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ABSTRACT. We compared the expression of the ABCB1 gene in healthy
male and female Thai subjects; this gene encodes the P-glycoprotein
transporter in peripheral blood mononuclear cells (PBMCs). We also
identified the most suitable housekeeping genes for normalization of
ABCBI expression levels in PBMCs. PBMCs from 30 females and 26
males were isolated. Total RNA was extracted, followed by reverse
transcription (100 ng total RNA per sample). The internal normalization
controls were actin-f, f-2M and GAPDH. Real-time quantitative PCR
was then performed to determine the expression levels of the ABCBI
gene. The expression levels were found to be 1.5- to 2.5-fold higher in
males, depending on the endogenous control used for normalization.
Actin-f§ was the most stable control gene and could be used as a single
endogenous control for normalization of ABCBI expression levels
in PBMCs. However, more than one endogenous control genes are
recommended for normalization of gene expression. We conclude that
the expression levels of ABCBI in PBMCs is influenced by gender; this
helps, in part, explain the gender difference in pharmacokinetics and
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pharmacodynamics of drugs that are P-glycoprotein substrates. ABCB1
gene expression profiles need to be carefully interpreted with regards to
the endogenous control genes that are involved.
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INTRODUCTION

Among the human ATP binding cassette (ABC) transporters, multi-drug resistance
protein 1 (ABCBI; MDRI) gene, which encodes P-glycoprotein (P-gp) is the most extensively
studied transporter (Schinkel and Jonker, 2003; Hoffmann and Kroemer, 2004). The differ-
ences in ABC transporter expression and functions are suggested to be the cause of inter-indi-
vidual differences in susceptibility to differences in drug responses and pharmacokinetic prop-
erties including oral bioavailability and hepatobiliary, direct intestinal, and urinary excretion
of drugs and drug-metabolites (Schinkel and Jonker, 2003; Hoffmann and Kroemer, 2004).

P-glycoprotein was first identified in human tumor cells, where it was found to be as-
sociated with pleiotropic multidrug resistance to cancer chemotherapeutic agents (Roninson et
al., 1986). Normally, this efflux transporter is apically expressed in tissues including kidney, liver
and intestine and the capillary endothelial cells of the blood-brain barrier, and it is found in vari-
ous leukocyte lineages as well (Schinkel and Jonker, 2003; Hoffmann and Kroemer, 2004). The
expression of ABCBI in peripheral blood mononuclear cells (PBMCs) is found to be crucial in
the progression of diseases and drug deposition, where particularly the PBMCs are the target sites.

Gender difference in hepatic P-gp expression has been reported, with 2-fold lower
expression found in females compared to males, possibly from the influence of sex hormones
or growth hormones on ABCBI gene regulation (Schuetz et al., 1995; Potter et al., 2004). On
the other hand, some reports showed no gender difference in intestinal P-gp (Paine et al., 2005;
MacLean et al., 2008). Since P-gp is expressed at different levels in various tissues, the gen-
der difference in protein expression found in intestine may not be similar to that in PBMCs.
Recently, it was found that P-gp expression in intestine and liver does not correlate with its
expression in PBMCs (Albermann et al., 2005). A study reported that males have greater ex-
pression levels of ABCBI in peripheral lymphocytes compared with females, approximately
1.3-fold, using glyceraldehyde-3P dehydrogenase (GAPDH) as an endogenous control gene
for normalization (Chandler et al., 2007). However, another study concluded that beta-2 mi-
croglobulin (f-2M) is a more stably expressed endogenous control gene and should be used
for normalization of the expression levels in lymphocytes, rather than GAPDH or beta-actin
(actin-p), and that more than one gene should be used for normalization (Vandesompele et al.,
2002).

The gender difference of ABCBI gene expression in PBMCs using suitable endog-
enous control genes for normalization is crucial and should be investigated. In addition,
limited data of ABCBI expression in PBMCs is available in the Thai population. Therefore,
the present study aimed to determine the expression levels of the ABCB1 gene in PBMCs and
to compare them between males and females in healthy Thai individuals, using one or more
endogenous control genes for normalization.
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MATERIAL AND METHODS

Subjects

Fifty-six (30 females, 26 males) healthy Thai individuals were enrolled in the study.
The study was approved by the Institutional Review Boards at Naresuan University, Phitsanu-
lok, Thailand. Individual written consent was obtained from all subjects.

Specimen collection and preparation

Peripheral blood mononuclear cells were collected at designated study times in a CPT®
Cell Preparation Tube. PBMCs were isolated by centrifugation at 1700 g for 20 min at room tem-
perature. Afterward, PBMCs were separated from erythrocytes and granulocytes by the polyester
gel in the CPT® vacutainer at room temperature. Specimens were processed immediately upon
collection and “flash frozen” using liquid nitrogen. All samples were stored at -70°C until analysis.

Material and chemicals

QIAamp RNA Blood Mini Kit was purchased from QIAGEN®. Brilliant® II SYBR®
Green QRT-PCR, AffinityScript™ Master Mix, 2-Step and Alien® QRT-PCR Inhibitor Alert
were obtained from Stratagene®. ABCBI primers for quantitative polymerase chain reaction
(QPCR) were obtained from SABioscience™.

RNA isolation and first-strand cDNA synthesis

Total RNA was isolated from 800 pL PBMCs according to the manufacturer proto-
col (Qiagen®, Valencia, CA, USA). All RNA samples were eluted in a final volume of 50 uL
RNase-Free water (Qiagen®). Quantification of total RNA concentrations and the purity of
all samples were determined using NanoDrop® ND-1000 UV-Vis Spectrophotometer (Nano-
Drop® Technologies). Isolated RNA samples were stored at -70°C until analysis.

Reverse transcription was performed with 100 ng total RNA using cDNA synthesis
kits (Stratagene®, Germany), according to manufacturer instructions. First-strand cDNA was
synthesized in a 50-pL reaction mixture containing 10 pL cDNA synthesis master mix (2X), 3 pL.
of oligo (dT) primer, and 1 uLL AffinityScript RT/RNase Block enzyme mixture. The reaction mixture
was then incubated at 25°C for 5 min to allow primer annealing, at 42°C for 45 min to allow cDNA
synthesis and 95°C for 5 min to terminate reverse transcription. Finally, the reaction tubes were
stored at -20°C for long-term storage until analysis.

Real-time quantitative polymerase chain reaction

Real-time QPCR was carried out with Rotor-Gene™ 6000 (Corbette Life Science™,
Germany). The expression of each target gene including ABCBI, GAPDH, actin-f, and -2M
in PBMCs was determined. A 10-pL reaction volume contained 5 pL 2X Brilliant I SYBR
Green QPCR master mix, 0.4 pnL ABCBI specific primers (mix of forward and reverse primers, Sa-
biosciences™, USA), or 0.2 uL forward and 0.2 pL reverse primers (Invitrogen™, USA) for each
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housekeeping gene (Table 1), 1 uL of each cDNA template reaction mixture and 3.6 uLL. DNase-free
water. PCRs were initiated with denaturation at 95°C for 10 min, followed by 40 cycles of
amplification at 95°C for 30 s, annealing at 60°C for 60 s, and extension at 72°C for 30 s. The
PCR cycles were followed by a dissociation curve analysis to confirm the single-PCR product
at 65-95°C with increasing temperature in steps of 0.5°C every 10 s. No-template controls
were included for each primer pair of each target gene. Each PCR was performed in triplicate.
The completed QPCRs of each specific PCR product were stored at -20°C.

Table 1. Primer sequences and amplicon size.

Gene Sequence (5’-3”) Amplicon length (bp)

actin-f Forward: CTG GAA CGG TGA AGG TGA CA 140
Reverse: AAG GGA CTT CCT GTAACA ATG CA

GAPDH Forward: TGC ACC ACC AAC TGC TTA GC 87
Reverse: GGC ATG GAC TGT GGT CAT GAG

p-2M Forward: CTC CGT GGC CTT AGC TGT G 69
Reverse: TTT GGA GTA CGC TGG ATA GCC T

ABCBI Commercial product form SABioscience™ 105

GAPDH = glyceraldehyde-3P dehydrogenase; actin-ff = beta-actin; f-2M = beta-2 microglobulin; ABCBI1 =
multidrug resistance protein 1 (MDRI).

The data were generated with the Rotor Gene 6000 system (Cybeles®, Germany).
Cycle threshold (Ct) values were calculated for all samples using the Rotor-Gene 6000 Series
Software 1.7 (Cybeles®). To ensure reliable normalization, three housekeeping genes includ-
ing actin-f, GAPDH, and f5-2M were tested.

Evaluation of housekeeping genes

The expressions of three housekeeping genes including GAPDH, actin-f3, and p-2M
were evaluated for stability using the Excel-based BestKeeper® program (Pfaffl et al., 2004) to
determine the most suitable housekeeping genes for normalization of ABCB1 expression level.
Inputs were Ct values measured for individuals for each gene (GAPDH, actin-f3, f-2M). In
addition, we combined more than one gene and calculated the mean Ct for each combination,
thereby getting the following combinations: GAPDH + actin-f§, GAPDH + p-2M, actin-f§ +
p-2M, and GAPDH + actin-f + -2M. These combinations were, then, tested for their stability
as endogenous control genes. The stability of the individual housekeeping genes is defined by
the highest correlation coefficient (r) when compared to the BestKeeeper® index and a stan-
dard deviation (SD) of < 1.

Data and statistical analysis

Descriptive statistical analysis was performed for numerical data. Delta-delta Ct
method was used to calculate the ABCBI expression level relative to no-template control.
Housekeeping genes were used for normalization of ABCBI expression to correct for the
amount of total RNA added and the amount of the inhibitor during reverse transcription pro-
cess. The Student #-test was used to compare the means of subject characteristics and levels
of ABCB1 gene expression between males and females. A P value <0.05 was considered to be
statistically significant.
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RESULTS

Subject characteristics

The subject characteristics are summarized in Table 2. Fifty-six healthy Thai individuals
were enrolled, including 30 females and 26 males. The mean age in the female and male groups was
similar (P> 0.05). Females had lower total body weight, height, blood pressure, and serum creatinine
compared to male subjects (P = 0.000). However, these parameters in both groups were in the normal
range. In addition, white blood cell and lymphocyte counts were similar in female and male subjects.

Table 2. Subject characteristics.

Characteristic Female (N = 30) Male (N = 26) Significance level
Age (years) 22.0+1.1 21.6+1.3 P>0.05
Total body weight (kg) 489 +6.7 66.1+7.7 P =0.000
Height (cm) 158.5+4.9 171.7+6.3 P=0.000
Systolic blood pressure (mmHg) 112.3+£9.7 127.4+8.2 P =0.000
Diastolic blood pressure (mmHg) 71.4+79 80.6 + 8.1 P=0.000
Glucose (mg/dL) 91.2+6.4 92.8+5.0 P>0.05
Serum creatinine (mg/dL) 0.7+0.1 1.0+0.1 P=0.000
White blood cells (/mm?) 6663 + 1649 6946 + 1531 P>0.05
Lymphocytes (/mm?) 2490 + 631 2697+ 712 P>0.05

Evaluation of housekeeping gene stability

We evaluated 3 housekeeping genes for stability including GAPDH, actin-f and -2M
using the Bestkeeper® program. Table 3 shows the results from Bestkeeper®. When consider-
ing a housekeeping gene, actin-f (r=0.91, SD = 0.69) is the most stable gene according to the
lowest percent coefficient of variation (%CV) and SD and the highest correlation coefficient
compared to f-2M (r = 0.56, SD = 0.69) and GAPDH (r = 0.85, SD = 1.17). The levels of
GAPDH expression in PBMCs correlated very well with those of actin-f (r=10.74, P=0.001)
but not with those of f-2M (r = 0.10, P = 0.460). However, the level of actin-f expression cor-
related with those of 5-2M (r = 0.36, P =0.010). When considering more than one housekeep-
ing gene, the mean Ct of two or three housekeeping genes was input in BestKeeper®, better
correlation coefficients were observed ranging from 0.90 to1.00, with SD ranging from 0.60
to 0.88 and %CYV ranging from 2.98 to 4.25.

Table 3. Housekeeping gene stability test by BestKeeper®.

N=56 GAPDH actin-f B-2M GAPDH + GAPDH + actinf} GAPDH+  BesiKeeper®
actin-fp B2 +BIM  actinfitB2M  index
Geometric mean Ct 21.18 2023 20.33 20.71 20.77 20.29 20.59 20.58
Arithmetic mean Ct 21.22 2025 2036 20.73 20.79 20.30 20.61 20.60
Min Ct 18.98 18.85 18.30 19.04 18.93 18.58 18.99 18.99
Max Ct 24.86 23.71 2322 2428 23.63 23.05 23.65 23.64
SD (+ Ct) 1.17 0.69 0.72 0.88 0.68 0.60 0.65 0.64
CV (%) 5.54 3.43 3.52 425 3.28 298 3.15 3.13
Min [x-fold] -4.59 259 -4.10 3.19 -3.57 328 3.04 3.01
Max [x-fold] 12.80 11.19 7.39 11.93 7.24 6.81 8.36 8.33
SD [+ x-fold] 226 1.62 1.64 1.84 1.60 1.52 1.57 1.56
CC.[1] 0.85(P=0001) 091 (P=0001) 0.56(P=0.001) 093(P=0001) 097 (P=0.001) 0.90(P=0.001) 1.00(P=0.001)

Ct = cycle threshold; Min = minimum; Max = Maximum; SD = standard deviation; CV = coefficient of variation;
CC = correlation coefficient. For other abbreviations, see legend to Table 1.
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Gender difference of ABCBI gene expression levels

According to the result from Bestkeeper®, GAPDH alone was not suitable for an en-
dogenous control for the determination of ABCB1 expression in PBMCs, and it was, therefore,
not used for the normalization of ABCBI expression levels in PBMCs in this report.

The ABCBI expression levels in PBMCs in our population showed high inter-individ-
uals variability especially in females (%CV = 46.92-126.89) compared with males (%CV =
48.92-97.83) depending on the endogenous control used. Males had higher levels of ABCB1
expression than females (ranging from 1.5- to 2.5-fold) but the difference was not statistically
significant (Table 4).

Table 4. Relative ABCB1 expression levels normalized to each housekeeping gene.

Fold actin-f [-2M GAPDH + actin-f ~ GAPDH + -2M  actin-f + -2M  GAPDH + actin-f§ + p-2M
Overall
Mean -14.95 -53.94 -13.48 -23.50 -26.88 -19.78
SD 12.94 75.45 6.97 15.77 29.02 14.19
(6)% -86.57 -139.87 -51.70 -67.08 -107.93 -71.71
Female (N = 30)
Mean -18.99 -75.09 -15.88 -28.99 -35.97 -24.79
SD 14.75 95.28 7.45 18.37 35.03 16.48
Ccv -71.67 -126.89 -46.92 -63.38 -97.39 -66.46
Male (N =26)
Mean -10.30 -29.54 -10.70 -17.17 -16.40 -14.00
SD 8.61 28.89 5.23 8.81 14.68 7.92
Ccv -83.67 -97.83 -48.92 -51.29 -89.51 -56.59
Ratio M/F 1.84 2.54 1.48 1.69 2.19 1.77

SD = standard deviation; CV = coefficient of variation.

DISCUSSION

Evaluation of housekeeping gene stability

Endogenous reference genes or housekeeping genes are widely used to normalize the
mRNA level in relative quantitation to provide an accurate comparison of gene expression be-
tween different samples. Traditional endogenous reference genes such as GAPDH, actin-ff and
[-2M have been used for normalization in gene expression analysis for decades. However, the
gene expression study may not have proper validation of the housekeeping genes. Recently,
the study by Vandesompele et al. (2002) evaluated 10 housekeeping genes from various hu-
man tissues. In lymphocytes, it was shown that 5-2M was more stable than GAPDH or actin-f.
In contrast, our study showed that when considering single-gene normalization, actin-f is
the most stable gene for use, compared with -2M and GAPDH. This may be due to lower
numbers of leukocytes in samples in the previous study. However, similar to the findings of
Vandesompele et al. (2002), our results suggest that more than one endogenous control genes
should be used for normalization of gene expression levels. In the present study, when we used
GAPDH, which had the least stability compared to the others, the ABCBI expression levels
between males and females were almost equal.

On the other hand, normalization using f-2M or actin-ff showed higher differences
of ABCBI expression levels between males and females. Therefore, gene expression pro-
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files need to be carefully interpreted beforehand, taking into account the endogenous control
genes used.

Gender difference of ABCBI gene expression levels

P-gp is expressed in various tissues, including PBMCs and especially CD56+ natural
killer cells, CD8+ T cells and CD4+ helper T cells, which are the sites of action for numerous
immunosuppressive drugs (Hitzl et al., 2001; Fellay et al., 2002; Oselin et al., 2003). P-gp has
been reported to participate in the transport of cytokines, including interleukin-2 (IL-2), IL-4
and interferon-gamma (IFN-y) (Oselin et al., 2003). These findings indicate that P-gp may
play a role in specific immunological functions.

In this study, significant inter-subject variability was noted in ABCB/1 expression levels in
PBMC:s with a %CV of 40-107. These are in agreement with the findings from previous studies
of P-gp expression levels in liver (Schuetz et al., 1995; Paine et al., 2005). When gene expres-
sion levels were compared in males versus females, we found that females have lower ABCBI
expression levels in PBMCs with a male to female ABCB1 expression ratio of 1.48- to 2.54-folds,
according to the housekeeping gene used for normalization. Even though these gender-related dif-
ferences were not statistically significant (P> 0.05), we cannot discard this possibility, which may
account for the variability of drug (substrate) disposition between females and males.

The difference in P-gp expression levels between males and females may lead to dif-
ferences in drug response and toxicity. A review by Singh et al. (2005) suggests that females
are more susceptible to drug toxicity (myelosuppression, nausea, vomiting, and stomatitis)
from chemotherapy regimens, including cyclophosphamide, vincristine, doxorubicin, etopo-
side, and platins, relative to males. These may be explained by differences in intracellular lev-
els depending on P-gp expression, since vincristine, doxorubicin and etoposide are substrates
of P-gp. Another study reported that females have lower hepatic P-gp expression compared
to males (Schuetz et al., 1995). Therefore, females may have higher bioavailability with pro-
longed drug half-life and reduced drug elimination relative to males. Subsequently, females
may have a greater risk of myelosuppression and gastrointestinal toxicity. In contrast, females
may show a better response to the drug than males due to prolonged drug exposure.

A study reported that the expression of ABCBI gene in lymphocytes extracted from
HIV-positive patients was significantly greater in males relative to females, using GAPDH as
an endogenous control with a male to female expression ratio of 1.34-fold (Chandler et al.,
2007). However, the present findings suggest that GAPDH should not be used as a single-
endogenous control for normalization of ABCB1 gene expression in PBMCs. Gender-related
ABCBI expression may in part explain the higher exposure to saquinavir (Ribera et al., 2004)
and to indinavir (Brendel et al., 2005) found in females compared with males. It should be
noted that the pharmacokinetics of P-gp substrates is influenced by other transporters and
metabolic enzymes, for example, cytochrome P450 enzymes and CXCR4 chemokine recep-
tors (Owen et al., 2004; Paine et al., 2005). Even though the expression of the ABCBI gene
in PBMCs was similar to finding of another study investigating gene expression level in liver
(Schuetz et al., 1995), we may not be able to conclude that PBMC:s is a valid surrogate marker
in determining the expression levels of ABCBI gene in other tissues. In addition, a recent
study found that there is no correlation of ABCBI expression in intestine and liver with the
gene expression levels in PBMCs (Albermann et al., 2005).
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In contrast, a recent study showed that females required a higher dose of cyclospo-
rine compared to males in order to prevent acute rejection in rat with kidney transplantation
(Muller et al., 2008). These contrary results suggest that P-gp may have an influence on drug
exposure differently in regard to drug substrates and tissues. In summary, the present study
provides evidence that ABCBI expression in PBMCs is greater in males compared to females,
using proper endogenous control genes for normalization. Consequently, these findings may in
part explain the gender-related drug responses and drug toxicities of P-gp substrates.
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