2ng/

μL. The real-time PCR reactions (3min at 95°C followed by 40 cycles of 95°C for 15sec and 

60°C for 1min) were performed on an Applied Biosystems 7900HT real-time thermocycler 

in standard mode. TaqMan gene expression assays from Life Technologies (Supplementary 

Table 4) were used with iTaq SuperMix by Bio-Rad (Hercules, CA) with 10ng of cDNA as 

the template. The semi-quantitative gene expression was calculated using the ΔΔCt method 

using Actb as the reference gene. There were no changes to Actb Ct values between any 

treatment groups. LXR activity was determined by measuring the expression of Abcg5, 

Abcg8 and Abca1 in the jejunum. In the liver, murine Abca1 is not a target of LXR33; 

therefore, Cyp7a1 was used instead34. SREBP-2 activity was determined by measuring the 

expression of Ldlr, Hmgcr, and Npc1l1. Hepatic farnesoid X receptor (FXR) activity was 

probed by measuring the expression of Abcb4, Abcb11, Shp, Abcc2, and Slc27a.
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Data analysis

All data sets were analyzed for statistical significance by parametric methods using 

SigmaStat (version 3.5). An alpha value of 0.05 was selected a priori as the threshold at 

which the null hypothesis can be rejected for all tests. If the data set did not meet the 

assumptions required of parametric methods they were Ln-transformed. The data determined 

the selection of statistical method used. When comparisons were made between two groups, 

unpaired two-tailed t-tests were used. If there were several groups to compare, a one-way 

ANOVA was selected. If the data were influenced by two independent factors, for example 

diet and genotype, then a two-way ANOVA was run. If the ANOVA revealed that the 

difference in means of the main groups was greater than could be expected by chance (p-

value < 0.05), then Tukey post hoc tests were used to determine which groups were 

statistically different from the others.

RESULTS

Effect of diet on Pgp gene expression

Wild type mice fed diets enriched in fat and cholesterol had increased expression of Abcb1a, 

the isoform of the gene encoding Pgp expressed by intestinal cells and hepatocytes, relative 

to mice fed the standard NFNC diet. Dietary cholesterol but not fat increased Abcb1a 
mRNA in the jejunum of wild type mice (Figure 1A). Addition of cholesterol alone to the 

diet induced the expression of Abcb1a by 3.2-fold over the NFNC diet. Abcb1a was further 

induced when the mice were fed the HFHC diet (p<0.001 vs. NFNC by one-way ANOVA). 

Liver Abcb1a expression was induced by both dietary fat and cholesterol (Figure 1B). 

Dietary fat alone induced hepatic Abcb1a expression by 3.2-fold over the NFNC diet and 

Abcb1a was further increased by dietary cholesterol (p<0.001 vs. NFNC by one-way 

ANOVA).

Cholesterol phenotype

Previous studies predicted that the role of Pgp in cholesterol absorption would only be 

observed by feeding the mice diets enriched in fat and/or cholesterol21. In our study 

fractional cholesterol absorption was not affected by deletion of Pgp regardless of the diet 

the mice were fed (Figure 2: p>0.05 by two-way ANOVA). Fractional cholesterol absorption 

was decreased in all mice fed the high cholesterol diets (NFHC and HFHC) relative to the 

NFNC diet (Figure 2: p<0.001 by two-way ANOVA). Similarly, diet but not deletion of Pgp 

affected serum cholesterol concentrations (Table 1). Qualitative FPLC analysis of 

lipoprotein cholesterol revealed that Pgp knockout mice challenged with either high fat or 

high cholesterol had slightly increased cholesterol in VLDL compared to the WT mice. In 

the knockout mice, this change was accompanied by decreased HDL cholesterol (Figure 3). 

Prior studies with Pgp knockout mice showed that the deletion of Pgp affected cholesterol 

accumulation in the liver when mice were fed a standard chow diet21. This observation was 

confirmed in our study: both diet and genotype affected cholesterol accumulation in the liver 

(p<0.001 for diet, p=0.009 for genotype – Supplementary Table 1). The two-way ANOVA 

revealed a statistically significant interaction between diet and genotype. The interaction 

indicates that the effect of diet on cholesterol accumulation depends on genotype and vice 

versa and, consequently, the contributions of each factor cannot be distinguished. 
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Conversely, Pgp deletion had no effect on liver phospholipid or triacylglycerol content 

(Supplementary Table 2).

Effect of diet on cholesterol regulatory networks

Cellular cholesterol homeostasis is maintained primarily through the SREBP-2 and LXR 

transcription factors in the liver and in the jejunum. To test the activation of these pathways 

we measured the expression of genes regulated by each transcription factor in the jejunum 

and in the liver. Dietary cholesterol induced LXR activation in the jejunum of both wild type 

and Pgp knockout mice (NFHC and HFHC diets) as measured by expression of Abcg5, 

Abcg8 and Abca1 (Table 2); p<0.05 vs. NFNC by one way ANOVA). Conversely, neither 

increased dietary fat nor cholesterol had a consistent effect on the expression of SREBP-2 

target genes, Ldlr, Hmgcr, and Npc1l1 (Table 3). Similarly, the expression of LXR-target 

genes Abcg5 Abcg8, and Cyp7a1 was induced in the liver by dietary cholesterol for both 

wild type and knockout mice (Table 4); p<0.05 vs. NFNC by one-way ANOVA). The 

relationship between dietary conditions and the expression genes regulated by the bile acid 

nuclear receptor, FXR, was not consistent. Future investigations into the role of Pgp in bile 

acid homeostasis should include thorough assessment of FXR-related transcriptional activity 

in the liver and ileum.

Effect of Pgp deletion on cholesterol regulatory networks

After determining the effect of diet on SREBP-2 and LXR activation we examined the effect 

that Pgp deletion had on each pathway. The expression of SREBP-2 target genes was 

reduced in the jejunum of Pgp knockout mice administered the NFNC diet relative to the 

wild type mice (Figure 4A; p<0.05 vs. WT by t-test). This was not accompanied by changes 

to the expression of LXR target genes (Figure 4B) nor was total accumulation of cholesterol 

was affected by Pgp deletion (Supplementary Table 3). Hepatic expression of the LXR-

target genes Abcg5 and Cyp7a1 was increased in Pgp knockout mice fed the NFNC diet 

relative to wild type littermates but there were no changes to SREBP-2 target genes Hmgcr, 
Ldlr, or Scarb1 (Figure 5; p<0.05 vs. WT by t-test). There were no consistent changes to 

LXR, SREBP-2, or FXR target genes attributable to deletion of Abcb1a/Abcb1b in the other 

dietary groups (Tables 2–5).

Effect of Pgp deletion on gallbladder bile composition

Our group has published a preliminary study in which we found increased cholesterol in the 

feces of Pgp knockout mice22. In the current study we determined that the fractional 

cholesterol absorption was unaffected by Pgp deletion; consequently, we evaluated the 

gallbladder bile composition to determine if there were perturbations to biliary cholesterol in 

the knockout mice. The mole fraction of gallbladder cholesterol, phospholipid, and bile salts 

was calculated for each mouse and the mean values presented in Figure 6. Consistent with 

previous studies, the gallbladder bile in this study was unaffected by Pgp deletion when the 

mice were fed a normal-fat, normal-cholesterol diet 23,35,36. Pgp deletion affected 

gallbladder bile composition when mice were fed diets containing elevated fat (45%kcal vs. 

25%kcal) or elevated cholesterol (0.20% vs. 0.02% w/w). Knockout mice had decreased 

molar ratio of bile acids, while the molar ratio of cholesterol and phospholipids increased 

relative to diet-matched wild type mice (n=5 mice per group except KO-HFNC where n=4 
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due to the inability to collect a complete data set from one mouse). Neither gallbladder size 

nor phospholipid content in the gallbladder was unaffected by Pgp deletion (Supplementary 

Figures 1 and 3) indicating that the changes in gallbladder mole fractions are due to a 

reduction in bile salt in the knockout mice. The knockout mice have unchanged mole 

fraction of each type of bile acid measured in the gallbladder (Tauromuricholate, 

Tauroursodeoxycholate, Glycoursodeoxycholate, Taurocholate, Taurochenodeoxycholate, 

and Taurodeoxycholate) indicating that the defect in transport is not limited to a particular 

class of bile salt (Supplementary Figure 2).

DISCUSSION

In this study we tested whether or not P-glycoprotein contributes to cholesterol homeostasis 

in vivo. We hypothesized that by challenging the mice with increased dietary fat and 

cholesterol, dietary conditions lacking from earlier studies, we would stress the ability of the 

mice to maintain homeostasis and clearly demonstrate differences between the wild type and 

Pgp knockout mice. Both dietary fat and cholesterol induced Pgp expression (Figure 1) 

suggesting that Pgp may have a physiological purpose under these dietary conditions. We 

found that mice lacking Pgp were able to maintain cholesterol homeostasis when fed any of 

the test diets but were unable to maintain gallbladder bile composition relative to the wild 

type mice when fed high fat and/or cholesterol. An examination of the activation state of the 

SREBP-2 and LXR transcription factors revealed alterations to cholesterol regulatory 

pathways in the knockout mice that may have contributed to the maintenance of cholesterol 

homeostasis.

Cell culture studies clearly showed that inhibition of Pgp disrupted intracellular cholesterol 

trafficking14–18 but the in vivo contributions of Pgp to cholesterol homeostasis have not been 

described. Our hypothesis was that Abcb1a/1b deletion would affect the cholesterol 

phenotype of mice challenged with cholesterol-rich diets but our results do not support the 

hypothesis. Pgp knockout mice and wild type mice maintained similar fractional cholesterol 

absorption, circulating cholesterol levels, and lipoprotein profiles on each diet (Figure 2, 

Figure 3, and Table 1). With knockout mice, it is important to examine the regulatory 

pathways that maintain the phenotype under investigation as compensatory shifts can 

maintain homeostasis and obscure the role of the protein. We chose to examine the jejunum 

and the liver as these are the sites of cholesterol absorption37 and elimination2, respectively. 

To test whether we were able to detect changes in cholesterol homeostasis, we probed the 

impact of dietary cholesterol on two regulatory pathways: LXR and SREBP-2. The data in 

Table 2 and Table 4 clearly show that LXR was activated in response to the consumption of 

high cholesterol diets, as measured by the increased expression of LXR target genes. As 

expected, elevated dietary fat and cholesterol did not affect the expression of SREBP-2 

target genes in the jejunum (Table 3). Prior studies demonstrated that SREBP-2 is activated 

by low levels of cholesterol 38–40. The responses of LXR and SREBP-2 in to dietary 

stimulus in our study are consistent with previous reports confirming that we were 

successfully detecting shifts in cholesterol homeostasis.

When comparing the wild type and knockout mice fed the NFNC diet we determined that 

SREBP-2 activity was reduced in the jejunum of Pgp knockout mice (Figure 4) while LXR 
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activity was increased in the liver (Figure 5) relative to wild type mice. Small increases to 

intracellular cholesterol deactivate SREBP-239,41 while LXR is activated by increased 

oxysterols, oxidized metabolites of cholesterol42,43. The combined deactivation of SREBP-2 

and activation of LXR is consistent with increased intracellular cholesterol and its 

metabolites in the Pgp knockout mice. This indirect evidence supports the idea that the Pgp 

knockout mice had a reduced capacity to efflux cholesterol in the jejunum and liver. These 

shifts in the activation of LXR and SREBP-2 were not observed in knockout mice fed the 

diets enriched with fat and/or cholesterol. We speculate that the activation of LXR linked 

with a ten-fold increase in dietary may have obscured any effects that Pgp deletion may have 

had. The stimulus of a ten-fold increase in dietary cholesterol was expected to deactivate 

SREBP-2 regardless of any knockout effect.

Our finding that Pgp knockout mice do not maintain gallbladder bile composition (Figure 6) 

compliments the recent report by Ling et al. who used triple knockout mice to demonstrate 

that Pgp acts as a compensatory bile salt efflux transporter in the absence of the Bile Salt 

Export Pump (BSEP)36,44. Our gallbladder bile data suggest that Pgp may also be required 

for bile salt homeostasis under physiologically relevant dietary conditions, even in the 

presence of BSEP. Several groups have investigated the bile salt export capacity of Pgp 

knockout mice and all have found that the mice are phenotypically similar to wild type 

mice23 with slight increases36 or decreases35 to bile salt efflux relative to total lipid efflux, 

similar to our observations for the NFNC diet (Figure 6). In each of these studies the authors 

examined the bile salt efflux of mice after administration of a normal chow diet or a 

cholestatic diet containing 0.5% (w/w) cholic acid; our study is the first to measure bile 

composition in Pgp knockout mice fed high-fat, high-cholesterol diets. BSEP knockout mice 

have an accumulation of hydrophobic bile acids, indicating that BSEP preferentially 

recognizes certain bile salts45. When we examined the bile salt composition we found no 

differences in the molar ratio of the six most prevalent bile salts between knockout and wild 

type mice, indicating that Pgp recognized all bile salt species non-specifically 

(Supplementary Figure 2)

There are several limitations to this set of studies. Mice are commonly used as a first in vivo 

model to evaluate the physiological relevance of in vitro data; however, they are poor models 

for human cholesterol metabolism46. Their lipoprotein pool is predominantly HDL, while 

humans have higher levels of LDL. Mice lack cholesteryl ester transfer protein47, they 

require genetic manipulation in order to develop human-like atherosclerosis48,49, and 

produce a different bile acid pool than humans45. Despite these limitations, a diverse set of 

genetic tools exist for working with mice which make them a good first in vivo model, even 

for atherosclerosis studies50. In this manuscript we provided preliminary evidence 

suggesting that murine Pgp may be required for to maintain gallbladder bile homeostasis in 

mice that consumed elevated dietary fat and/or cholesterol. These data support conducting 

future studies designed to elucidate the role of Pgp in bile salt efflux. These studies should 

test the impact of dietary lipids on bile salt pool size and directly measure bile salt efflux 

rates in Pgp knockout mice by bile duct cannulation. By determining the expression of 

SREBP-2 target genes, we only have an indirect measurement of the activity of the 

transcription factor. We attempted to confirm our findings by measuring the activation of 

SREBP-2 directly by examining cleavage to its active form39–41 but there was insufficient 
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jejunum remaining after the lipid extractions and RT-qPCR analyses to conduct the 

experiment as described51. Similarly, we postulate that the increased LXR activity was 

linked to increased cholesterol metabolites but we were not able to quantify hepatic 

oxysterol content.

The pattern of perturbations to SREBP-2 and LXR provide indirect evidence that a 

cholesterol efflux mechanism is lacking from the Pgp knockout mice. Future mechanistic ex 
vivo studies are warranted to test the cholesterol efflux capacity of Pgp.

CONCLUSIONS

We conducted this study in order to test the hypothesis that deletion of P-glycoprotein would 

affect the ability of mice to maintain cholesterol homeostasis after chronic consumption of a 

range of high-fat, high-cholesterol diets. Contrary to our hypothesis, the Pgp knockout mice 

maintained similar cholesterol phenotypes to wild type mice fed the matching diet. We 

identified compensatory perturbations to the LXR and SREBP-2 cholesterol regulatory 

pathways in the knockout mice that may explain the unchanged cholesterol phenotype in the 

knockout mice. When examining gallbladder bile composition we determined that deletion 

of Pgp affected the ability of the mice to maintain bile homeostasis after eating high-fat and 

high-cholesterol diets. This novel discovery compliments a recent publication by Victor Ling 

et al. who reported the capacity of Pgp to act as a secondary bile salt export pump in the 

absence of BSEP36. These data support further investigation of the contribution of Pgp to 

bile salt efflux after chronic consumption of physiologically relevant high-fat, high-

cholesterol diets.
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LXR Liver X Receptor

SREBP-2 Sterol Response Element Binding Protein 2

WT wild type FVB mice

Lee et al. Page 10

Mol Pharm. Author manuscript; available in PMC 2016 November 10.

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript

C
IH

R
 A

uthor M
anuscript



KO Pgp knockout mice

NFNC normal fat and normal cholesterol diet

HFNC high fat and normal cholesterol diet

NFHC normal fat and high cholesterol diet

HFHC high fat and high cholesterol diet

FPLC fast protein liquid chromatography

FXR Farnesoid X Receptor

BSEP bile salt export pump; gene names were obtained from the HUGO Human 

Gene Name Nomenclature Committee52 or the mouse genome database53, as 
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Figure 1. 
Effect of diet on Pgp gene expression in wild type mice. The expression of Abcb1a, the 

isoform of Pgp expressed in liver and intestinal cells, was measured in (A) jejunum samples 

and (B) liver samples isolated from mice on each of the four diets by RT-qPCR. NFNC diet 

(25% kcal fat + 0.02% w/w cholesterol), HFNC diet (45% kcal fat + 0.02% w/w 

cholesterol), NFHC diet (25%kcal fat + 0.20% w/w cholesterol), HFHC diet (45% kcal fat 

+ 0.20% w/w cholesterol). The mean relative expression is shown ± SD, n=9–10. *p<0.05 

vs. NFNC by one-way ANOVA and Tukey post-hoc tests
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Figure 2. 
Effects of diet and deletion of Pgp on the fractional absorption of cholesterol. The results of 

the fecal dual isotope cholesterol assay are displayed for the wild type FVB mice (WT: 

hollow bars) and Pgp knockout mice (Abcb1a−/−/1b−/− KO: grey bars) after eight weeks on 

the test diets. Mice were administered a single dose of cholesterol mixed with β-sitostanol 

(non-absorbed control) and feces were collected for 96h. The ezetimibe group was given a 

single 10mg/kg dose 60min prior to the administration of cholesterol as a positive control for 

reduced cholesterol absorption. NFNC diet (25% kcal fat + 0.02% w/w cholesterol), HFNC 

diet (45% kcal fat + 0.02% w/w cholesterol), NFHC diet (25%kcal fat + 0.20% w/w 

cholesterol), HFHC diet (45% kcal fat + 0.20% w/w cholesterol). The mean cholesterol 

absorption values are shown ± SD, n=8–10. There are no statistically significant differences 

between WT and KO mice within any dietary group. Dietary groups designated by different 

letters have statistically significant differences. p<0.05 by two-way ANOVA with Tukey 

post-hoc tests.
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Figure 3. 
Effect of P-glycoprotein deletion on lipoprotein cholesterol. Equal volumes of pooled serum 

were separated by fast protein liquid chromatography. Each panel contains the total 

cholesterol concentration in the fractions obtained from wild-type FVB mice (WT: hollow 

markers) or Pgp knockout mice (KO: grey markers) administered the following test diets: 

(A) NFNC (25% kcal fat + 0.02% w/w cholesterol), (B) HFNC (45% kcal fat + 0.02% w/w 

cholesterol), (C) NFHC (25%kcal fat + 0.20% w/w cholesterol), (D) HFHC (45% kcal fat 

+ 0.20% w/w cholesterol). Pools consisted of equal volume aliquots from 6–10 mice. The 

cholesterol was distributed into VLDL, LDL/sub fraction 1 of HDL (HDL1), and HDL.
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Figure 4. 
Effect of Pgp deletion on SREBP-2 and LXR activation in the jejunum. (A) Relative to wild 

type mice, Pgp knockout mice have reduced expression of genes under the transcriptional 

control of SREBP-2 after administration of the NFNC diet. (B) Wild type and Pgp knockout 

mice do not show alterations to the expression of genes under transcriptional control of 

LXR. Mean values shown ± SD, n=9–10. *p<0.05 vs. WT by unpaired t-test
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Figure 5. 
Effect of Pgp deletion on SREBP-2 and LXR activation in the liver. (A) Pgp knockout mice 

have increased expression of LXR target genes after chronic administration of the NFNC 

diet; similar results were seen with the HFHC diet. (B) Wild type and Pgp knockout mice 

have unchanged hepatic expression of SREBP-2 target genes. Mean values shown ± SD, 

n=9–10. *p<0.05 vs. WT by unpaired t-test
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Figure 6. 
Effects of diet and Pgp deletion on the molar composition of gallbladder bile. The mean 

molar percentage of cholesterol, phospholipid, and bile salts in gallbladder bile is shown ± 

SD for each of the four diets tested. NFNC: 25%kcal fat and 0.02% (w/w) cholesterol. 

HFNC: 45%kcal fat and 0.02% (w/w) cholesterol. NFHC: 25%kcal fat and 0.20% (w/w) 

cholesterol. HFHC: 45%kcal fat and 0.20% (w/w) cholesterol for wild type mice (WT) and 

Pgp knockout mice (KO). * p<0.05 vs. WT on the same diet by two-way ANOVA with 

Tukey post-hoc tests; #p<0.05 vs. NFNC by two-way ANOVA with Tukey post hoc tests, 

n=5 for all groups except KO-HFNC where n=4.
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