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ABSTRACT - PURPUSE: Bacterial co-infections and low grade endotoxemia are common in HIV patients.
Inflammation due to endotoxin or HIV may influence the expression and activity of transporters. Kidney
transporters influence renal drug clearances including many antiretroviral agents. Our objective was to study the
effect of endotoxin and HIV on the renal expression of drug transporters in an HIV-transgenic (HIV-Tg) rat model.
These rats develop immune dysfunction and AIDS-associated conditions like humans. METHODS: Endotoxin
or saline was administered intraperitoneally to HIV-Tg or wild type (WT) littermates and kidneys were collected
18 hours later. Expression of transporters and cytokines were measured by qRT-PCR and Western blots. Serum
cytokine levels were measured by ELISA. RESULTS: Endotoxin induced serum levels of IL-6, TNF-o and IFN-
v in both HIV-Tg and WT animals. The basal mRNA expression of Oct2, Oct3, Octnl, Matel, Uratl and Entlwas
significantly lower (33-60%) and the expression of Ent2 and Pept2 was significantly higher (33-45%) in HIV-Tg
as compared to WT. While endotoxin significantly downregulated the mRNA expression of Mdral and Pept2 in
both HIV and WT groups (69-78%), it imposed a significant reduction on the mRNA expression of Oct2, Oct3,
Octnl, Matel, Oat2, uratl, and Ent1 (54-83%) only in the WT group. Endotoxin significantly increased the mRNA
expression of Peptl (140%) in both WT and HIV groups. CONCLUSIONS: HIV and endotoxin each imposed
alterations in the expression of many clinically important renal drug transporters although co-infection did not
augment this effect. Viral and/or bacterial infections may impact the renal clearance of drug substrates in patients
and could potentially be a source of drug-disease interactions.

INTRODUCTION Drug transporters are membrane-bound proteins
and based on their mode of action are classified into
Infection with HIV ~ virus causes immune two super families: 1) ATP binding cassette (ABC)
dysregulation. This increases the risk of efflux transporters and 2) solute carrier (SLC) uptake
opportunistic infections (1, 2). In addition, these transporters (10). Based on their clinical relevance,
patients often suffer from subclinical endotoxemia the International Transporter Consortium has
due to HIV infection-associated disruption of the identified several key transporters in the kidney (11).
intestinal mucosal layer which allows microbial Some are involved in clinical drug-drug interactions
translocation of endotoxin from the gut to the such as, the multidrug resistant (MDR)1 protein
systemic circulation (3, 4). Endotoxin is a structural (also termed P-glycoprotein (P-gp), breast cancer
element of the outer membrane of Gram-negative resistance protein (BCRP), organic anion transporter
bacteria. It stimulates the release of proinflammatory polypeptides (OATPs), organic cation transporter
cytokines such as interleukin (IL)-6, IL-1B, and (OCT) 2 and organic anion transporter (OAT) 1 and
tumor necrosis factor (TNF)-a which further OAT3 (11). OAT2 has more recently been
contributes to chronic inflammation in patients with introduced amongst the emerging transporters of
HIV (5-8). Numerous studies in animal models have clinical importance. Several transporters are
demonstrated endotoxin mediated changes in the important in efficacy and drug-induced toxicities
expression and activity of drug metabolizing including multidrug and toxin extrusion transporter

enzymes and drug transporters (6, 7). Moreover, the
fact that similar changes in drug metabolism are seen
in human subjects after administration of endotoxin : L
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List of Non-Standard Abbreviations:

ABC, ATP Binding Cassette;

AIDS, Acquired Immunodeficiency Syndrome;
BCRP, Breast Cancer Resistance Protein;

ENT, Equilibrate Nucleotide Transporter;
GAPDH, Glyceraldehyde-3-phosphate
Dehydrogenase;

HIV, Human Immunodeficiency Virus;
HIV-Tg, HIV Transgenic;

IFN-y, Interferon Gamma;

IL, Interleukin;

LPS, lipopolysaccharide;

MATE, Multidrug and Toxin Extrusion Transporter;
MDRI1, Multidrug Resistant;

MRP, Multidrug Resistance-Associated Protein;
OAT, Organic Anion Transporter;

OATP, Organic Anion Transporter Polypeptide;
OCT, Organic Cation Transporter;

OCTN, Organic Cation/Carnitine Transporter;
PBMC, Peripheral Blood Mononuclear Cells;
PEPT, Peptide Transporters;

P-gp, P-glycoprotein;

gRT-PCR, Real-Time Quantitative Reverse
Transcription Polymerase Chain Reaction;

SLC, Solute Carrier;

Th, T helper;

TNF-a, Tumor Necrosis Factor- o

URATI, Urate Transporter;

WT, Wild type

(MATE1), multidrug resistance-associated proteins
(MRPs), equilibrate nucleotide transporters (ENTs),
and peptide transporters (PEPTs). Organic
cation/carnitine transporters (OCTNTSs) and organic
anion urate transporter (URAT1) are also important
renal transporters involved in the transport of
endogenous compounds.

It is well recognized that inflammation can
impact the expression and activity of drug
transporters in the liver, intestine and blood-brain
barrier (6-8). Preclinical studies in HIV transgenic
rats and in viral protein treated cells have
demonstrated that HIV viral proteins can alter the
expression of a number of ABC transporters (12-15).
These findings are supported by recent clinical
studies that demonstrated significant decreases in the
protein expression of P-gp and MRP2 in the recto-
sigmoid colon and MRP2 and BCRP in the intestine
of HIV-infected patients as compared to healthy
individuals (16, 17). Much less is known about the
impact of inflammation on renal transporters. Many
antiviral agents that are used by HIV patients are
cleared by renal drug transporters (Table 1) (18).
Thus, studying whether their expression is

modulated during disease is of clinical relevance.
Our primary objective was to investigate the effect
of HIV and/ or bacterial co-infection on the
expression of renal drug transporters. As both HIV
and bacterial infections can impose changes to
transporters, we hypothesized that immunologic
alterations associated with HIV infection would
further impact endotoxin mediated effects. We used
a commercially available non-infectious HIV-Tg rat
model developed by Reid et al. in 2001 (19). The
transgene is comprised of an HIV-1 provirus lacking
functional gag and pol genes which are responsible
for viral replication. The expression of HIV viral
proteins is seen in many tissues including kidneys
(20, 21). These animals demonstrate immune
dysregulation with abnormal T helper (Th)-1
response but retain normal Th2 function and show
clinical manifestations of AIDS by 5-9 months of age
(19). Thus, this model provides us with an
established method of studying the impact of HIV
co-infection on kidney transporters.

The presented study examined the effect of HIV
and bacterial co-infection on the expression of renal
drug transporters in a HIV transgenic rat model. Our
results demonstrated that both HIV disease and
bacterial endotoxin altered the expression of
clinically important renal drug transporters some of
which are responsible for the clearance of antiviral
agents. Our work presents novel results, and to our
knowledge, this study is the first to show that HIV
viral proteins cause changes in the renal expression
of SLC drug transporters in a HIV-Tg rat model. It
also is the first study that demonstrates the endotoxin
mediated effects on some of the SLC drug
transporters such as Matel in the kidney. This study
can provide new insight to potential drug-disease
interactions and may help to shed light on the inter
and intra-subject variability that is observed in renal
clearance of renally excreted drugs.

METHODS

Animals and experimental design. Hsd-HIV-1
(F344) transgenic male and wild type F344/NHsd,
originally purchased from Harlan Laboratories
(Indianapolis, IN, USA), were bred in house. HIV-
Tg and WT littermates were separated after weaning.
Rats were housed in a temperature-controlled facility
on a 12-hour light/dark cycle and given free access
to water and standard chow.
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Table 1: Antiretroviral substrates of renal drug transporters (adapted from reference (18)).

Renal Drug Antiretroviral Drug Substrates

Transporter

P-gp® Abacavir, Atazanavir, Darunavir, Dasabuvir, Didanosine, Emtricitabine, Indinavir, Lamivudine,
Lopinavir, Maraviroc, Nelfinavir, Raltegravir, Ritonavir, Saquinavir, Stavudine, Tenofovir
disoproxil fumarate, Zidovudine

MRP2°? Darunavir, Indinavir, Lopinavir, Ritonavir, Saquinavir, Tenofovir disoproxil fumarate

MRP4 Abacavir, Nelfinavir, Tenofovir disoproxil fumarate, Zidovudine

BCRP¢ Abacavir, Dasabuvir, Dolutegravir, Efavirenz, Lamivudine, Raltegravir, Zidovudine

OCT2¢ Abacavir, Emtricitabine, Lamivudine, Tenofovir disoproxil fumarate, Zalcitabine, Zidovudine

MATE1¢ Lamivudine, Tenofovir disoproxil fumarate

MATE2, MATE2K  Lamivudine

OATV Didanosine, Lamivudine, Stavudine, Tenofovir disoproxil fumarate, Zalcitabine, Zidovudine

OAT3 Abacavir, Didanosine, Stavudine, Tenofovir disoproxil fumarate, Zalcitabine, Zidovudine

OAT4 Zidovudine

OATP1A2¢ Darunavir, Lopinavir, Saquinavir

“P-gp, P-glycoprotein; “"MRP, multidrug resistance protein; “BCRP, breast cancer resistance protein; “OCT, organic cation
transporter; ‘M ATE, multidrug and toxic compound extrusion protein; /OAT, organic anion transporter; SOATP, organic

anion transporting polypeptide.

Five-month-old male HIV-Tg rats and their WT
litter mates were administered an i.p. injection of
either saline (control) or 5 mg kg! of bacterial
endotoxin (lipopolysaccharide (LPS)) (Escherichia
coli 055: BS5) (Sigma-Aldrich, Oakville, ON,
Canada) (7 per group). This dose was chosen to
model acute bacterial infections in which a full
immune response is triggered. Animals were
anesthetized using isoflurane (Fresenius Kabi
Canada, Toronto, ON, Canada) and euthanized 18
hours after injection. Serum and tissues were
collected, snap-frozen in liquid nitrogen and stored
at -80°C for future analysis. The time point was
chosen based on previous studies that demonstrated
endotoxin-mediated changes in the expression of
drug transporters in other organs (22). A pilot study
run in 3-month HIV-Tg and WT rats found relatively
similar endotoxin mediated changes in male and
female rats (Supplementary Figure 1). We calculated
that 6 animals/group were needed to obtain
statistically significant differences at the 95%
confidence level based on variability and effect size
seen in the pilot study. All animal studies were
approved by the Office of Research Ethics at the
University of Toronto and conducted in accordance
with the guidelines of the Canadian Council on
Animal Care.

Serum analysis. Serum concentrations of IFN-y,
TNF-0, and IL-6 were determined using

commercially available enzyme-linked
immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN, USA) according to the
manufacturer's  instructions. The  minimum
detectable levels were 12.5, 62.5, and 31.2 pg/ml for
TNF-oa, IL-6, and IFN-y, respectively.

Quantitative real time polymerase chain reaction.
Total RNA was isolated from 50 mg frozen renal
tissue using the TRIZOL (Invitrogen, Carlsbad, CA,
USA) extraction method according to the
manufacturer’s instruction. Purity and concentration
of the RNA was measured using a NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Total RNA samples (2 pg)
were treated with DNase (Invitrogen) and reversed
transcribed to cDNA using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). The qRT-PCR reaction was
performed in triplicates using a Power SYBR Green
detection system (ABI HT 7900; Applied
Biosystems, Streetsville, ON, Canada) with primers
specific for each gene (Supplemental Table 1). A
comparative threshold cycle method (XXCT) was
used to calculate the relative mRNA expression of
each gene of interest normalized to the housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Similar results were obtained when either
GAPDH or B-actin were used as the housekeeping
gene.
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Figure 1. Effect of endotoxin on serum pro-inflammatory cytokines. Serum levels of (A) IL-6, (B) IFN-y, and (C) TNF-
o in WT and HIV-Tg rats 18 h after i.p. administration of either 5 mg kg LPS or saline (n=7/group). Concentrations were
quantified by ELISA as described in materials and methods. Data represents the mean + S.E.M. Statistical analysis was
performed using Student's t-test. * Significantly different from endotoxin-treated WT (*p < 0.05). ND: not detected, cytokine

levels were below the limits of detection.

Western blot analysis. Membrane proteins were
extracted from tissues as previously described (23).
Briefly, kidney samples (300 mg) were homogenized
in lysis buffer (0.1 M Tris-HCL (Sigma-Aldrich), pH
7.5, 3 uL/ml protease inhibitors cocktail (Sigma-
Aldrich), 50 pg/mL phenylmethylsulfonyl fluoride
(PMSF) (Bioshop Canada Inc., Burlington, ON,
Canada) and centrifuged at 2500 rpm for 15 min at
4°C (GH-3.8 swing bucket rotor) (Beckman Coulter,
California, USA). The supernatant was collected and
centrifuged at 34100 rpm for 1 hr at 4°C (90 Ti rotor)
(Beckman). Protein concentrations were measured
using the Bradford assay (Bio-Rad Laboratories,
Mississauga, ON, Canada). Samples (50 pg) were
separated using sodium dodecyl sulfate (SDS)-
PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes (Bio-Rad Laboratories). The
membranes were blocked with 5% milk powder in
tris buffered saline (TBST) and incubated with the
following primary antibodies overnight: P-gp
antibody (1:100), (Cat# ALX-801-002-C100, Enzo
Life Sciences, Farmingdale, NY, USA), PEPTI1
(1:100) (Cat# sc-373742, Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) , OCT2 (1:1000) (Cat# sc-
365116, Santa Cruz Biotechnology, Inc.), OCT3
(1:1000) (Cat# BS3359, Bioworld Technology, Inc.,
Louis Park, MN, USA), ENT1 (1:100) (Cat# sc-
377283, Santa Cruz Biotechnology, Inc.), MATE1
(1:200) (Cat# sc-138983, Santa Cruz Biotechnology,
Inc.), OAT2 (1:1000) (LS-C313517, LifeSpan
BioSciences, Inc., Seattle, WA, USA), UEATI
(1:1000) (Cat# URATI11-A, Alpha Diagnostic
International, San Antonio, TX, USA. Following
several sequential washes, membranes were treated
with secondary anti-mouse antibody (1:30000) (Cat#

NA931, Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) in the case of P-GP, PEPT1,
OCT2, ENTI1, MATEI1, or secondary anti-rabbit
antibody (1:1000) (Cat# NA934, GE Healthcare,
Mississauga, ON, Canada) in the case of OCT3,
OAT2, URATI. Beta-actin (1:75000) (Cat# A1978,
Sigma-Aldrich, Oakville, ON, Canada) was used as
an internal loading control and a calibrator sample
was loaded on all gels to control for variability
between gels. SuperSignal West Femto Maximum
Sensitivity Substrate (ThermoScentific, Rockford,
IL, USA) was used for immunodetection and band
intensity was determined using Alpha Ease FC
imaging software (Alpha Innotech, Santa Clare, AC,
USA).

DATA AND STATISTICAL ANALYSIS

Prism 6 software (GraphPad Software Inc., La Jolla,
CA, www.graphpad.com) was used for statistical
analysis. ANOVA was used to determine the
statistical differences among the groups. Post hoc
multiple comparisons were performed using the
Bonferroni multiple comparison tests. All data are
presented as the mean = SEM.

RESULTS

HIV-Tg rat characteristics. At 5 months of age, the
mean body weight of HIV-Tg animals was 20%
lower than that of their WT littermates (HIV-Tg: 336
+20g, n=18; WT: 419 + 23 g, n=26). However, they
appeared healthy and active with no other visible
signs of illness.
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Inflammatory response to endotoxin. While serum
concentrations of IL-6, IFN-y, and TNF-a were
below the limit of detection in saline treated animals,
levels were induced following administration of 5
mg kg!' LPS (Fig. 1). Since all samples from saline
treated animals were below the detection limit we did
not perform statistical analysis between saline
treated and endotoxin treated. However as compared
to WT, HIV-Tg animals produced significantly
lower levels of IFN-y in response to endotoxin (Fig.
1B). Endotoxin induced IL-6 and TNF-a levels to a
similar extent in WT and HIV-Tg rats. While
endotoxin administration significantly increased the
renal mRNA expression of IL-6 and IL-1f in both
WT and HIV-Tg animals (Fig. 2), the renal mRNA
expression of TNF-a and IL-10 were not affected.

Effect of endotoxin on renal transporter
expression in HIV-Tg and WT. Results are
summarized in Table 2.

ABC transporters. As compared to saline controls,
endotoxin significantly downregulated the renal
mRNA expression of Mdrla in WT and HIV-Tg rats
(Fig. 3A). The expression of Mdrlb was also lower
after endotoxin treatment in both WT and HIV-Tg
groups, however, this did not reach significance.
While endotoxin significantly downregulated the
protein expression of P-gp (encoded by Mdrla and
Mdrlb) in HIV-Tg animals, it only caused a trend
toward a decrease in WT group (P = 0.18) (Fig. 3B
and 3C). Endotoxin did not impact the mRNA
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Figure 2. Effect of endotoxin on expression of cytokines in the kidneys. The relative mRNA expression of cytokines in
the kidneys collected 18 h after i.p. administration of saline or 5 mg kg-' LPS to HIV-Tg and WT rats (n=7/group). mRNA
levels were quantified by qRT-PCR relative to control WT and presented as mean + S.E.M. One-way ANOVA with
Bonferroni multiple comparison test was used to determine the statistical differences among the groups. * Significantly
different from saline controls (* p < 0.05).

expression of Mrp2 and Mrp4 in either the WT or
HIV-Tg groups.

Organic cation transporters. As compared to saline
controls, endotoxin significantly decreased Oct2,
Oct3, Octnl and Matel mRNA levels in WT but not
HIV-Tg rats (Fig. 4A). Endotoxin did not impact the
mRNA expression of Octl or Octn2 in either the WT
or HIV-Tg groups. As compared to controls, the
protein expression of Oct2 and Oct3 tended to be
lower in the endotoxin treated WT animals, although
this did not reach significance. As compared to saline
controls, endotoxin administration did not
significantly alter the protein expression of Matel in
either HIV or WT groups (Fig 4B and O),
nevertheless, protein expression was significantly
lower in the endotoxin treated HIV group as
compared to endotoxin-treated WT (Fig 4B).

Organic anion transporters. As compared to
controls, endotoxin caused a significant decrease in
the expression of Oat2 and Uratl mRNA in WT but
not HIV-Tg (Fig 5A). While there was a pronounced
trend toward decreased expression of Oatpdcl
mRNA after endotoxin administration in both WT
and HIV-Tg groups, this did not reach significance
(P=0.05). The mRNA expression of Oatl and Oat3
were not significantly altered. Endotoxin
administration did not significantly alter the protein
expression of Oat2 and Uratl (Fig. 5B, 5C).
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Figure 3. Renal expression of ABC transporters. (A) Relative mRNA expression of ABC transporters, (B) Protein
expression of P-gp and (C) Representative western blot of P-gp. RNA and protein were extracted from kidneys collected 18
h after i.p. administration of saline or 5 mg kg'! LPS to WT and HIV-Tg rats (n=7/group). Results are expressed relative to
control WT as mean + S.E.M. One-way ANOVA with Bonferroni multiple comparison test was used to determine the
statistical differences among the groups. * Significantly different from saline controls (* p < 0.05).

Nucleoside and peptide transporters. As compared
to saline controls, administration of endotoxin
resulted in a significant downregulation of Entl in
WT but not HIV-Tg rats while levels of Ent2 were
unchanged (Fig. 6A). As compared to controls,
administration of endotoxin imposed a significant
increase in mRNA levels of Peptl in both WT and
HIV-Tg animals, while levels of Pept2 were
significantly decreased (Fig. 6A). Consistent with
mRNA data, endotoxin administration decreased
protein expression of Entl in the WT group (Fig. 6B,
6C). Although protein expression of Peptl was
higher in the endotoxin treated rats, this only reached
significance for the HIV-Tg group (Fig. 6B, 6C).

Basal expression of transporters in HIV-Tg and
WT rats. As compared to WT controls, the mRNA
expressions of Oct2, Oct3, Octnl, Matel (Fig 4A),
Uratl (Fig 5A) and Entl (Fig 6A) were significantly

lower in the HIV-Tg controls. In contrast, the
mRNA levels of Ent2 and Pept2 (Fig 4A) were
significantly higher in the HIV-Tg controls.

DISCUSSION

Dysregulation of drug transporters during
inflammation has been previously reported for
several tissues (6, 7). However, much less is known
about the effects on renal transporters. HIV-infected
patients are often in a state of immune activation
because of exposure to bacterial endotoxin either as
opportunistic  infections due to immune
dysregulation, or microbial translocation to the
systemic circulation. Renal drug transporters play an
important role in the disposition of many
antiretroviral and therapeutic agents. Therefore, the
possibility of altered renal drug clearance exists in
HIV-infected patients.
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Figure 4. Renal expression of organic cation transporters. (A) Relative mRNA expression of organic cation transporters,
(B) Protein expression of OCT2, OCT3 and MATEI1 and (C) Representative western blots of OCT2, OCT3 and MATEI.
RNA and protein were extracted from kidneys collected 18 h after i.p. administration of saline or 5 mg kg' LPS to WT and
HIV-Tg rats (n=7/group). Results are expressed relative to control WT as mean = S.E.M. One-way ANOV A with Bonferroni
multiple comparison test was used to determine the statistical differences among the groups. * Significantly different from
saline controls (*p < 0.05); # Significantly different from saline treated WT (# p<0.05); £ Significantly different from LPS-

treated WT (£ p <0.05).

Preclinical and clinal studies show that HIV
disease and proteins impact the expression of drug
transporters, possibly due to the dysregulation of the
immune system and stimulation of inflammatory
cytokines. Therefore, we predicted higher levels of
inflammation to occur after endotoxin exposure
which would cause a more pronounced impact of
endotoxemia in the HIV-Tg rats. Overall, we found
administration of endotoxin induced the release of
serum pro-inflammatory cytokines (IL-6, TNF-q,
IFN-y) in both WT and HIV-Tg rats. This was
associated with altered mRNA expression of several
transporters in the kidneys. However, as compared to
endotoxin treated WT, we did not observe any
further endotoxin-mediated downregulation in the

HIV-Tg, contrary to what we had hypothesized.
Indeed, for several transporters we saw decreased
endotoxin-mediated downregulation which could
stem from the lower basal expression observed in the
HIV-Tg group.

Endotoxin induced the release of pro-
inflammatory cytokines in both WT and HIV-Tg
rats. However, a significantly lower induction of
IFN-y was seen in the HIV-Tg animals. This agrees
with previous studies which have reported that HIV
patients have a decreased production of I[FN-y (24,
25). It is also in line with Reid W., et al., who
demonstrated that peripheral blood mononuclear
cells (PBMCs) extracted from HIV-Tg rats produced
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Figure 5. Renal expression of organic anion transporters. (A) Relative mRNA expression of organic anion transporters,
(B) Protein expression of OAT2 and URAT 1and (C) Representative western blots of OAT2 and URAT1. RNA and protein
were extracted from kidneys collected 18 h after i.p. administration of saline or 5 mg kg™! LPS to WT and HIV-Tg rats
(n=7/group). Results are expressed relative to control WT as mean + S.E.M. One-way ANOVA with Bonferroni multiple
comparison test was used to determine the statistical differences among the groups. * Significantly different from saline
controls (* p < 0.05); # Significantly different from WT (# p < 0.05).

significantly less IFN-y compared to WT following
in vitro stimulation by phorbol 12-myristrate 13-
acetate and ionomycin (26). This has been attributed
to the reduction of T lymphocytes and increased
apoptosis (19, 26, 27). On the other hand, we
observed a similar induction of IL-6 and TNF-a in
HIV-Tg and WT rats after endotoxin administration.
In HIV-Tg rats, it has been reported that loss of T
lymphocytes causes immune dysfunction via
dysregulation of Th1 effector cells (27). Th1 cells are
mainly involved in cell mediated immunity,
producing IFN-y, IL-2 and TNF-a, while Th2 cells
which are functional in the transgenic animals, play
an important role in humoral immunity and IL-4, IL-

5, IL-6, and IL-10 production (27). Thus, it appears
that while interferon levels may be somewhat lower
in the HIV-Tg animals, other inflammatory
responses are intact.

We found that endotoxin administration resulted
in a significant reduction in both mRNA and protein
expression of Mdrla/P-gp which is an important
efflux drug transporter located on the apical side of
the tubules (28). P-gp is involved in the efflux of
endogenous compounds such as steroids, lipids,
bilirubin and bile acids and plays an important role
in the disposition and distribution of the commonly
prescribed antiviral agents ritonavir and zidovudine.
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Figure 6. Renal expression of nucleoside and peptide transporters. (A) Relative mRNA expression of nucleoside and
peptide transporters, (B) Protein expression of ENT1 and PEPT1 and (C) Representative western blots of ENT1 and
PEPT1. RNA and protein were extracted from kidneys collected 18 h after i.p. administration of saline or 5 mg kg™' LPS to
WT and HIV-Tg rats (n=7/group). Results are expressed relative to control WT as mean + S.E.M. One-way ANOVA with
Bonferroni multiple comparison test was used to determine the statistical differences among the groups. * Significantly
different from saline controls (* p < 0.05); # Significantly different from saline treated WT (# p<0.05).

Our results are consistent with those of Ando H., et
al. (2001) who demonstrated an endotoxin mediated
downregulation of Mdrla expression and activity in
the kidney of rats (29). This is also in line with
previous studies which have shown an
inflammation-mediated downregulation of Mdrla
mRNA and protein in the liver, brain and intestine
(7). It is possible that downregulation of P-gp could
reduce the renal excretion of drug substrates
resulting in increased accumulation and toxicity.
Our study demonstrated that endotoxin mediates
changes in the mRNA expression of several organic
cation transporters within the kidney. Endotoxin
imposed a significant downregulation of Oct2, Oct3,

Octnl and Matel in WT but not HIV-Tg, however
the basal expression of these transporters was
already significantly lower in the HIV-Tg controls.
Therefore, differences in the response to endotoxin
could be due to the limited expression of these
transporters in the HIV-Tg rats. Moreover, the lower
basal expression of these transporters may stem from
changes due to HIV viral proteins. While decreased
renal mRNA expression of Oct2 was previously
reported in endotoxin treated rats (30), the impact on
Oct3, Octnl and Matel has not been examined.
OCT2 and MATEI1 are among the main organic
cation transporters in the kidney that are located on
the basolateral and apical sides of the proximal
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tubules, respectively. OCT2 mediates the uptake of
organic cations from the blood to the proximal
tubular cells for secretion (31) and plays an
important role in renal clearance of endogenous
compounds such as monoamine neurotransmitters
(32), creatinine (33) and drugs such as metformin
and cimetidine (34). Located on the luminal side,
MATE1 is involved in the renal secretion of
creatinine (35) and therapeutic drugs such as
metformin (36) and cephalexin (37). Also expressed
on the luminal side, OCTNT1 is involved in the renal
reabsorption of L-carnitine (38) and transport of
several chemotherapeutics such as doxorubicin and
methotrexate (39). As these organic cation
transporters play an important role in the renal
clearance of drug substrates, downregulation in their
expression could have clinical consequences such as
altered systemic drug concentrations and
nephrotoxicity. However, despite alterations at the
mRNA level, we did not observe a significant change
in the protein expression of these transporters. The
stability or half-life of these membrane transporters
has not been fully elucidated hence it is possible that
despite the reduction in transcripts, a period of 18
hours may not have been sufficient to detect
substantial changes in protein expression or activity.
Studies at later time points are clearly needed to
determine the potential clinical consequences of
these endotoxin mediated changes.

Our results demonstrated that endotoxin
mediates changes in the renal mRNA expression of
organic anion transporters in the kidney. In WT rats,
endotoxin significantly reduced the mRNA levels of
Uratl, a transporter that is involved in reabsorption
and regulation of uric acid (40). However, as
discussed above, no significant effect was seen at the
protein level. We also saw a significant decrease in
the expression of Oat2 in the WT group. The OAT
transporters are involved in the transport of
prostaglandins, uric acid (41), pravastatin (42), and
most nonsteroidal anti-inflammatory drugs (43).
However, as OAT1 and OAT3 are the most
abundantly expressed organic anion transporters in
the kidney [42], and mRNA levels of these
transporters  were unchanged, the clinical
significance of our findings is unclear. In contrast,
Hocherl et al. reported a dose and time dependent
reduction in the mRNA expression of Oatl and Oat3
in rat kidney after i.v. administration of LPS (44).
Increased inflammation or disease severity after
intravenous endotoxin doses likely account for
dissimilar findings.

Endotoxin imposed a significant downregulation
in the expression of the Entl in WT but not HIV-Tg.
As basal expression of Entl was dramatically lower
in the HIV-Tg rats, it is likely that endotoxin could
not further impact its expression. It is likely that
changes in basal expression stem from HIV viral
protein induced changes. Although ENT1 mediates
the transport of anticancer and antiviral nucleoside
analogs (45), it is a bidirectional transporter,
therefore the clinical consequence of downregulation
is not clear. While we observed an endotoxin
mediated upregulation of Pept]l mRNA and protein
expression, the mRNA expression of Pept2 was
significantly decreased. As both PEPT2 and PEPT1
are involved in the reabsorption of di- and
tripeptides and peptidomimetic substrates in the
kidneys (46), upregulation of Pept2 could be a
homeostatic response to Peptl downregulation.

As compared to WT, HIV-Tg rats demonstrated
significant differences in the basal expression of
several SLC uptake transporters while no differences
were detected with the ABC efflux transporters.
Previously, Robillard et al reported an increase in the
basal mRNA levels of several ABC transporters in
HIV-Tg Sprague Dawley rats as compared to non-
littermate WT (15). This discrepancy could be due to
differences in strain or control animals.
Dysregulation of transporter expression is likely due
to viral protein-mediated activation of inflammatory
responses. Indeed, it was previously reported that
treatment of cultured murine and human astrocytes
with the HIV protein gp120 stimulated release of
proinflammatory cytokines, resulting in
downregulation of P-gp (13, 14). These studies
support the potential role of HIV proteins in the
dysregulation of transporters. Previous studies have
demonstrated increased chronic oxidative stress in
HIV-infected patients (47). Therefore, changes in
transporter expression could also occur through
oxidative stress-mediated pathways. Oxidative stress
is known to activate nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), a
transcription factor which has recently been
implicated in endotoxin mediated downregulation of
hepatic transporters in mice (48).

Our study provides in vivo evidence that HIV
and endotoxin modulate the expression of several
drug transporters in the kidney. Changes in the
expression of renal transporters could result in
alterations in the excretion and disposition of
endogenous and exogenous substrates of these
transporters. At this point the clinical significance of
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endotoxin mediated alterations of the renal drug
transporters is not clear as endotoxin mediated
effects were only examined at 18 hours and protein
levels did not always correspond to mRNA changes
at this time point. Further studies are needed to
determine whether infection or inflammation-
mediated alterations impact the renal clearance and
disposition of clinically important drug substrates.
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Table 2. Summary of endotoxin-mediated changes in WT and HIV-Tg rats. Data is presented as the % change in expression
in endotoxin treated rats as compared to their saline controls. # Not significantly changed from saline controls. Student’s
t-test was used to analyze data between HIV-Tg and WT.* P <0.05, ** P <0.01, *** P <0.001 NS: % change not

significantly different between WT and HIV-Tg.

Drug Transporter % Change in WT % Change in HIV-Tg HIV-Tg vs WT
mRNA
Mdrla -76+5 -74+5 NS
Mdrlb # # -—-
Mrp2 # # ---
Mrp4 # # ---
Octl # # ---
Oct2 -71+18 -12+38 (#) *k
Oct3 -71+£8 -17+43 (#) *
Octnl -56+10 711 (#) wkx
Octn2 # # -—
Matel -67+8 3327 (#) *
Oatl # # -—-
Oat2 - 64+12 -47+23 (#) NS
Oat3 # # -—-
Uratl -54+6 -4+10 (#) wokx
Oatp4cl # # -
Entl -85+2 -44+21 (#) *%
Ent2 # # ---
Peptl 137+163 145+84 NS
Pept2 -78+8 -69+14 NS
IL-6 1150+865 1550+651 NS
IL-1pB 3774350 7424256 *
TNF-a # # -—-
IL-10 # # -—-
Proteins
Entl -50+11 54+100 (#) *
Matel # # -
Oat2 # # ---
Oct2 # # ---
Oct3 # # -—-
Peptl 68+98 (#) 179+131 NS
P-gp -26£20 (#) -43+10 (#) NS
Uratl # # -—
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