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SUMMARY

ABCB5 is a member of the ATP-binding cassette transporter superfamily that is expressed as a full trans-

porter (ABCB5FL) and half transporter (ABCB5β). The ABCB5FL transporter mediates low-level multidrug 
resistance in cancer and is normally expressed in the prostate and testis, while ABCB5β has been found to 
be a marker of melanoma and limbal stem cells and is expressed in pigmented cells. To explore ABCB5’s 
role in normal physiology, we generated Abcb5-deficient C57BL/6J mice by the deletion of Abcb5 exon 2, 
knocking out both forms of ABCB5, which were completely phenotyped. The mice were fertile and demon-

strated altered bioenergetics and fat metabolism, along with alterations in their blood composition, 
including anisocytosis and decreased white blood cells and platelet counts. This study uncovers further 
avenues of investigation into the role of Abcb5 in intermediary metabolism, particularly in relation to 
atherogenesis.

INTRODUCTION

ABCB5 is a member of the 48 ATP-binding cassette (ABC) 

transporter superfamily encoded by the human genome. 1 In 

humans, 11 different ABCB5 transcript variants have been 

identified, including ABCB5.b 2 and ABCB5.a, 3 both of which 

give rise to transporters. ABCB5.b, which is also referred to 

as ABCB5β, is a half transporter that must either homo- or 

heterodimerize to be functional; it is found to be predomi-

nantly expressed in melanocytes. 2,4 ABCB5.a, which is also 

referred to as ABCB5FL (full length), is a typical ABC trans-

porter comprising two transmembrane domains and two 

nucleotide-binding domains; it has been shown to confer 

multidrug resistance in cancer 3,5 and has been documented 

solely in the prostate and testis. 3

Phylogenetic and evolutionary analyses have shown that 

ABCB5 evolved as a full transporter for most of its evolutionary 

history and is most closely related to the other full transporters 

of its family: ABCB1, ABCB4, and ABCB11. 6 ABCB5 has been re-

ported as a marker of skin progenitor cells, 2 melanoma-initiating 

cells, 7,8 and, more recently, as a marker of limbal stem cells. 9 

Furthermore, ABCB5 mutations are commonly found in mela-

noma. In a recent study, we showed that ABCB5 was mutated 

in approximately 14% of the 640 melanoma samples analyzed. 

Biochemical ATPase activity assays have demonstrated that mu-

tations lead to either a decrease or loss of function of the protein, 

which, in turn, accelerates the development of melanoma. 10 We 

speculate that once this transporter is no longer functional, phys-

iological changes occur that affect cell metabolism and/or muta-

genesis related to toxic reactive oxygen species. 11
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In the current study, we explore the normal physiological func-

tion of Abcb5. To do this, the Abcb5 knockout mouse line was 

generated by the deletion of Abcb5 exon 2. Mutant mice were 

derived from hybrid 129/Sv-C57BL/6J embryonic stem cells in-

jected into C57BL/6J blastocysts and were backcrossed for at 

least six generations onto the C57BL/6J background before 

use. Mice deficient in Abcb5 expression were fertile and 

harbored a subtle, pleiotropic phenotype, indicating a role for 

this transporter in intermediary metabolism.

RESULTS

Generation of Abcb5-knockout mice

The mouse ortholog of ABCB5FL (Chromosome 7, NC_ 

000007.14, NM_001163941.2), Abcb5 (Chromosome 12, NC_ 

000078.7, NM_029961.2), encodes a 1255 amino acid protein 

with all the structural features of a typical ABC transporter, which 

has two transmembrane domains and two nucleotide binding do-

mains (NBDs). All the expected NBD motifs, including Walker A, 

Walker B, the C loop, and the Q loop, are present in the NBDs, 

and they are completely canonical in their sequences (Figure S1).

To explore the physiological function of this transporter, exon

2 of the Abcb5 gene was targeted in mouse embryonic stem (ES) 

cells by a standard replacement-type targeting vector con-

structed by microhomologous recombination in bacteria, 12 

here using an 8.2 Kb C57BL/6J mouse genomic fragment 

retrieved by the Bacterial Artificial Chromosome (BAC) RP23-

161L22 (Figure 1A). 13 Electroporation and selection were per-

formed using the v6.4 ES cell line, as described by Southon 

and Tessarollo. 14 DNAs derived from G418/FIAU resistant ES 

clones were screened by diagnostic HindIII restriction enzyme 

digestions using, respectively, a 5 ′ and 3 ′ probe external to the 

targeting vector sequence (Figure 1B). Recombinant clones con-

taining the predicted rearranged band were obtained at a fre-

quency of 4/10. Two independently targeted ES cell clones in-

jected into C57BL/6J blastocysts generated chimeras that 

transmitted the mutated allele to the progeny. 15 Following the 

germline transmission of the targeted ES cell clones, the diag-

nostic HindIII digest was used for screening because it enabled 

us to distinguish between the wild-type (WT) and all targeted al-

leles, including those generated after Cre or Flpe recombination. 

The presence of the distal LoxP site in the genome was

Figure 1. Conditional deletion of Abcb5 in mice

(A) Schematic representation of the strategy used to target the Abcb5 gene. LoxP sites (red triangles) were inserted upstream and downstream of exon 2 (E2). The 

neomycin resistance cassette (NEO) is flanked by Frt sites (yellow ovals).

(B) After the initial screening of the positive ES cell clones, a 5 ′ external probe (red rectangle) was used to identify the targeted alleles by detecting a shift from the 

endogenous HindIII wild-type (WT) band of 13 kb to the rearranged 8.7 Kb band resulting from the insertion of the neo cassette by homologous recombination. 

The correct targeting was confirmed by using a 3 ′ external probe following digestion with the HindIII restriction enzyme, which detects a shift from the 13 Kb 

endogenous WT band to the rearranged 6.6 Kb mutant band. HSV-TK, thymidine kinase cassette for the negative selection; pBS, backbone pbluescript vector.

(C) The presence of the distal loxP site in the genome was tested by PCR. Amplification of the WT or mutant Abcb5 alleles resulted in bands of either 239 bp (WT) 

or 330 bp (recombined allele).

(D) Mice were routinely genotyped by isolating genomic DNA from an ear punch using 100 ng of genomic DNA as the template. Amplification of the WT or mutant 

Abcb5 alleles resulted in bands of either 512 bp (Abcb5 +/+ ) or 112 bp (Abcb5 − /− ).
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confirmed before crossing with the β-actin-cre mice, which ex-

press a transgene expressing Cre recombinase directed by the 

human β-actin gene promoter (Figure 1C). The mice were then 

genotyped using PCR (Figure 1D). Mutant mice were back-

crossed for at least six generations onto the C57BL/6J back-

ground before use.

Abcb5-deficient mice harbor altered bioenergetics and 

fat metabolism

The German Mouse Clinic (GMC) screen comprises extensive 

phenotyping based on standardized methods (Tables S1 and 

S2). 16–18 Two cohorts, each with 10 male and 10 female WT 

and homozygous mutant adult mice and all born within one 

week, were subjected to the GMC phenotyping program be-

tween the ages of 8 and 17 weeks (Tables S1 and S3). The result 

overview is presented in Table S4.

During the 21-h indirect calorimetry trial, no major mutation ef-

fect was detected on energy metabolism parameters. Mean and 

minimum oxygen consumption were only slightly increased in fe-

male mutants when adjusted for body mass. Interestingly, stron-

ger differences were observed regarding maximum oxygen con-

sumption, which was increased in the female mutants (Table S5). 

Body mass did not significantly differ between the control and 

mutant mice. Time domain nuclear magnetic resonance scans 

for body composition analysis also did not reveal any significant 

main effects of genotype on body fat content and lean mass. 

However, a significant sex-genotype interaction was found in fe-

males both for body fat content (p < 0.004) and lean mass 

(p < 0.003). Females showed slightly decreased fat content 

and increased lean mass, whereas in males, no difference be-

tween genotypes was observed (Table 1).

Clinical chemistry analysis revealed that the Abcb5-deficient 

mice had lower lactate levels compared with their WT counter-

parts (p < 0.01) (Table 2; Figure 2A). Interestingly, after overnight 

food withdrawal, we observed higher cholesterol levels in mutant 

mice (p = 0.046) (Figure 2B), especially high-density lipoprotein 

(HDL) cholesterol (p = 0.028) (Table 3; Figure 2C). On the other

hand, non-HDL cholesterol levels, including low-density lipopro-

tein (LDL) and very low-density lipoprotein (VLDL) cholesterol, 

were slightly increased, but not statistically significant 

(p = 0.217) (Table 3). In samples from ad libitum-fed mice, we 

did observe a statistically significant decrease in plasma triglyc-

eride values in the mutant mice (p = 0.016) (Table 4; Figure 2D).

Abcb5-deficient mice show an increased anisocytosis 

and a higher frequency of B and NK-T cells

Blood sample analysis of Abcb5-mutant mice showed an 

increased anisocytosis, as indicated by elevated red blood cell 

distribution width (RDW) values (p = 0.012), as well as decreased 

white blood cell (p = 0.004) and platelet counts (p = 0.001) in the 

mutant mice (Table S6). FACS analysis uncovered a higher fre-

quency of B cells (p = 0.036), together with a lower frequency 

of CD5 coexpressing cells within the B cell cluster (B1-cells, 

p = 0.011). Moreover, analysis revealed a slightly higher fre-

quency of NK-T cells (NK + CD5 + ) in peripheral blood from the mu-

tants (p = 0.044) (Table S7). The immunoglobulin screening un-

covered higher levels of IgA (p = 0.006) and IgM (p = 0.012) in 

the blood plasma of mutant mice compared with the controls 

(Table S8).

Male Abcb5-deficient mice present a decrease in liver 

weight and an increase in heart weight

Interestingly, the macroscopical analysis of visceral organs re-

vealed a decrease in liver weight when using body weight as a 

covariate (Figure 3A), as well as a male-specific increase in 

absolute heart weight (Figure 3B). However, no alterations in 

visceral organs were detected in histological analysis. Represen-

tative images of mice’s heart and liver are shown in Figures 3C 

and 3D. Notably, the basal cardiovascular functions were inves-

tigated by awake echocardiography, which revealed a thick-

ening of the posterior wall in diastole in mutant mice. This obser-

vation was found to be statistically significant in mutant males 

(p = 0.011) (Table S9). No substantial changes in the interventric-

ular septum in systole (IVSs), interventricular septum in diastole

Table 1. Body composition analysis in female and male Abcb5 WT and Abcb5 KO mice

Female Male Linear model

WT KO WT KO Genotype Sex Body mass Sex:Genotype

N = 10 N = 10 N = 10 N = 10

Mean ± sd Mean ± sd Mean ± sd Mean ± sd p-value p-value p-value p-value

Body mass 21.3 ± 2.1 21.6 ± 1.6 29.9 ± 2.9 28.8 ± 2.4 0.511 <0.001 NA 0.334

Fat mass 5.4 ± 1 4.9 ± 0.7 6.8 ± 0.7 6.9 ± 0.8 0.807 0.061 <0.001 0.004

Lean mass 12.7 ± 1.2 13.4 ± 0.8 19.1 ± 1.9 18 ± 1.5 0.432 0.005 <0.001 0.003

Means, standard deviation, and p-values of a linear model.

Table 2. Lactate levels [mmol/L] in female and male Abcb5 WT and Abcb5 KO mice

Female Male Linear model

WT KO WT KO Genotype Sex Sex:Genotype

N = 10 N = 10 N = 10 N = 10

Mean ± sd p-value

Lactate [mmol/L] 11.97 ± 1.4 11.07 ± 0.82 12.12 ± 1.05 11 ± 1.52 0.01 0.91 0.77
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(IVSd), left ventricular posterior wall in systole (LVPWs), left ven-

tricular internal dimension in systole (LVIDs), and left ventricular 

internal dimension in diastole (LVIDd) were observed between 

wild type and mutant mice in echocardiography (Table S9). 

Since Abcb5-deficient mice present a decreased triglyceride 

level and because the heart and liver are the key altered organs 

in these mice, the heart and liver lipid content of WT mice and 

Abcb5-deficient mice were analyzed. Lipid droplets were 

stained using Oil Red O dye. Abcb5-deficient mice showed a 

reduced number of lipid droplets in the heart (p = 0.011), a 

female-specific decrease in droplet number in the liver 

(p = 0.021), and a female-specific decrease in droplet size in 

the liver (p = 0.019) (Figure 4).

Gene expression profiling was performed on the hearts and 

livers taken from four male mutant mice and four WT mice at the 

age of 18 weeks. Three out of four mutant livers showed a strong 

correlation in gene expression. Statistical analysis carried out on 

these three mutant samples identified 122 significantly differen-

tially regulated genes between mutant and control livers (Data 

S1). The estimated number of falsely significant genes was calcu-

lated for 1,000 permutations, yielding a false discovery rate (FDR) 

of 1.7%. Differentially regulated genes in the liver are associated 

with lipid metabolism (Stard4, Thrsp, Insig1, Insig2, Apom, Arntl, 

Atg3), circadian clock (Ccrn4l, Dbp, Tef, Fgf21, Nfil, Per2), and he-

patic disease (Cops, Id1, Wnt2, Usp2) (Table S10). A similar anal-

ysis of four mutant hearts identified 149 differentially expressed

A B

C D

Figure 2. The Abcb5-mutant mice have 

lower lactate levels, indicating a shift in

cellular energy metabolism

(A) Lactate levels [mmol/L] in female (f) and male 

(m) Abcb5 +/+ (control, con) and Abcb5 − /− (mutant, 

mut) mice. Reduced lactate levels were detected 

in the ABCB5 − /− mice (p < 0.01), Table 2.

(B) Fasting cholesterol boxplot with stripchart, 

split by sex and genotype (p = 0.046), Table 3.

(C) Fasting HDL cholesterol boxplot with strip-

chart, split by sex and genotype (p = 0.028), 

Table 3.

(D) Triglyceride boxplot with stripchart, split by sex 

and genotype (p = 0.016), Table 4. Two cohorts, 

each consisting of 10 male and 10 female WT and 

homozygous mutant adult mice, all born within 

one week, were subjected to clinical chemistry 

analyses at 13 and 14 weeks of age. Means, 

standard deviations, and p-values for genotype, 

sex, and genotype–sex interaction effects were 

calculated using a linear model. *p < 0.05,

**p < 0.01, ***p < 0.001.

genes with an FDR of 0.6% (Data S2). 

These genes were associated, for 

instance, with cell death (Ahsp, Ang, 

Cdkn1a, Thra, Timp1), heart disease 

(Bnip3l, Ca2, Col3a1, Csf3r, Fos, Gpx1, 

Il1b, Lep, Prkag2, Rorc, Thra, Timp1, 

Uts2), atherosclerosis (Cdkn1a, Fos, Il1b, 

Lep, Lgals3, S100a8, S100a9, Timp1), 

glucose metabolism (Ca2, Ccdc68, 

Cdkn1a, Dbh, E2f2, Fah, Gpx1, Hbb, 

Il1b, Lep), and immune response (IL1B, ISG20, LEP, LGALS3, 

LGALS4, MPP1, S100A8, S100A9) (Table S11).

Abcb5-deficient mice show altered ketone body levels 

Since the subtle phenotype observed in Abcb5-deficient mice 

suggests a role for this transporter in metabolism, ketone 

bodies were quantified in the plasma, heart, and liver of 

Abcb5-deficient mice compared to WT mice. Ketone bodies 

(acetoacetate, acetate, β-hydroxybutyrate) are produced in 

the liver in response to decreased glucose availability to sup-

ply energy to various organs, including the heart. 19 Variations 

in acetoacetate levels were observed in the liver (p = 0.028) 

(Table 5; Figure 5). A female-specific decrease and a male-

specific increase in β-hydroxybutyrate levels were observed 

in the heart (p = 0.048) and liver (p = 0.020). A similar obser-

vation was made for acetate levels in the liver (p = 0.028) 

(Table 5; Figure 5).

ERα activates ABCB5β transcription

There was a marked sex difference in the various parameters 

observed. We therefore hypothesized that hormones regulate 

Abcb5 expression. Hormone response elements (HREs) exist in 

the Abcb5 promoter region, in particular the estrogen-response 

element (ERE). Therefore, the effect of human estrogen receptor 

alpha (hERα) on the expression of ABCB5, the human homolog 

of Abcb5, was investigated in a luciferase reporter assay. hERα,
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in the presence of its ligand, estrogen, can bind to the ERE in the 

promoter region of its target gene to regulate its transcription. 

MelJuSo, a melanoma cell line known to constitutively express 

ABCB5, 20 was transfected with pSG5-hERα and either 3xERE:: 

luc-TATA, ABCB5β_3xERE::luc-TATA, or ABCB5β_0xERE::luc-

TATA. 3xERE::luc-TATA is the luciferase reporter plasmid contain-

ing the gene encoding luciferase under the control of three estro-

gen-response elements from the vitellogenin A2 gene promoter. 

ABCB5β_3xERE::luc-TATA is the luciferase reporter plasmid con-

taining the gene encoding luciferase under the control of three es-

trogen-response elements from ABCB5β. ABCB5β_0xERE::luc-

TATA is the negative control lacking estrogen-response elements. 

When incubated with 5 mM of estrogen 24 h post-transfection, 

hERα activates ABCB5β_3xERE::luc-TATA transcription while 

ABCB5β_0xERE::luc-TATA luminescence is similar to that of 

wild-type cells (Figure 6). As expected, in the absence of estrogen, 

hERα is unable to activate luciferase transcription (Figure 6).

Since hormones regulate Abcb5 expression, plasma steroid 

hormone levels were determined by LC-MS/MS in both 

wild-type mice and Abcb5-deficient mice. Corticosterone, 

androstenedione, and testosterone concentrations were 

similar between wild-type and mutant mice (Table 6). Typical

sex-specific differences were observed for testosterone and 

corticosterone between male and female mice (Table 6).

Compensation mechanism through ATP-binding 

cassette transporter upregulation

Abcb5 mRNA expression level was first examined in three-

month-old WT mice using RT-qPCR (Table S12). Expression 

was found in the thymus of all male and female animals at an 

average ΔCt of 32.84. Abcb5 was also expressed in the white 

adipose tissue (WAT), testis, tail skin, and muscle of all male an-

imals examined. Remarkably, the greatest Abcb5 mRNA level 

was found in the white adipose tissue and testis, with an average 

ΔCt of 17.73 and 18.80, respectively. The expression of Abcb5 

mRNA in the tail skin and muscle was lower, with an average 

ΔCt of 28.76 and 30.62, respectively. Abcb5 mRNA was also 

found in the liver, small intestine, transverse colon, and back 

skin in at least one of the three male animals examined, for which 

we obtained triplicate samples. With the exception of back skin, 

in which Abcb5 mRNA was found to be expressed in two out of 

the three animals examined, here with an average ΔCt of 30.58, 

in the other tissues, the transporter mRNA was found to be ex-

pressed in only one animal, with a ΔCt of 30 or greater. In

Table 3. Fasting plasma lipid and glucose levels determined after overnight food withdrawal

Female Male Linear model

WT KO WT KO Genotype Sex Genotype–sex

N = 10 N = 10 N = 10 N = 10

Mean ± sd p-value

Fasting Glucose [mmol/L] 10.62 ± 1.52 12.11 ± 2.19 11.19 ± 2.74 11.11 ± 1.54 0.284 0.748 0.237

Fasting Cholesterol [mmol/L] 2.215 ± 0.278 2.352 ± 0.201 2.914 ± 0.31 3.203 ± 0.46 0.046 <0.001 0.467

Fasting HDL 

Cholesterol [mmol/L]

1.581 ± 0.197 1.651 ± 0.12 2.164 ± 0.241 2.422 ± 0.308 0.028 <0.001 0.2

Fasting non-HDL 

Cholesterol [mmol/L]

0.634 ± 0.089 0.701 ± 0.113 0.75 ± 0.123 0.781 ± 0.161 0.217 0.017 0.655

Fasting Triglycerides [mmol/L] 0.976 ± 0.255 1.071 ± 0.532 1.339 ± 0.799 1.032 ± 0.364 0.532 0.339 0.238

Fasting NEFA [mmol/L] 0.58 ± 0.11 0.66 ± 0.11 0.6 ± 0.14 0.57 ± 0.07 0.393 0.307 0.122

Fasting Glycerol [mmol/L] 0.199 ± 0.032 0.185 ± 0.024 0.157 ± 0.028 0.159 ± 0.011 0.448 <0.001 0.28

Means, standard deviations, and p-values for genotype, sex, and genotype–sex interaction effects calculated by a linear model.

Table 4. Lipid and glucose levels, as well as selected enzyme activities in the plasma of ad libitum-fed mice

Female Male Linear model

WT KO WT KO Genotype Sex Genotype–sex

N = 10 N = 10 N = 10 N = 10

Mean ± sd p-value

Cholesterol [mmol/L] 1.796 ± 0.245 1.853 ± 0.28 2.79 ± 0.364 2.475 ± 0.243 0.164 <0.001 0.048

Triglyceride [mmol/L] 0.702 ± 0.444 0.458 ± 0.065 0.662 ± 0.26 0.492 ± 0.062 0.016 0.968 0.658

ALAT/GPT [U/l] 31 ± 16 31 ± 15 22 ± 3 26 ± 7 0.529 0.058 0.461

ASAT/GOT [U/l] 44 ± 5 39 ± 5 41 ± 15 42 ± 9 0.45 1 0.326

Alpha-Amylase [U/l] 483.36 ± 73.84 469.99 ± 59.06 560.75 ± 78.28 606.71 ± 65.99 0.464 <0.001 0.187

Glucose [mmol/L] 12.45 ± 2.12 12.41 ± 1.01 12.32 ± 1.81 12.03 ± 1.16 0.743 0.617 0.801

LDH [U/l] 202.6 ± 50.2 189.2 ± 57.5 167.5 ± 38.9 177.4 ± 36.6 0.906 0.12 0.434

Means, standard deviations, and p-values for genotype, sex, and genotype–sex interaction effects calculated by a linear model. ALAT/GPT: alanine-

aminotransferase; ASAT/GOT: aspartate aminotransferase; LDH: lactate-dehydrogenase.
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females, Abcb5 was expressed in the ovaries of all the animals 

investigated, with an average ΔCt of 23.77. We also found 

Abcb5 mRNA in the brain, white adipose tissue, kidney, and 

tail skin in at least one of the three female animals examined, 

for which we have a triplicate measure.

The mRNA expression profile of the 52 other murine Abc trans-

porters was then measured in three-month-old Abcb5 − /− and 

age-matched WT mice to determine the effect of Abcb5 defi-

ciency on their expression level (Table S13). We focused on 

the thymus, white adipose tissue, testis, ovary, and skin. 

Because we could observe a phenotype in the heart and liver, 

we decided to include these two organs in our analysis, even 

though we could not detect Abcb5 expression in both tissues.

Many Abc transporter genes were significantly differentially ex-

pressed in the liver (n = 45/52), thymus (n = 15/52), and testis 

(n = 12/52) of Abcb5-deficient mice, in contrast to the heart 

(6/52), white adipose tissue (5/52), skin (5/52), and ovary (4/52) 

(Table S14; Figures 7 and 8). In the thymus and testis, all the 

Abc genes were significantly upregulated, while in the skin and 

ovary, they were all found to be downregulated. In the liver, 43 

of the 45 Abc genes were upregulated in Abcb5-deficient 

mice. Among those, nine were found to be upregulated, with a 

fold change greater than 10.

The analysis of the Abcb family revealed that Abcb1 was upre-

gulated in the heart and liver of Abcb5-deficient mice, while 

Abcb6 was overexpressed in the WAT and liver of these mice.

Figure 3. A male-specific increase in heart weight and a decrease in liver weight

(A) Liver weight/body weight scatterplot with regression line, split by sex (female, f; male, m) and genotype (control, con; mutant, m). A male-specific decrease in 

liver weight using body weight as a covariate, p < 0.018.

(B) Heart weight scatterplot with regression line, split by sex (female, f; male, m) and genotype (control, con; mutant, m). A male-specific increase in heart weight 

using body weight as a covariate, p < 0.024.

(C) Histological representative images of the heart from control (con) and mutant (mut) mice stained with hematoxylin and eosin.

(D) Histological representative images of the liver from control (con) and mutant (mut) mice stained with hematoxylin and eosin. Two cohorts, each consisting of 

10 male and 10 female WT and homozygous mutant adult mice, all born within one week, were subjected to pathology analyses at 16 weeks of age. *p < 0.05, 

**p < 0.01, ***p < 0.001. Scale bar = 100 μM.
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Figure 4. Lipid alteration of Abcb5-mutant mice heart and liver

(A) The number of heart and liver lipid droplets after staining with Oil Red O (n = 10). Droplets were counted using ImageJ. Abcb5-deficient mice showed a reduced 

number of lipid droplets in the heart (p = 0.011), and a female-specific decrease in droplet number in the liver (p = 0.021).

(B) Diameter of heart and lipid droplets after staining with Oil Red O (n = 10). The Droplets diameter was determined using ImageJ. A female-specific decrease in 

droplet size in the liver was observed (p = 0.019).

(C) Representative image of heart sections stained with Oil Red O.

(D) Representative image of liver sections stained with Oil Red O. Two cohorts, each consisting of 10 male and 10 female WT and homozygous mutant adult mice, 

all born within one week, were analyzed for heart and liver lipid content at 8 weeks of age. Means, standard deviations, and p-values for genotype, sex, and 

genotype–sex interaction effects were calculated using a two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar = 100 μM.
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Even though Abcb8 was upregulated in the testis and thymus of 

Abcb5-deficient mice, no Abcb8 mRNA could be detected in the 

heart and liver of these mice, which is in contrast to their WT 

counterparts. Finally, Abcb9, b10, and b11 were upregulated in 

the testis, thymus, and liver of Abcb5-deficient mice.

Overall, Abcb5 deficiency is not compensated for by the over-

expression of a single ABC transporter in all seven organs 

analyzed. Instead, several ABC transporters were found to be 

upregulated with no consistency among the organs analyzed. 

In other words, we found different ABC transporters that were 

overexpressed in each organ we examined.

DISCUSSION

The role of ABCB5 in the biology of normal cells remains elusive. 

Here, we report the complete phenotyping of Abcb5-deficient 

mice that were generated by the deletion of the Abcb5 exon 2 

from hybrid 129/Sv-C57BL/6J ES cells injected into C57BL/6J 

blastocysts. These mice were backcrossed onto the C57BL/6J 

background before being subjected to the GMC phenotyping 

program, which occurred between the ages of two and five 

months. The analyses revealed several statistically significant 

genotype-related differences associated with fat metabolism 

and blood composition. Although some of these statistically sig-

nificant differences could be rare adventitious statistical associ-

ations resulting from the large number of comparisons being 

made, 21 the finding that these differences cluster in the domains 

of fat metabolism and blood composition argue that they are 

valid. Furthermore, sex-specific, genotype-related differences 

were discovered in body composition, indirect calorimetry, and 

macroscopic analyses of the heart and liver.

We found reduced lactate levels in Abcb5-deficient mice. 

Although this decrease is moderate, 1 mmol/L difference, and 

far from pathological, it could indicate a shift in cellular energy 

metabolism. For example, knockout of Mct4 or Mct1 lactate 

transporters results in a 6.7 mmol/L difference in plasma from 

pooled male and female mice or approximately 5 mmol/L differ-

ence in colon extracellular fluid from male mice. 22,23 It is impor-

tant to note that mice and humans have different metabolisms 

represented by drastically different metabolic rates. Therefore, 

the magnitude of variation for several parameters observed in 

mice may be different in humans, as discussed by Sadaf Farooqi 

and colleagues regarding obesity in this model. 24 We did not 

observe any neurological alterations in the mice as a result of a 

putative cellular energy decline. Nonetheless, this could also 

be an effect of the age at the time of testing, and it might be 

different in older mice because a hypothesized energy deficit 

often progresses with aging. However, old Abcb5-deficient 

mice do not develop any visible signs of neurological disease 

over a two-year observation period. Increased anisocytosis 

was diagnosed in mutant mice, not accompanied by iron defi-

ciency (Table S15) but with decreased white blood cells (WBC) 

and platelet counts. These changes could account for the 

reduced lactate levels in the mutant mice. On the other hand, 

the Abcb5 transporter was found to be expressed in smooth 

muscles, though at a low level (CT values: 37.80; ΔCt: 30.62), 

and could also contribute to the reduced lactate level observed 

in Abcb5-deficient mice.

The clinical chemistry screen revealed lower triglycerides in ad 

libitum-fed mutant mice, as well as higher fasting total choles-

terol and HDL cholesterol. No significant changes in non-HDL 

cholesterol were observed. Abcb5-deficient mice showed a 

reduced number of lipid droplets in the heart and a female spe-

cific decrease in lipid droplet number and size in the liver. 

Furthermore, we also found that female Abcb5-deficient mice 

had decreased fat content and increased lean mass, along 

with a trend toward an increase in maximum oxygen consump-

tion, while in males, no difference between genotypes was 

observed. Interestingly, ABCB5 was found to be highly ex-

pressed in atherosclerotic plaques. 25 Furthermore, ABCB5 

expression has been shown to be increased in atherosclerotic 

plaques of high-risk patients compared to low-risk patients 

when divided into two groups using ABCD2 and CAR scores. 26 

Higher HDL levels, as observed in Abcb5-deficient mice, are

Table 5. Ketone body levels in the plasma, heart, and liver of female and male Abcb5 WT and Abcb5 KO mice

Female Male Linear model

WT KO WT KO Genotype Sex Genotype–sex

N = 10 N = 10 N = 10 N = 10

Mean ± sd p-value

Plasma Acetoacetate [mmol/L] 2.279 ± 2.320 2.464 ± 1.781 3.518 ± 2.122 4.793 ± 3.802 0.393 0.042 0.523

Acetate [mmol/L] 6.656 ± 5.604 6.170 ± 4.992 3.803 ± 3.981 5.554 ± 3.830 0.670 0.246 0.453

β-hydroxybutyrate

[mmol/L]

3.540 ± 1.067 3.109 ± 2.110 2.681 ± 1.233 2.743 ± 2.041 0.730 0.256 0.645

Heart Acetoacetate [mmol/L] 23.65 ± 10.36 18.30 ± 21.06 8.830 ± 7.110 10.18 ± 5.429 0.636 0.01 0.429

Acetate [mmol/L] 6.586 ± 6.785 6.265 ± 4.362 4.547 ± 3.194 6.486 ± 3.302 0.585 0.539 0.446

β-hydroxybutyrate

[mmol/L]

4.445 ± 1.118 3.390 ± 3.177 1.194 ± 1.295 2.686 ± 1.570 0.727 0.003 0.048

Liver Acetoacetate [mmol/L] 22.85 ± 12.27 13.07 ± 6.490 13.28 ± 10.56 10.29 ± 5.318 0.028 0.034 0.233

Acetate [mmol/L] 31.34 ± 20.81 18.13 ± 7.336 18.95 ± 20.93 32.13 ± 20.07 0.998 0.890 0.028

β-hydroxybutyrate

[mmol/L]

3.786 ± 1.916 2.586 ± 0.973 2.016 ± 0.959 2.766 ± 1.155 0.579 0.055 0.020

Means, standard deviations, and p-values for genotype, sex, and genotype × sex interaction effects calculated by a linear model.
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known to be atheroprotective. 27 This suggests that Abcb5 does 

not play an atheroprotective role, unlike Abca1, which is involved 

in the export of cholesterol and phospholipids to HDL, which re-

moves cholesterol from the bloodstream to prevent its accumu-

lation in blood vessels. 28 Therefore, it can be hypothesized that 

Abcb5 transports cholesterol and contributes to atherogenesis, 

in contrast to Abca1. In our hands, ABCB5 ATPase activity in 

High-Five insect cell membrane vesicles was stimulated by 

cholesterol, but we were not able to demonstrate that this was 

mediated by cholesterol transport and not an indirect stimulation 

of ABCB5 ATPase activity (data not shown). For instance,

ABCB1 ATPase activity is stimulated by cholesterol through 

the modification of its lipid environment. 29 To further highlight 

the implication of Abcb5 in lipid homeostasis, ketone bodies 

were quantified in plasma, liver, and heart of Abcb5-deficient 

mice. Ketone bodies were decreased in the liver and heart of 

Abcb5-deficient females, whereas they were increased in the 

liver and heart of Abcb5-deficient males. Since ketone bodies 

are produced in the liver to supply energy to the heart, this ex-

plains the similar variation in both organs. Decreased ketone 

bodies can be explained by a decrease in fatty acid liver, the 

source of ketone production, as indicated by decreased
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Figure 5. Variation of ketone bodies levels in Abcb5-mutant mice

Quantification of ketone bodies (acetoacetate, acetate, β-hydroxybutyrate) in the plasma (A), heart (B), and liver (C). Variations in acetoacetate levels were 

observed in the liver (p = 0.028) of Abcb5-knockout mice. A female-specific decrease and a male-specific increase in β-hydroxybutyrate levels was observed in 

heart (p = 0.048) and liver (p = 0.020). A similar observation was made for acetate levels in the liver (p = 0.028). Two cohorts, each consisting of 10 male and 10 

female WT and homozygous mutant adult mice, all born within one week, were analyzed for ketone body levels at 8 weeks of age. Means, standard deviations, 

and p-values for genotype, sex, and genotype–sex interaction effects were calculated using a two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. See Table 5.
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triglyceride levels and the number of lipid droplets in the liver. 

However, the opposite variation in both genders raises questions 

about the reason for such a pronounced sex difference in body 

composition. Estrogen-response elements (ERE) are found in 

the promoter region of Abcb5. Using a luciferase reporter assay, 

we have shown that ABCB5β expression is induced by human 

estrogen receptor α in the presence of estrogen. This suggests 

that ABCB5β expression is regulated by hormones, explaining 

the important sex difference observed. In mice, Abcb1 expres-

sion has also been shown to be regulated by estrogen. 30

The liver and heart were subjected to mRNA expression 

profiling because of phenotypic alterations identified in the 

metabolism, cardiovascular, and pathology screens. Among

the differentially expressed genes in the liver, GO annotations 

have revealed those genes involved in the circadian clock 31 

and lipid metabolism, which may link changes at the molecu-

lar level with the observed metabolic alterations and changes 

in body composition. In the heart, our analysis revealed genes

involved with inflammation, atherosclerosis, blood pressure,

cardiomyopathy, and other heart diseases, indicating clear al-

terations of cardiac functions at the molecular level. However, 

Abcb5 was not found to be expressed in WT liver and heart.

Nevertheless, melanocyte-like cells have been identified in 

the heart. 32,33 Because ABCB5 is known to be predominantly 

expressed in pigmented cells, we hypothesize that the

knockout of Abcb5 has an impact on the function of the heart 

by the disruption of the some unknown function of these mel-

anocytic cells. Seven ABC transporters were found to be 

differentially expressed in the heart. Among those, six 

were upregulated in Abcb5-deficient mice, including Abca9 

(2-fold), Abcb1a/b1b (4-fold), Abcg2 (2-fold), and Abcg4 

(3-fold). Intriguingly, Abca8 was not found to be expressed

in the hearts of Abcb5-mutant mice, yet it was in WT mice. 

ABCA8 has been shown to transport cholesterol and tauro-

cholic acid. 34 The liver showed the greatest alterations in 

the Abc gene expression profile. Thirty-two transporters 

were overexpressed with a fold change greater than five. 

Among these transporters, several have been implicated in 

lipid homeostasis, particularly the Abca and Abcg trans-

porters. For example, Abca1 − /− and Abcg1 − /− mice show

increased lipid deposition in various tissues. 35,36 Their upre-

gulation in Abcb5-deficient mice suggests that they compen-

sate for the absence of Abcb5 to restore normal lipid meta-

bolism. Furthermore, Abcb5 knockout is accompanied by 

the overexpression of a wide range of Abc transporters in 

five out of the seven tissues examined. It is important to

note that, with a few exceptions, Abca and Abcg transporters 

are not differentially expressed in tissues other than the liver,

suggesting a lesser impact of Abcb5 knockout on lipid meta-

bolism in these organs.

Different methods were employed to analyze the eyes of 

Abcb5-deficient mice compared with their control littermates. 

The mice were examined for anterior segment abnormalities
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Figure 6. ERα activates ABCB5β transcription

MelJuSo were transfected with pSG5-hERα and either 3xERE::luc-TATA, 

ABCB5β_3xERE::luc-TATA or ABCB5β_0xERE::luc-TATA (n = 6). 24 h post-

transfection, cells were incubated with 5 mM estrogen. Then, luminescence 

was analyzed using the Dual-Luciferase Reporter Assay System (Promega). 

The y axis represents the luminescence fold change compared to MelJuSo 

transfected with pSG5 empty plasmid and 3xERE::luc-TATA in the absence 

of estrogen.

Table 6. Concentration of steroid hormones in plasma of female and male Abcb5 WT and Abcb5 KO mice

Female Male

Female Male Overall

WT KO WT KO

N = 5 N = 9 N = 7 N = 10

Median [25%, 75%] p-value

Corticosterone

[mmol/L]

663.86 [580.15, 707.15] 666.74 [502.22, 750.45] 83.7 [55.71, 103.33] 108.96 [80.24,

129.6]

0.823 0.161 0.441

Androstenedione

[mmol/L]

0.4 [0.4, 0.4] 0.4 [0.4, 0.4] 0.4 [0.4,0.51] 0.4 [0.4, 0.4] NA 0.434 0.451

Testosterone

[mmol/L]

0.4 [0.4, 0.4] 0.4 [0.4, 0.4] 2.39 [0.94, 13.94] 5.37 [2.99, 8.45] 0.357 0.315 1

Medians, first and third quartiles and p-values calculated by a Wilcoxon rank-sum test.
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by slit lamp biomicroscopy, as well as for posterior segment 

abnormalities by fundoscopy. These examinations revealed 

transparent corneas and lenses and a regularly developed 

fundus in Abcb5-mutant mice. When the mice were sacrificed 

for pathological examinations, the eyes were fixed for histolog-

ical analysis, which did not reveal any alteration in retinal lami-

nation or the morphology of cell layers and lens. Ksander et al. 

reported an Abcb5 knockout mouse generated by the deletion 

of exon 10 of the gene in the C57BL/6J mouse strain. 9 This 

knockout of the putative isoform B5X0E4-2 corresponds to 

the human ABCB5β. In this previous study, Abcb5-deficient 

mice were indistinguishable by physical examination from their 

WT littermates through adulthood, and their eyes contained all 

anterior and posterior segment components. 9 However, histo-

logical analysis of their corneas demonstrated developmental

abnormalities characterized by decreased cellularity of the api-

cal epithelial layer and disorganized basal and wing cell layers, 

which we did not observe in the Abcb5 knockout mice gener-

ated in our work. The Abcb5-deficient mouse model described 

in our work was generated by the deletion of exon 2 of the 

gene, which led to the knockout of both isoforms currently re-

ported in databases. The RT-qPCR that we performed used a 

TaqMan probe that could recognize both isoforms. It is 

possible that the Abcb5 knockout reported by Ksander et al. 

does not completely the abrogate expression of both isoforms 

of Abcb5, accounting for this phenotypic difference. Exon 10 

encodes protein sequence 357 to 394, which is found in the he-

lix 6 region going into NBD1 (see Figure S1).

In a collaborative study, we have previously reported that the 

Abcb5 knockout mice studied here show evidence of
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Figure 7. Differential Abc gene expression profile in Abcb5-knockout mice

Representation of the impact of Abcb5 KO on the expression of other Abc genes in seven different organs. Points and error bars represent geometric means and 

95% confidence intervals on the mean, respectively. Statistical significance is represented using darker dots. The mRNA expression profile of 52 murine Abc 

transporters was measured in seven tissues collected from 5 male and 5 female WT and homozygous mutant adult mice, all born within one week, and analyzed at 

12 weeks of age.
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decreased haloperidol effects in their brains. 37 This previous 

study suggests that the knockout mice may show altered sus-

ceptibility to other pharmacologic agents that are transported 

by the ABCB5 transporter, but this possibility has not yet 

been explored in detail.

Here, we report the complete pathological, behavioral, and 

metabolic phenotyping of Abcb5-deficient mice in collabora-

tion with the GMC. The mice were fertile and demonstrated 

altered bioenergetics and fat metabolism, along with alter-

ations in the blood composition. This study points to previously 

unrecognized avenues of investigation into the role of Abcb5 

in intermediary metabolism, especially in the context of 

atherogenesis.

Limitations of the study

Although knockout mice represent powerful models to study the 

function of a gene in a living animal, the knocking out of a gene in 

mice may produce different changes than those that would be 

observed in humans in which the same gene was inactivated. 

We believe that the current study provides several new pieces 

of the jigsaw puzzle that hint toward a global role of ABCB5 in 

intermediary metabolism. However, further studies are required 

to fully understand the exact role of this ABC transporter in this 

very complex metabolic pathway.
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et al. (2011). Mouse phenotyping. Methods 53, 120–135. https://doi.org/ 

10.1016/j.ymeth.2010.08.006.

17. Gailus-Durner, V., Fuchs, H., Adler, T., Aguilar Pimentel, A., Becker, L., 

Bolle, I., Calzada-Wack, J., Dalke, C., Ehrhardt, N., Ferwagner, B., et al. 

(2009). Systemic first-line phenotyping. Methods Mol. Biol. 530, 

463–509. https://doi.org/10.1007/978-1-59745-471-1_25.

18. Gailus-Durner, V., Fuchs, H., Becker, L., Bolle, I., Brielmeier, M., Cal-

zada-Wack, J., Elvert, R., Ehrhardt, N., Dalke, C., Franz, T.J., et al. 

(2005). Introducing the German Mouse Clinic: open access platform 

for standardized phenotyping. Nat. Methods 2, 403–404. https://doi. 

org/10.1038/nmeth0605-403.

19. Papazafiropoulou, A.K., Georgopoulos, M.M., and Katsilambros, N.L. 

(2021). Ketone bodies and the heart. Arch. Med. Sci. Atheroscler. Dis. 6, 

e209–e214. https://doi.org/10.5114/amsad.2021.112475.

20. Gerard, L., Duvivier, L., Fourrez, M., Salazar, P., Sprimont, L., Xia, D., Am-

budkar, S.V., Gottesman, M.M., and Gillet, J.P. (2024). Identification of two 

novel heterodimeric ABC transporters in melanoma: ABCB5β/B6 and 

ABCB5β/B9. J. Biol. Chem. 300, 105594. https://doi.org/10.1016/j.jbc. 

2023.105594.

21. Armstrong, R.A. (2014). When to use the Bonferroni correction.

Ophthalmic Physiol. Opt. 34, 502–508. https://doi.org/10.1111/opo. 

12131.

22. Smith, S., Witkowski, A., Moghul, A., Yoshinaga, Y., Nefedov, M., de Jong,

P., Feng, D., Fong, L., Tu, Y., Hu, Y., et al. (2012). Compromised mitochon-

drial fatty acid synthesis in transgenic mice results in defective protein lip-

oylation and energy disequilibrium. PLoS One 7, e47196. https://doi.org/ 

10.1371/journal.pone.0047196.

23. Wang, S., Zhang, L., Zhao, J., Bai, M., Lin, Y., Chu, Q., Gong, J., Qiu, J.,

and Chen, Y. (2024). Intestinal monocarboxylate transporter 1 mediates 

lactate transport in the gut and regulates metabolic homeostasis of mouse 

in a sex-dimorphic pattern. Life Metab. 3, load041. https://doi.org/10. 

1093/lifemeta/load041.

24. Farooqi, I.S., and Xu, Y. (2024). Translational potential of mouse models of

human metabolic disease. Cell 187, 4129–4143. https://doi.org/10.1016/j. 

cell.2024.07.011.

25. Kotlyarov, S., and Kotlyarova, A. (2021). Analysis of ABC Transporter Gene

Expression in Atherosclerosis. Cardiogenetics 11, 204–218. https://doi. 

org/10.3390/cardiogenetics11040021.

26. Waden, K., Karlof, E., Narayanan, S., Lengquist, M., Hansson, G.K., Hedin,

U., Roy, J., and Matic, L. (2022). Clinical risk scores for stroke correlate 

with molecular signatures of vulnerability in symptomatic carotid patients. 

iScience 25, 104219. https://doi.org/10.1016/j.isci.2022.104219.

27. Hoekstra, M., and Van Eck, M. (2015). Mouse models of disturbed HDL

metabolism. Handb. Exp. Pharmacol. 224, 301–336. https://doi.org/10. 

1007/978-3-319-09665-0_9.

28. Ogura, M. (2022). HDL, cholesterol efflux, and ABCA1: Free from good and

evil dualism. J. Pharmacol. Sci. 150, 81–89. https://doi.org/10.1016/j.jphs. 

2022.07.004.

29. Fenyvesi, F., Fenyvesi, E., Szente, L., Goda, K., Bacsó , Z., Bá cskay, I.,
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
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Abcb5-knockout mice were bred in a specific, pathogen-free facility with food and water ad libitum. All experimental procedures fol-

lowed the National Institutes of Health Guidelines for animal care and use and were approved by the NCI-Frederick and NCI-CCR 

ACUC committees. Mice were phenotyped at the German Mouse Clinic (GMC). They were maintained in individually ventilated cages 

(IVC) with water and standard mouse chow (Altromin no. 1324), per the GMC housing conditions and German laws. All tests per-

formed at the GMC were approved by the responsible authority of the Regierung von Oberbayern. Lipid droplets staining, ketone 

bodies levels quantification and Abc transporter gene expression profiling using TaqMan-based RT-qPCR were carried out at the

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Abcb9 ThermoFisher Scientific Mm00498197_m1

Abcb10 ThermoFisher Scientific Mm00497927_m1

Abcb11 ThermoFisher Scientific Mm00445168_m1

Abcc1 ThermoFisher Scientific Mm00456156_m1

Abcc2 ThermoFisher Scientific Mm00496899_m1

Abcc3 ThermoFisher Scientific Mm00551550_m1

Abcc4 ThermoFisher Scientific Mm01226380_m1

Abcc5 ThermoFisher Scientific Mm00443360_m1

Abcc6 ThermoFisher Scientific Mm00497685_m1

Abcc7 ThermoFisher Scientific Mm00445197_m1

Abcc8 ThermoFisher Scientific Mm00803450_m1

Abcc9 ThermoFisher Scientific Mm00441638_m1

Abcc10 ThermoFisher Scientific Mm00467403_m1

Abcc12 ThermoFisher Scientific Mm00556685_m1

Abcd1 ThermoFisher Scientific Mm00431749_m1

Abcd2 ThermoFisher Scientific Mm00496455_m1

Abcd3 ThermoFisher Scientific Mm00436150_m1

Abcd4 ThermoFisher Scientific Mm00436180_m1

Abce1 ThermoFisher Scientific Mm00649858_m1

Abcf1 ThermoFisher Scientific Mm01275245_m1

Abcf2 ThermoFisher Scientific Mm00457400_g1

Abcf3 ThermoFisher Scientific Mm00658695_m1

Abcg1 ThermoFisher Scientific Mm00437390_m1

Abcg2 ThermoFisher Scientific Mm00496364_m1

Abcg3 ThermoFisher Scientific Mm00446072_m1

Abcg4 ThermoFisher Scientific Mm00507250_m1

Abcg5 ThermoFisher Scientific Mm00446249_m1

Abcg8 ThermoFisher Scientific Mm00445970_m1

18S ThermoFisher Scientific Hs99999901_s1

Recombinant DNA

Mus musculus BAC clone RP23-161L22 from 12 Genbank AC126277.3 chori.org

pSG5-hERα LIBST, UCLouvain RRezsohazy N/A

3xERE::luc-TATA LIBST, UCLouvain RRezsohazy N/A

ABCB5β_3xERE::luc-TATA LBMC-UNamur JPGillet N/A

ABCB5β_0xERE::luc-TATA LBMC-UNamur JPGillet N/A

Software and algorithms

ImageJ https://imagej.net/ij/ https://imagej.net/ij/

R 3.3.3 and the nlme, ggplot2, and gplots 

packages for linear mixed models, graphical 

representation, and heatmap, respectively

This paper The R Foundation for 

Statistical Computing, 2017
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University of Namur in Belgium. The experimental protocol was conducted in compliance with the European Communities Council 

Directives for Animal Experiments (2010/63/EU, 86/609/EEC and 87/848/EEC) and was approved by the Animal Ethics Committee of 

the University of Namur (ethic project UN 22-388). Sex-specific, genotype-related differences were discovered in body composition, 

indirect calorimetry, and macroscopic analyses of the heart and liver.

METHOD DETAILS

ABCB5 modeling

The construction of the ABCB5 3-Dimensional model was approached using the method of homology modeling considering the 

availability of the structures mouse ABCB1 (P-glycoprotein or P-gp) and high sequence identity between human ABCB5 and mouse 

ABCB1 showing a greater than 60% sequence identity. An accurate alignment between the human ABCB5 and mouse ABCB1 se-

quences was generated based on a multi-sequence alignment that includes various members of the ABCB family transporters. 

Based on this alignment, the structural model of ABCB5 was constructed manually using the structural model of mouse P-gp 

(PDB:5KPI) 38 as template by replacing residues of mouse ABCB1 with corresponding residues of ABCB5 in the molecular graphics 

program Coot. 39 The model was subsequently subject to energy minimization using the crystallographic refinement program Re-

fmac. 40 The model was rendered as ribbon diagram in the program Pymol. 41

Genomic DNA extraction

The mice were identified using ear punch. Tissues were incubated 5 minutes at 95 ◦ C in 200 μl of lysis buffer (50 mM KCl, 50 mM Tris-

HCl (pH 8.0), 2.5 mM EDTA, 0.45% NP-40, 0.45% Tween-20). Then, 5 μl of proteinase K were added to the samples, which were 

incubated at 55 ◦ C O/N. Samples were incubated 5 minutes at 95 ◦ C and then centrifuged 5 minutes at 15,000 x g. For DNA precip-

itation, supernatants were transferred to fresh tubes with 200 μl isopropanol. Tubes were inverted four to five times and centrifuged

1 minute at 15,000 x g. Supernatants were discarded, and the pellets were resuspended in 200 μl 70% ethanol. Tubes were centri-

fuged 1 minute at 15,000 x g, and supernatants were discarded. The pellets were allowed to dry for 15 minutes at RT and then re-

suspended in 102 μl ddH 2 O and incubated at 65 ◦ C for 1 hour. Genomic DNA was then quantified using SpectraMax i3 (Molecular 

Devices, San Jose, CA, USA).

Abcb5-knockout mice

The presence of a distal loxP site in the genome was tested by PCR using the following pair of primers: forward primer Pf 5’-CATA 

CATTATCCCTTTCACAGG-3’ and reverse primer Pr 5’-CATTGAGCAATCTTCCCTTTAC-3’. Amplification of the WT or mutant Abcb5 

alleles resulted in bands of either 239 bp (WT) or 330 bp (recombined allele). The mice were routinely genotyped by isolating genomic 

DNA from ear tissue following ear punch, as explained in the above section. Using 100 ng of genomic DNA as the template, PCR was 

performed using the forward primer Pf KO : 5’-GTTAACTCCAACTCTCAGCTAAG-3’ and the reverse primer Pr KO : 5’-CTCAACAATTTC 

TATAGCAATTACC-3’. The PCR parameters were as follows: 3 min initial denaturation at 94 ◦ C; 30 cycles: 30 seconds denaturation at 

94 ◦ C, 30 seconds annealing at 56 ◦ C, and 45 seconds extension at 72 ◦ C; and 3 minutes final elongation at 72 ◦ C. Amplification of the 

WT or mutant Abcb5 alleles resulted in bands of either 512 bp (Abcb5 +/+ ) or 118 bp (Abcb5 -/- ).

Abcb5-knockout mice phenotyping

Echocardiography

Cardiac function was evaluated with transthoracic echocardiography in 15-week-old mice using a Vevo2100 Imaging System 

(VisualSonics Inc., Toronto Canada) with a 30 MHz probe. Echocardiograms were recorded as reported before. 42 Briefly, the day 

before the first examination, mouse chests were depilated using a topical depilatory agent. Examinations were performed on 

conscious animals to prevent anesthesia-related impairment of cardiac function. 43 Left ventricular dimension in systole (LVIDs) 

and diastole (LVIDd), systolic and diastolic interventricular septum thickness (IVSs, IVSd), and systolic and diastolic posterior wall 

thickness (LVPWs, LVPWd) were monitored in parasternal short axes view in M-mode. Dimensions and wall widths were measured 

according to the American Society of Echocardiography leading edge method, here in three consecutive beats. 44 Heart rate was 

determined from the cardiac cycles recorded on the M-mode tracing by using at least three consecutive systolic intervals. In addition, 

the respiratory rate was calculated by measuring three consecutive respiratory intervals. Qualitative and quantitative measurements 

were made offline using analytical software (VisualSonics Inc.).

Molecular phenotyping

Total RNA was extracted from the liver and heart of four male wild type and three to four Abcb5 mutant mice with the RNeasy mini kit 

(Qiagen). For gene expression profiling, Illumina Mouse Ref8 v2.0 Expression BeadChips were applied, as previously described. 45,46 

Data normalization (cubic spline) and background corrections were performed with Illumina Genomestudio 2011.1. Statistical anal-

ysis identified differentially regulated genes between the mutant and wild type tissue when comparing single mutant values with the 

mean of four wild types (FDR < 10%, fold change > 1.5). 47,48 Expression data are available at the public repository database GEO 

(GSE57699). 49 http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=czyfwasqzrshjyh&acc=GSE57699.
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Heart weight determination

During necropsy the heart weight was determined together with body weight and tibia length. Briefly, the mice were euthanized by 

CO 2 inhalation, weighed, and opened from the ventral midline. Exsanguination was achieved by cutting the dorsal aorta. Prior to 

dissection, the heart was inspected for abnormalities. For excision, the heart was removed from the pericardial membrane, and 

the major vessels were cut through at the point they enter or exit the atria. Heart weight was obtained wet after blotting the organ 

on paper towels. Tibia length was determined from the left tibia of the mouse using a digital caliper ‘‘MarCal’’ (Mahr GmbH; Gö ttingen, 

Germany).

Blood withdrawal and storage

Blood samples were taken from isoflurane-anesthetized mice by puncturing the retro-bulbar sinus with nonheparinized glass cap-

illaries (1.0 mm in diameter; Neolab; Munich, Germany). The time of sample collection was recorded in a work list. Blood taken after 

overnight food withdrawal was collected in heparinized sample tubes (Li-heparin, KABE; Nü mbrecht, Germany; Art.No. 078028), 

blood samples collected from ad libitum-fed mice were divided into two portions. The major portion was collected in a heparinized 

tube (Li-heparin, KABE; Nü mbrecht, Germany; Art.No. 078028). The smaller portion was collected (using the same capillary) in an 

EDTA-coated tube (KABE, Art.No 078035). Each tube was immediately inverted five times to achieve a homogeneous distribution 

of the anticoagulant. The samples collected from unfed mice were stored in a rack on ice, separated by centrifugation (10 min, 

5000 g; 8 ◦ C, Biofuge fresco, Heraeus; Hanau, Germany) as soon as possible, and plasma was used for clinical chemical analysis. 

Heparinized blood collected from ad libitum-fed mice was left in a rack at room temperature for 1 to 2 hours. Afterwards, cells 

and plasma were separated by a centrifugation step (10 min, 5000 g; 8 ◦ C, Biofuge fresco, Heraeus; Hanau, Germany). Plasma 

was distributed between the immunology screen (30 mL), the allergy screen (30 mL), the clinical chemical screen (110 mL) and 

the steroid screen (50 mL), while the cell pellet was given to the immunology screen for FACS analysis. The plasma samples for clin-

ical chemical analyses were transferred into Eppendorf tubes and either used immediately (plasma of unfed mice) or diluted 1:2 with 

aqua dest (ad libitum-fed mice). The solution was mixed for 10 seconds (Vortex genie, Scientific Industries; New York, USA) to pre-

vent clotting and then centrifuged again for 10 min at 5000 g at 8 ◦ C. In addition, the clinical chemical screen received the EDTA blood 

samples for hematological investigations, which were placed on a rotary agitator at room temperature until analysis.

Clinical chemistry

The screen was performed using an Olympus AU 400 auto-analyzer and adapted reagents from Olympus (Hamburg, Germany), save 

for free fatty acids (nonesterified fatty acid, NEFA) that were measured using a kit from Wako Chemicals GmbH (NEFA-HR2, Wako 

Chemicals, Neuss, Germany), and Glycerol, which was measured using a kit from Randox Laboratories GmbH (Krefeld, Germany). 50 

In the primary screen, 18 different parameters were measured, including various enzyme activities, as well as plasma concentrations 

of specific substrates and electrolytes for ad libitum-fed mice (Pipeline 2, Table S1), while six measured parameters and one calcu-

lated value (blood lipid and glucose levels) were determined in samples derived from mice after overnight food withdrawal (Pipeline 1, 

Table S1).

Hematology

A volume of 50 mL EDTA-blood was used to measure basic hematological parameters with a blood analyzer, which has been care-

fully validated for analysis of mouse blood (ABC-Blutbild-Analyzer, Scil Animal Care Company GmbH; Viernheim, Germany). The 

number and size of red blood cells, white blood cells, and platelets were measured by electrical impedance and hemoglobin by spec-

trophotometry. Mean corpuscular volume (MCV), mean platelet volume (MPV), and red blood cell distribution width (RDW) were 

calculated directly from the cell volume measurements. The hematocrit (HCT) was assessed by multiplying the MCV with the red 

blood cell count. Mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentrations (MCHC) were calculated 

from hemoglobin/red blood cells count (MCH) and hemoglobin/hematocrit (MCHC), respectively.

Second sample analysis

A second sample was collected three weeks after the first bleeding from all animals investigated in pipeline 2 (Table S1) to retest a 

subset of parameters to check the reproducibility of the first results, if requested, and to provide the steroid screen with plasma sam-

ples for their analyses.

Statistical analysis

If not stated otherwise, data generated by the German Mouse Clinic was analyzed using R. Genotype effects were assessed using 

Wilcoxon rank sum test, linear models, ANOVA or post hoc test depending on the assumed distribution of the parameter studied and 

the question addressed. A p-value <0.05 has been used as level of significance; a correction for multiple testing has not been 

performed.

Lipid droplets staining

Liver and heart were incubated in formol for 48 to 72 hours. The organs were washed in tap water for 1 hour and then incubated in 

sucrose 30% for 48 hours. The organs were then placed in OCT (361603E, Avantor, Radnor Township, Pennsylvania, USA) and 

sectioned using a cryostat. Sections were stained with Oil Red O from Sigma-Aldrich (Saint-Louis, Missouri, USA) according to 

the manufacturer’s instructions. Staining was visualized using Olympus BX63 (Olympus, Shinjuk City, Tokyo, Japan) in fluorescence. 

Lipid droplet size and number were analyzed using ImageJ (tool: analyze particles), and three images from six different mice per con-

dition (female and male, WT and KO) were counted. Droplets were analyzed separately by two blinded observers.
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Ketone bodies levels quantification

Acetoacetate, acetate and β-hydroxybutyrate were quantified using an acetoacetate assay kit (ab180875), an acetate assay kit 

(ab204719) and a β-hydroxybutyrate assay kit (ab83390), from Abcam (Cambridge, United Kingdom) according to the manufacturer’s 

instructions. Plasma, heart, and liver from WT and KO mice were analyzed. Samples (n=10) were deproteinized and each organ was 

divided into three equal parts for separate analysis of acetoacetate, acetate, and β-hydroxybutyrate concentrations.

Luciferase reporter assay

100,000 MelJuSo cells per well were plated in a 6-well plate and transfected with the following plasmids: 250 ng of pSG5-hERα or 

pSG5 empty plasmid, 250 ng of 3xERE::luc-TATA, ABCB5β_3xERE::luc-TATA or ABCB5β_0xERE::luc-TATA and 25 ng of normali-

zation plasmid using JetPrime (Polyplus, Illkirch, France) according to the manufacturer’s instructions. 24 hours post-transfection, 

cells were incubated with 5 mM estrogen (E8875, Sigma-Aldrich, Saint-Louis, Missouri, USA). 72 hours post-transfection, proteins 

were harvested using the lysis buffer from the Dual-Luciferase Reporter Assay kit (Promega, Madison, Wisconsin, USA). The same kit 

was used for luminescence analysis.

Abc transporter gene expression profiling using TaqMan-based RT-qPCR

Total RNA was prepared using the Trizol method (Invitrogen, Carlsbad, CA) and was quantified using SpectraMax i3 (Molecular De-

vices, San Jose, CA). Synthesis of complementary DNA (cDNA) from 2 μg total RNA in a 20 μL reaction volume was carried out using 

the High Capacity cDNA Reverse Transcription kit with ribonuclease inhibitor (Applied Biosystems, Foster City, CA), per the manu-

facturer’s instructions. Expression levels of the 53 mouse Abc transporters were measured using TaqMan-based RT-qPCR, per the 

manufacturer’s instructions (Table S16). Plates were run on a CFX-96 Touch (BioRad, Hercules, CA), per the manufacturer’s instruc-

tions. Data analysis was performed using the ΔΔCt method and the 18s as the housekeeping gene. The ΔCt was defined as Ct GOI – 

Ct 18s and ΔΔCt was defined as ΔCt KO – ΔCt WT . The ΔΔCt was adjusted for sex using a linear mixed model incorporating random

intercept for each individual. The fold change was then defined as 2̂  -ΔΔCt . We used R 3.3.3 (The R Foundation for Statistical

Computing, 2017) and the nlme, ggplot2, and gplots packages for linear mixed models, graphical representation, and heatmap, 

respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification methods and statistical analysis are described above. The statistical test used and the definition of statistical signif-

icance in each case is included in the figure legends. Data are presented as the mean ± the standard deviation (SD), unless otherwise 

noted.
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