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P-glycoprotein (P-gp), an ATP-binding cassette (ABC) efflux
transporter, recognizes a variety of structurally and pharmacologically
unrelated, various neutral and positively charged lipophilic
compounds. P-gp is expressed in the membrane of various normal
tissues including the adrenal grands, brain, eye, kidney, liver,
muscle, placenta, small and large intestine, skin, and so on, not
only in multidrug-resistant cancer cells. P-gp suppresses the influx
of various harmful substances including clinically important drugs
and facilitates their efflux out of cells, together with other ABC
efflux transporters such as multidrug resistance-associated proteins
(MRPs) and breast cancer resistance protein (BCRP). For example,
in the small intestine, these ABC transporters suppress the intestinal
absorption of their substrate drugs, more or less [1]. Many drugs and
supplements can cause the modulation of expression and function
of P-gp, P-gp-mediated drug-drug interactions (DDI), as well as the
cases for metabolic enzyme CYP3A4. For example, cyclosporine, a
P-gp substrate/inhibitor, is reported to cause DDIs with more than
800 P-gp- and CYP3A-related drugs [2]. Natural products such
as grapefruit juice, polyphenols, and St. John’s wort are also typical
modulating agents of P-gp. Turton-Weeks et al. reported that transplant
patients using St John’s wort concomitantly with cyclosporine or other
medications need close monitoring, and transplant coordinators are in
a critical position to educate transplant recipients about the potential
risks of herbal medication usage [3]. In addition to the modulation
of P-gp by such exogenous substances, the disease state itself can
also modulate P-gp expression and function greatly and systemically,
possibly due to the modulation of physiological parameters including
the levels of endogenous substances in the body. The changes of
gastrointestinal physiology such as pH, membrane permeability,
gastrointestinal transit, and so on in the elderly, in pediatric patients,
and in patients with gastrointestinal diseases are reported recently
[4]. Previously, we found that P-gp function in the liver, kidney and
brain was significantly suppressed under glycerol-induced acute renal
failure (ARF) in rats, even though the protein level of P-gp remained
unchanged in the liver and brain, and increased in the kidney [5]. As
well, P-gp function was systemically suppressed under CCl4-induced
acute hepatic failure (AHF), though the protein level of P-gp remained
unchanged in the kidney and brain, and increased in the liver in rats
[6]. The P-gp function in the intestine of AHF rats also decreased with
no significant change of P-gp expression. Accordingly, the results also
demonstrated that the actual in vivo P-gp function under disease states
cannot be predicted merely from in vitro functional studies nor from
P-gp expression levels [7]. Based on these results, we thought that the
systemic suppression of P-gp function under disease states such as
ARF and AHF was due to the alteration of plasma concentrations or
components of endogenous P-gp-related substances, and the increase
in P-gp protein level in the targeted injured tissues (kidney in ARF and
liver in AHF) was thought to be an adaptative response to the reduced
function. The contribution of endogenous substances in the systemic
P-gp suppression under disease states was examined by comparing
the inhibitory effects on P-gp function in vitro between normal rat
plasma and disease rat plasma [8]. The systemic modulation of P-gp
expression and function, together with many other ABC and solute
carrier (SLC) transporters and metabolic enzymes, under disease
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states has also been reported by many research groups as follows:
Naud et al. reported the decrease in P-gp expression in the kidney,
increase in P-gp expression in the liver, reduction in P-gp activity and
expression in the intestine, and reduction in P-gp expression with
unchanged P-gp activity in the brain in partially nephrectomized
chromic renal failure (CRF) rats [9-13]. Sun et al. reported that renal
failure alters not only the renal elimination, but also the non-renal
disposition of drugs that are extensively metabolized by the liver [14].
Like this, disease states often affect the expression and function of
P-gp systemically at least in animal studies.

Sun et al. also reported that the increase in drug AUCs in subjects
with advanced renal disease for drugs that are not renally excreted
is consistent with uremic toxin effects on either intestinal or hepatic
cell transporters, metabolizing enzymes, or both [14]. Kaplan et al.
reported the low oral bioavailabilities of cyclosporine and tacrolimus
in a small bowel transplant recipient, in which the allograft ileum
showed a high P-gp activity than that obtained from other normal
subjects [15]. Buchman et al. reported the significantly higher-
than-average requirements of tacrolimus dose, possibly due to the
significantly higher P-gp protein level in the duodenum of patient
with active Crohn’s disease [16]. Fakhoury et al. reported the high
levels of duodenal P-gp mRNA in children with Crohn’s disease than
in the duodenum normal tissue [17]. Englund et al. reported that P-gp
expression was strongly reduced in the gut mucosa of individuals
with active inflammation compared with controls and was negatively
correlated with the levels of IL-6 mRNA [18]. Gutmann et al. reported
the reduction of P-gp only in inflamed tissue of patients with active
ulcerative colitis with comparable P-gp expression in unaffected
mucosa of ulcerative colitis patients [19]. Westerlund et al. reported
the reduced mRNA levels of MDRI1 (P-gp) in human striatum in
Parkinson patients compared with control individuals [20]. Ufer et al.
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reported the downregulation of P-gp in the sigmoidal biopsies of
ulcerative colitis patients with a possible contribution from IL8 [21].
Blokzijl et al. reported the strong suppression of P-gp mRNA levels
in inflamed intestinal epithelium of patients with gastrointestinal
disorders such as Crohn’s disease, ulcerative colitis, collagenous
colitis and diverticulitis [22]. Provenzani et al. reported that kidney
transplant recipients carrying the ABCB1 (P-gp) 2677T/A allele
required significantly higher daily tacrolimus doses than subjects
homozygous for the wild-type allele [23]. Zhang et al. reported that
the expression rate of P-gp in patients with ulcerative colitis was
significantly lower than that in the control group [24]. Andersen et al.
reported that the low P-gp protein levels, high MRP2 gene expression
and low BCRP gene expression in intestinal tissue are early events in
colorectal carcinogenesis through increasing intracellular exposure to
carcinogenic substrates [25, 26].

The relationship between the intestinal P-gp levels and required
oral doses of immunosuppressants in recipients of living-donor
liver transplantation (LDLT) are extensively studied. Hashida et al.
reported that the mRNA expression level of P-gp, but not CYP3A4,
was inversely related to the concentration/dose ratio of tacrolimus,
and high levels of P-gp, but not CYP3A4, were strongly associated
with reductions in survival rates after LDLT [27]. Masuda et al. found
that the recipient of second LDLT required very large oral doses
of cyclosporine, approximately 4.4-fold of the first LDLT, due to
the marked increase of intestinal P-gp level after the second LDLT
[28]. Masuda et al. also found a good inverse correlation between
the tacrolimus concentration/dose ratio and the intestinal mRNA
level of MDR1, and reported that intestinal MDR1 mRNA level is a
useful molecular marker for determination of the personalized oral
dose of tacrolimus in recipients of LDLT immediately after surgery
[29]. Sharaki et al. reported that the daily dose requirements of
cyclosporine in renal transplant recipients were significantly higher
in T allele MDR1 2677G>T GG genotype as compared to GT/TT
genotypes at 3, 6, and 9 months post plantation [30].

In conclusion, the expression and function of P-gp can be
modulated systemically, more or less, under disease states. The
frequency and severity of DDIs could also be increased under disease
states. The modulation of in vivo P-gp function will not always be
predicted merely from the expression level of P-gp and/or in vitro
P-gp function, because of the absence of endogenous P-gp-related
substances. The examination of plasma or plasma components
obtained from patients in in-vitro P-gp functional studies can suggest
the contribution of endogenous substances in the systemic in-vivo
modulation of P-gp function. Careful monitoring of pharmacological
efficacy and side effects is needed during pharmacotherapy under
certain disease states. Accumulation of information regarding the in
vivo P-gp function and expression under various disease states is also
necessary for further safe and effective pharmacotherapy with P-gp/
CYP3A-related drugs.
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