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Abstract 

Globally HIV remains a major public health problem. In sub-Saharan Africa most new HIV infections occur in ado-
lescent girls and young women. Previously tested antiretroviral drugs as different pre-exposure prophylaxis (PrEP) 
formulations have shown inconsistent levels of protection against HIV in African women. Besides adherence, bio-
logical factors such as drug transporter proteins are increasingly recognized as key modulators of PrEP levels. Drug 
transporter mRNA expression levels has been significantly correlated to altered PrEP levels in-vitro in different tis-
sues, with inflammation identified as a further modifier of drug transporters mRNA expression and thus PrEP levels. 
We therefore, aimed to determine possible concordance between drug transporter mRNA expression in the female 
genital tract (FGT) and blood of N = 45 South African women taking oral PrEP-Truvada® [TDF/FTC)] over 6 months 
for HIV prevention. Additionally, we determined associations between drug transporter mRNA expression, genital 
inflammation, and blood-tenofovir diphosphate (TFV-DP). mRNA-expression of four efflux P-gp; MATE-1; MRP-2; MRP-4 
and two influx OAT-1 and OAT-3 drug transporters were determined by qRT-PCR. Multiplexed technology was used 
to measure 27 cytokines to define genital inflammation. Significant positive correlations  of mRNA expression for P-gp, 
MATE-1, MRP-2, and MRP-4 were observed between the FGT and blood at 3- and 6-months post-PrEP initiation 
(p < 0.05). For OAT-1 however, significant positive correlations  were observed pre- and post-PrEP exposure (p < 0.05). 
Linear-mixed models showed moderate associations between FGT cytokines and drug transporter mRNA expression, 
with a  direct relationship observed between MIP-1β concentration and MATE-1 mRNA expression. Similarly, PLS-DA 
showed that in women with genital inflammation, consistently higher mRNA expression of MATE-1 was observed 
compared to women without genital inflammation. No significant associations were observed between drug trans-
porter mRNA expression and blood TFV-DP. Our results suggest that drug transporters may be similarly expressed 
in the FGT and blood. Furthermore, genital inflammation may modify PrEP levels by altering drug transporter mRNA 
expression. Collectively, our data may be used to better understand biological factors that may affect PrEP efficacy in 
African women who remain vulnerable to HIV.
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Introduction
Antiretrovirals (ARVs) as oral pre-exposure prophylaxis 
(PrEP) Truvada® [a combination of tenofovir disoproxil 
fumarate (TDF) and emtricitabine (FTC)] or topical ten-
ofovir gels are some of the most effective strategies used 
to prevent HIV infections [1–3]. Clinical trials testing 
these PrEP formulations in African women have shown 
discrepant efficacies to HIV ranging from −49% to 14.5%, 
which were attributed to varying levels of adherence 
and poor drug penetration at sites of sexual transmis-
sion [4–7]. The CAPRISA 004 1% tenofovir gel trial that 
conferred 39% protection against HIV in African women 
[8] and the Partners PrEP trial in HIV-serodiscordant 
heterosexual couples in Kenya and Uganda showed sig-
nificant protection of 75 and 67% respectively, with oral 
TDF-FTC and with TDF alone [9]. To ensure optimal 
levels and penetration of PrEP drugs in HIV target cells 
across various compartments such as the female genital 
tract (FGT) and peripheral blood, drug transporter pro-
teins have emerged as essential to drug disposition and 
pharmacokinetics [1].

Drug transporters are transmembrane proteins 
expressed in various cells of the body and comprise two 
superfamilies: the ATP-binding cassette (ABC) efflux 
proteins and Solute Carrier (SLC) influx or uptake pro-
teins [10, 11]. PrEP candidates such as tenofovir and 
emtricitabine are substrates of various drug transporters 
such as the efflux drug transporters multidrug resistance 
associated protein (MRP)−1, MRP-2, MRP-3, MRP-4, 
P-glycoprotein (P-gp), multi-drug and toxin extrusion 
protein (MATE)−1 and the influx drug transporters 
organic anion transporters (OAT)−1 and OAT-3 [10, 12]. 
This interaction between ARVs and drug transporters has 
underscored drug transporter expression and function as 
critical in the delivery and availability of ARVs in HIV-
vulnerable sites such as the FGT and peripheral blood 
[13].

The FGT offers a unique anatomy and physiology where 
locally expressed drug transporters are likely impacted by 
the milieu to support all necessary functions [14]. This is 
important since the sufficient delivery and absorption of 
tenofovir and emtricitabine is dependent on drug trans-
porters. However, varying levels in the mRNA or protein 
expression of drug transporters relevant in tenofovir and 
emtricitabine pharmacokinetics, have been shown to 
impact drug efficacy [15–18]. Studies comparing drug 
transporter mRNA expression levels between the liver, 
colorectal tissues, and FGT showed moderate to low 
mRNA expression of influx drug transporters OAT-1 
and OAT-3 and moderate to high expression of efflux 
drug transporters P-gp, breast cancer resistance protein 
(BCRP), MRP-4 and MRP-2 in the FGT [15, 16, 18–20]. 
In addition, laboratory manipulation of vaginal epithelial 

cells through in-vitro transfection with influx drug trans-
porter OAT-1 increased intracellular drug accumulation 
through high tenofovir uptake [18]. These studies sug-
gested that low expression of influx drug transporters 
could lead to insufficient drug uptake. In contrast, high 
expression of efflux drug transporters could lead to inad-
equate retention of intracellular drugs, impacting drug 
efficacy in the FGT [15–18]. The relationship between 
the accumulation of topical tenofovir and reduced MRP-
1, MRP-5 and MRP-7 mRNA expression levels has also 
been shown in cervicovaginal cell lines derived from 
humans [17] and non-human primates [21].

Peripheral blood mononuclear cells (PBMCs) from 
HIV infected individuals failing ARV therapy or individu-
als taking tenofovir containing ARVs had significantly 
higher mRNA expression of efflux drug transporters 
P-gp, MRP-1, MRP-4, MRP-5, BCRP and influx drug 
transporters equilibrative nucleoside transporter (ENT-
2) and organic cation transporters (OCT-1) [22, 23]. 
These significant associations suggest that the correla-
tions between ARVs and drug transporter mRNA expres-
sion levels could undermine therapy through sub-optimal 
intracellular drug concentrations. Sub-optimal drug lev-
els would permit HIV replication in HIV infected indi-
viduals [22]. Similarly, the mRNA expression levels of 
BCRP in CD8 T cells [24] and P-gp in PBMCs [25] were 
also significantly increased in HIV infected individuals 
on ARVs compared to healthy controls [24, 25]. In addi-
tion, previous in-vitro PBMC studies also showed that 
following incubation with tenofovir, significant reduc-
tions in MRP-1, MRP-5, MRP-6 and P-gp mRNA expres-
sion were found [26], while emtricitabine reduced mRNA 
expression of MRP-1 in a dose-responsive manner [27]. 
Collectively these studies illustrate that an interaction 
between ARVs and drug transporters may alter drug 
transporter disposition by inducing or inhibiting mRNA 
expression levels; subsequently affecting intracellular 
drug accumulation. A large number of these studies have, 
however, evaluated the effects of ARVs used as treatment 
in HIV-infected individuals, and not in healthy individu-
als taking PrEP. Furthermore, all of the above-mentioned 
studies evaluated drug transporter mRNA expression in 
either Caucasian and Asian [15–19] or in people living 
with HIV [20–26, 28]. This makes it difficult to extrapo-
late their findings to African populations to determine if 
drug transporter mRNA expression is altered upon PrEP 
exposure in the absence of HIV or in people living with 
HIV. Additionally, the impact of other biological fac-
tors remains less well defined for example how the local 
milieu affects the mRNA expression and function of drug 
transporter proteins.

Besides ARVs, the effect of inflammatory cytokines on 
drug transporter mRNA expression levels and function 
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have been evaluated and implicated in significantly 
impacting drug pharmacokinetics [29, 30]. In studies 
undertaken to find associations between cytokines and 
drug transporter mRNA expression, conflicting results 
have been observed, most likely due to differences in 
experiment designs and cell types [31]. Cytokines affect 
cells and tissues differently, therefore cytokine-mediated 
inflammation can modify mRNA gene expression and 
lead to increased or decreased expression of drug trans-
porter proteins, such as P-gp, OAT-1 and a wide range 
of MRPs [32–35]. Genital inflammation has been previ-
ously defined as the elevation of any of these five of nine 
inflammatory cytokines and chemokines—macrophage 
inflammatory proteins (MIP)−1α, MIP-1β, interferon 
gamma-induced protein (IP)−10, interleukin (IL)−8,, 
IL-1α, IL-1β, IL-6, monocyte chemoattractant protein 
(MCP)−1 and tumor necrosis factor (TNF)-α above 
the 75th percentile [36]. Data from the CAPRISA 004 
1% tenofovir gel trial underscores the key role of geni-
tal inflammation as a significant modifier for both HIV 
risk and for undermining PrEP efficacy [37]. The impact 
of genital inflammation in the cervicovaginal compart-
ment on drug transporter mRNA expression remains 
less well defined. Different in-vitro studies have shown 
that the treatment of human cell lines derived from brain, 
colorectal adenocarcinoma cells and hepatocytes with 
inflammatory cytokines IL-6, IL-1β, TNF-α, or IFN-γ sig-
nificantly downregulated the mRNA expression levels of 
efflux drug transporters P-gp, BCRP, MRP-2, MRP-3 and 
influx drug transporters organic anion transporting poly-
peptides (OATP)−2B1, OATP-1B1 and OATP-1B3 [32, 
33, 35, 38]. These data suggest that inflammation affects 
the mRNA expression levels of various efflux and influx 
drug transporters in different tissues. However, studies 
have shown no correlations between inflammation in 
the systemic compared to the genital compartment [31]. 
Therefore, there is a need to further elucidate if there are 
inflammation-mediated effects in the FGT on drug trans-
porter mRNA expression levels and if they can have a 
direct impact on circulating and local drug levels, toxic-
ity, and possibly PrEP efficacy.

Currently, there is a paucity of studies evaluating 
drug transporter mRNA expression profiles, and how 
these expression levels are impacted by inflammatory 
cytokines in African women taking PrEP. More so, there 
is scant data on the mRNA expression for drug transport-
ers in the genital tract (the site for HIV sexual transmis-
sion) relative to the blood given that PrEP is offered as 
an oral formulation. Further assessment of these factors 
could assist in the determination of suitable PrEP drug 
dosages and formulations that will provide sufficient drug 
concentrations to cells targeted by HIV in the FGT and 
blood. This study aims to therefore determine the mRNA 

expression levels of efflux and influx drug transporter 
genes relevant in tenofovir pharmacokinetic disposi-
tion in the FGT and blood. Additionally, we wanted to 
determine two associations: firstly, between drug trans-
porter mRNA expression profiles and circulating teno-
fovir-diphosphate (TFV-DP) drug levels; and secondly 
between drug transporter mRNA expression profiles and 
inflammatory cytokines in the genital tracts of healthy 
South African cisgender women offered oral PrEP (TDF/
FTC).

Materials and methods
Study population and design
The current study used previously collected blood and 
genital tract samples from the CAPRISA 082 obser-
vational study [39]. The CAPRISA 082 study aimed to 
determine oral PrEP initiation and adherence in young, 
sexually active women from South Africa. The inclusion 
criteria were as follows: the participants had to be female, 
aged 18 to 30 years old, have negative HIV and pregnancy 
tests at enrolment, be sexually active “(sexual intercourse 
at least three times in the last 3  months)” and be able 
to provide written informed consent, locator informa-
tion for retention in the study and agree to adhere to 
the study procedures and visits. Exclusion criteria were 
as follows: an HIV-positive status and any medical or 
mental health condition that could prevent study par-
ticipation and informed consent. This study recruited 
black cisgender women (who will further be denoted as 
women in this manuscript) from two high HIV incident 
CAPRISA Clinical Research Sites—urban eThekwini 
and rural Vulindlela in KwaZulu-Natal, South Africa 
between March 2016 and February 2018. Rapid HIV and 
STI tests were done at enrolment and at each follow-
up visit, while STI tests were done only at enrolment. 
Women were offered oral PrEP [300 mg TDF and 200 mg 
FTC]. Three sets of specimens were collected and stored 
every three months for all women who enrolled into this 
study. These specimens included buffycoats from the 
blood and cytobrushes and soft-cups specimens from 
the female genital tract. For any of the visits in the study, 
if the women were menstruating, we deferred them to a 
later time to take the required genital and blood samples. 
Tenofovir-diphosphate (the active form of tenofovir or 
TFV-DP) drug levels (fmol/punch) were measured from 
dried blood spots for a subset of participants who had 
6 months or more of oral PrEP use and no missed study 
visits while on oral PrEP. This was done using a modified 
liquid chromatography-tandem mass spectrometry assay 
(Division of Clinical Pharmacology, University of Cape 
Town, SA) [40]. Adherence to oral PrEP was determined 
with a formula which included pharmacy pill count and 
TFV-DP drug level data as described in Mansoor et  al. 
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[39]. This observational study was approved by the Bio-
medical Research Ethics Committee (BREC) at the Uni-
versity of KwaZulu-Natal (BREC/0002195/2020).

RNA extraction and cDNA synthesis
Previous literature was used to select ABC and SLC drug 
transporter proteins, which are relevant in the pharma-
cokinetics of tenofovir and emtricitabine [10, 12, 18]. 
These included efflux ABC drug transporters: P-gp, 
MRP-2, MRP-4 and MATE-1 and influx SLC drug trans-
porters OAT-1 and OAT-3. RNA was extracted from the 
FGT and blood using the QuickExtract™ DNA Extraction 
Solution (lysogenic buffer) (Qiagen, Netherlands) accord-
ing to the manufacturer’s instructions. Briefly, after cen-
trifugation at 4 °C for 1 min at 10,000 rpm the pellet was 
resuspended in lysogen buffer and incubated for 5 min at 
95 °C and 4 °C. RNA was then treated with DNase (Agi-
lent Technologies, USA) for 10  min at 37  °C to remove 
DNA; RNA concentrations were determined using the 
Nanodrop system (Thermo Fisher Scientific, USA). RNA 
was standardised to 50  ng in nuclease-free water and 
cDNA synthesised using the SuperScript™ Vilo™ cDNA 
Synthesis Kit (Thermo Fisher Scientific, USA), according 
to the manufacturer’s instructions. Briefly, standardized 
RNA was mixed with the Vilo™ reaction mix and Super-
Script™ Enzyme Mix, incubated at 25 °C for 10 min, fol-
lowed by 42 °C for 60 min and the reaction terminated at 
85  °C for 5 min. The resulting cDNA was diluted 1 in 5 
and used to determine drug transporter mRNA expres-
sion levels.

Quantitative real‑time PCR (qRT‑PCR)
Quantitative RT-PCR was performed to compare the 
mRNA expression levels of specific drug transporters 
in the FGT and blood. The QuantStudio™ 5 Real-Time 
PCR System (Thermo Fisher Scientific, USA) was used 
to conduct quantitative PCR, it included the SYBR Green 
PCR Master Mix (Thermo Fisher Scientific, USA), syn-
thesised and diluted cDNA and gene specific primers 
(5’−3’ direction): MATE-1 (forward ATG CTG TTT CCC 
ACC TCT TTG; reverse TCC AAC CTT CTG ATT TCC 
ACTC); MRP-2 (forward TAA TGG TCC TAG ACA ACG 
GG, reverse GGG CCT TCT GCT AGA ATT T); MRP-4 
(forward GGA CAA AGA CAA CTG GTG TGCC, reverse 
AAT GGT TAG CAC -GGT GCA GTGG); OAT-1 (forward 
GGG CAC CTT GAT TGG CTA TGTC, reverse GAT GAC 
AAG GAA GCC CAC AAGC); OAT-3 (forward ACT CGG 
GTA CTG CTA CAC CT, reverse CAG GTC ACT TGC GGT 
GTA CT); P-gp (forward CCC ATC ATT GCA A-TAG CAG 
G, reverse TGT TCA AAC TTC TGC TCC TGA) and the 
housekeeping gene Beta-actin (forward TCC TTC CTG 
GGC ATG GAG T, reverse AGC ACT GTG TTG GCG-
TACAG). Optimal conditions included denaturation at 

95 °C for 15 s, 40 cycles, annealing at 60 °C for 1 min and 
extension at 72 °C for 30 s were used. Negative controls 
used nuclease free water instead of the template and a 
melting curve (at 95 °C) were performed after each run, 
to determine non-specific PCR products. Only expres-
sions with CT < 35 values were considered positive in 
the expression data. Relative mRNA expression levels of 
target genes were calculated using the comparative CT 
(2^∆∆ Ct) method [41], and expression was normal-
ized using the endogenous reference gene Beta-Actin as 
described previously by Brugè et  al. [42]. This method 
calculates the difference initially between the housekeep-
ing gene and the gene of interest and also does a fur-
ther calculation using a calibrator or reference sample 
(calibrators are the same samples run in each plate). The 
results are shown as fold change which is the gene expres-
sion of the gene of interest relative to the gene expression 
of the calibrator or reference sample, normalized to the 
housekeeping gene. This method also accounts for nega-
tive or positive differences between the housekeeping 
gene and the gene of interest [41].

Cytokine/chemokine measurements
Cytokine/chemokine concentrations were determined 
using soft-cup specimens derived from the FGT as previ-
ously described by Archary et al. [43] in 45 participants 
with matching samples at baseline, 3 and 6  months. 
Cytokine/chemokine concentrations were measured 
using the Bio-Plex Pro Human Cytokine/Chemokine 
Magnetic Bead 27-Plex Panel (Biorad, California, USA). 
The Bio-Plex Manager software version 6 was used to 
collect data, and the sample concentrations were cal-
culated from standard curves by using a five-parameter 
(5PL) regression formula.

Statistics analyses
To determine correlations between ABC and SLC drug 
transporter mRNA expression levels in the FGT and 
blood, the Spearman’s rank correlation coefficient was 
performed using the GraphPad Prism version 9.3.1 soft-
ware for Windows (GraphPad Software, La Jolla, CA, 
USA). A two-tailed p-value of 0.05 was considered signif-
icant. Linear mixed models were used to test for a linear 
association between the logged drug transporter mRNA 
expression values and cytokines/chemokines, accounting 
for correlation due to repeated measurements on partici-
pants over time. With the exception of IL-1Rα, cytokine 
values were categorized into quintiles for the models. 
IL-1Rα was categorized into terciles because the distri-
bution was concentrated in only a few values. Regression 
was interpreted as a unit increase in X (X being logged 
drug transporter mRNA expression), and  the percent 
change in Y (cytokine/chemokine quintiles) was equal 
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to exponential function (exp) (the negative or positive 
estimate value)−1. A multivariable model was not built 
because the cytokine/chemokine values are highly cor-
related. Linear mixed modelling was also used in meas-
uring the association between the logged blood drug 
transporter mRNA expression values and logged blood 
TFV-DP values in the blood. These analyses included 
participants with matching soft-cup and cytobrush 
specimens (FGT drug transporter mRNA expression vs 
cytokine/chemokine expression in the FGT) and partici-
pants with detectable drug levels (blood drug transporter 
mRNA expression vs TFV-DP drug levels in the blood) 
at 3 and 6  months. Timepoints with undetectable drug 
levels were removed as it was assumed that participants 
had not taken oral PrEP recently at these time points. 
Linear mixed models were built using SAS version 9.4 
(SAS Institute Inc., Cary, NC, USA). For these analyses 
p-value ≤ 0.1 was considered significant. GraphPad Prism 
was used for all graphical representations. A partial least-
squares discriminant analysis (PLS-DA) using the R soft-
ware was conducted to identify the clustering of drug 
transporter mRNA expression levels based on the  geni-
tal tract inflammation status of women at baseline, 
3 months, and 6 months. All variables were standardized 
to zero means and unit variances for the PLS-DA. In each 
PLS-DA, the outcome variable was the inflammation sta-
tus (inflamed versus uninflamed), and the exposures were 
drug transporter mRNA expression levels (P-gp, MRP-2, 
MRP-4, MATE-1, OAT-1, OAT-3,). From each PLS-DA, 
we plotted the drug transporter loadings of the first two 
principal components (PC1 and PC2) which also referred 
to as the X-variates. To demonstrate the overall drug 
transporter mRNA expression of the samples and iden-
tify any clustering based on inflammation status, we plot-
ted the sample scores of PC1 on the X-axis and PC2 on 
the Y-axis coloured or grouped by inflammation status 
(inflamed orange and uninflamed blue). We included the 
95% confidence ellipses of the PC scores by inflammation 
status on each sample plot. The sample plots were com-
plemented with a clustered image map (CIM) to show 
each sample’s expression levels of the six drug transport-
ers at 6  months. For the CIM, hierarchical clustering 
with Euclidean distance and complete linkage methods 
were applied to the drug transporters on the X-axis and 
the samples on the Y-axis. For all of the statistical analy-
ses conducted no multiple comparison adjustments were 
performed.

Results
Sample description
A total of 429 participants enrolled in the study, 
262 participants elected to take PrEP. Among these 

participants, 200 had matching stored soft-cup (from 
the FGT), cytobrush (from the FGT) and buffycoat 
(blood) samples at baseline, 3 and 6 months (Fig. 1A). 
Among these 200 participants, 108 were excluded due 
to not having measured drug levels. For the remain-
ing 92 participants at baseline, 3 and 6  months, they 
had blood TFV-DP drug levels measured and they had 
matching soft-cups, cytobrush, and buffycoat speci-
mens at these timepoints.

Of the 92 participants:

 I. n = 45 participants had matching cytobrush and 
buffycoat samples at baseline (45 samples each), 
3 months (44 samples each) and 6 months (45 sam-
ples each). This provided a total of 134 cytobrush 
and buffycoat samples each and were included in 
mRNA expression correlation analyses between 
the two compartments.

 II. n = 45 participants had matching cytobrush and 
soft-cup samples which were included in mRNA 
expression relative to the presence of genital 
inflammation defined previously using the proin-
flammatory cytokine/chemokine levels [36]. This 
provided a total of 134 cytobrush soft-cup and 
samples each.

 III. n = 29 of the 92 participants (31.5%) who had 
detectable TFV-DP drug levels (from dried blood 
spots) at 3 months and 6 months were correlated to 
drug transporter mRNA expression in the blood.

Three different analyses are depicted in Fig. 1B which 
shows the interrelationship as follows; firstly, drug 
transporter mRNA expression was determined between 
buffycoat and cytobrush samples; secondly the drug 
transporter mRNA expression in buffycoat samples was 
compared to TFV-DP drug levels which was measured 
in dried blood spots and lastly drug transporter mRNA 
expression in cytobrush samples was compared to the 
concentration of cytokine/chemokines measured in 
soft-cup samples.

Table  1 describes the demographic and clinical data 
of 45 participants who volunteered to take PrEP. Most 
participants were aged 18 to 24  years (n = 31, 69%), 
were from the Vulindlela rural site (n = 26, 58%), had a 
matric education (n = 29, 64%), and BMI of > 30 (n = 19, 
42%). At enrolment, the prevalence of C. trachoma-
tis was (n = 9, 20%), for N. gonorrhoea (n = 3, 7%), and 
none of the participants presented with T. vaginalis. 
All 45 of the participants were included in drug trans-
porter mRNA expression and genital inflammation 
analyses. Of the 45 participants, n = 18 (40%) had geni-
tal inflammation while n = 27 (60%) did not have genital 
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inflammation. However, n = 29 of the 45 participants 
(64%) were included in TFV-DP drug levels analyses.

mRNA expression levels of the OAT‑1 drug transporter 
showed consistent and significant correlations 
from baseline to 6 months between the FGT and blood
Correlation analyses using Spearman’s rank correlation 
tests were done to determine if there are associations 
between drug transporter mRNA expression levels in 
the FGT and blood. Table  2 shows significant correla-
tions for OAT-1 at baseline [Spearman’s rank correla-
tion coefficient (rs)] (rs 0.50, p = 0.0022), at 3  months 
(rs 0.54, p = 0.0001) and at 6 months (rs 0.33, p = 0.048). 
A graphical representation of the correlations for 

OAT-1 mRNA expression between the FGT and blood 
are shown in Figs.  2A, 2B and 2C. mRNA expres-
sion values for P-gp were significantly correlated at 
3  months  (rs 0.56, p = 0.002). At 3 and 6  months, sig-
nificant correlations for mRNA expression were found 
between the FGT and blood for MATE-1, MRP-2 and 
MRP-4, post PrEP exposure. No significant correlations 
were observed for OAT-3. Graphical representation 
for OAT-3, P-gp, MATE-1, MRP-2 and MRP-4 corre-
lation analyses are shown in Additional file  1: Fig.  1S. 
In addition to correlation analyses, mean fold change 
mRNA expression between the two compartments FGT 
and blood was determined and compared. The mRNA 
expression profile plots showed that drug transporters 
P-gp, MRP-4 and OAT-1 had primarily higher mean 

Fig. 1 A Description of the participants and sample allocation for three experimental and analysis plans in the study. Description of the number 
of soft-cup, buffycoat, and cytobrush samples included in this cohort study. A description of the analyses conducted, and the total number 
of samples included in each of the three analyses is shown. B Diagram detailing analyses between drug transporters mRNA expression (buffycoat 
and cytobrush) and measured TFV-DP drug levels in the blood and cytokine concentrations in the FGT. VS = versus



Page 7 of 17Zondo et al. AIDS Research and Therapy           (2025) 22:18  

fold change mRNA expression in the blood, while drug 
transporters MATE-1, MRP-2, and OAT-3 had primar-
ily higher mean fold change mRNA expression in the 
FGT. A graphical presentation of the individual mean 
fold expression of drug transporter mRNA for blood 
and the FGT is depicted in Additional file 2: Fig. 2S.

Association between pro‑inflammatory cytokines/
chemokines and drug transporter mRNA expression 
in the FGT
Linear mixed models were used to determine if there are 
associations between drug transporter mRNA expression 
and inflammation, which was measured by cytokines/
chemokines in the FGT. Table  3 shows the associa-
tions between inflammatory cytokines/chemokines 
and mRNA expression of efflux drug transporters P-gp, 
MATE-1, MRP-2, MRP-4 and influx drug transporters 
OAT-1 and OAT-3. We observed significant associa-
tions between IL-1β and influx drug transporters OAT-1 
(p = 0.06) and OAT-3 (p = 0.04). For both these drug 
transporters an inverse relationship was observed for 
OAT-1 [Est = − 0.22; 95%Cl ( − 0.45 to 0.01)] and OAT-3 
[Est = − 0.17; 95%Cl (0.34to  − 0.01)]. The estimate (Est) 
values were interpreted as follows: for OAT-1 and OAT-3 
for IL-1β the Est values were − 0.22 and − 0.17 respec-
tively, therefore OAT-1 values decreased by 22% with 
every increase in one quintile of IL-1β similarity OAT-3 
values decreased by 17% with every increase in one quin-
tile of IL-1β. A similar trend was also observed between 
IL-1Rα and efflux drug transporters MRP-2 (p = 0.05) 
and MRP-4 (p = 0.03). Here too an inverse relationship 
between IL-1Rα concentration and MPR-2 [Est = − 0.20; 
95%Cl (0.41–0.00)] and MRP-4 [Est = − 0.15; 95%Cl 
( − 0.29 to 0.01)] mRNA expression was observed. Simi-
larly, for  MCP-1, and TNF-α moderate associations 
with OAT-3 (p = 0.06), and MRP-2 (p = 0.07), respec-
tively,  were observed. An inverse relationship was 
observed between MCP-1 concentration and OAT-3 
mRNA expression [Est = − 0.15; 95%Cl ( − 0.31 to 
0.01)], and for TNF-α and MRP-2 mRNA expression 

Table 1 Demographic and clinical characteristics of study 
participants

*BMI- Body Mass Index. +mRNA expression includes matching cytobrush (FGT) 
and buffycoat samples (blood). ++TFV-DP drug levels analyses only included in 
buffycoat samples (blood); 29 participants were included in TFV-DP drug levels 
analyses this included 4 participants that had HIV seroconverted. +++Genital 
inflammation analyses only included cytobrush (FGT) and soft-cup (FGT) 
samples in n = 45 women in total

Characteristic Number of 
participants 
n (%)

Age category (years)

18–24 31 (69)

25–30 14 (31)

Education

Matric 29 (64)

No Matric 10 (22)

Tertiary 6 (13)

Sites

eThekwini (urban area) 19 (42)

Vulindlela (rural area) 26 (58)

BMI* category

0–18.5 (Underweight) 3 (7)

18.6–25 (Normal weight) 15 (33)

26–30 (Overweight) 8 (18)

 > 30 (Obese) 19 (42)

STIs enrolment

Chlamydia trachomatis

Detected 9 (20)

Not Detected 36 (80)

Neisseria gonorrhoea

Detected 3 (7)

Not Detected 42 (93)

Trichomonas vaginalis

Negative 45 (100)

Positive 0 (0)

Analyses

mRNA  expression+ 45 (100)

With Genital  inflammation+++ 18 (40)

Without Genital  inflammation+++ 27 (60)

TFV-DP drug levels (detectable drug levels)++ 29 (64)

Table 2 Compartment correlations for mRNA expression of drug transporters between the FGT and blood

rs: Spearman’s rank correlation coefficient, *p ≤ 0.05 significant correlations, these values are highlighted in bold, 95%Cl- confidence intervals (lower to upper limits)

Timepoint Baseline 3 Months 6 Months

Drug transporters rs p 95%Cl rs p 95%Cl rs p 95%Cl

P-gp 0.33 ns 0.07–0.64 0.56 0.002* 0.11–0.73 0.25 ns  − 0.17–0.56

MATE-1 0.22 ns  − 0.01–0.50 0.46 0.002* 0.18–0.66 0.42 0.004* 0.13–0.64

MRP-2 0.19 ns  − 0.14–0.48 0.35 0.023* 0.04–0.59 0.38 0.022* 0.05–0.63

MRP-4 0.23 ns  − 0.08–0.50 0.37 0.016* 0.06–0.61 0.38 0.015* 0.07–0.62

OAT-1 0.50 0.0022* 0.19–0.72 0.54 0.0001* 0.25–0.74 0.33 0.048*  − 0.01–0.60

OAT-3 0.28 ns  − 0.04–0.54 0.11 ns  − 0.22–0.41 0.18 ns  − 0.15–0.48
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[Est = − 0.10; 95%Cl ( − 0.20 to 0.01)]. MIP-1β was the 
only chemokine that showed a positive relationship with 
efflux drug transporter MATE-1 (p = 0.07). This indicated 
that as MIP-1β concentration increased so did MATE-1 
mRNA expression [Est = 0.12; 95%Cl ( − 0.01 to 0.25)]. 
There were no associations observed for IL −6, IL-8, 
IP-10, and MIP-1α with any of the drug transporters.

Partial least squares discriminant analysis (PLS‑DA) 
to determine associations between drug transporter 
mRNA expression in the FGT and genital inflammation
Partial least squares discriminant analysis was conducted 
to identify clustering of drug transporter mRNA expres-
sion levels based on inflammation status. This was con-
ducted in N = 45 women at three timepoints baseline, 
3 months, and 6 months. The outcome variable was the 
inflammation status, and the explanatory variables were 
the drug transporters. A PLS-DA is a supervised ver-
sion of principal component analysis (PCA), which 
adjusts for the labels of the explanatory variables within 

the model [44]. In our PLS-DA model, scores were gen-
erated by maximising the co-variance between the drug 
transporter mRNA expression and inflammation status. 
Genital inflammation status was determined in these 
women as defined by Masson et  al. [36], women that 
presented with concentrations above the 75th percentile 
for any five of nine inflammatory cytokines were consid-
ered inflamed, while those that did not were considered 
uninflamed. Figure 3 shows PC1 and PC2 loadings plots, 
higher scores are the farthest away and lower scores are 
the closest to the zero axes. The negative or positive 
signs indicate which drug transporters are influential for 
the scores based on the loadings. Based on the loadings, 
the more negative the scores, the lower the expression 
of the drug transporters correlations with that PC and 
vice versa (Fig. 3). Figure 4 shows scatter plots of PC1 (X 
variate1) and PC2 (X variate2) scores from the PLS-DA 
at each time point (baseline, 3  months, and 6  months). 
Each plot shows the 95% confidence ellipse by inflamma-
tion status. Scatter plots showed tighter drug transporter 

Fig. 2 Graphical representation of correlations for OAT-1 mRNA expression between the FGT and blood. Moderate and significant correlations are 
shown at three timepoints A baseline, B 3 months, and C 6 months for OAT-1 in cytobrushes (fold change FGT) and buffycoats (fold change blood). 
Analyses were done using the Spearman’s rank correlation coefficient (rs) and a two-tailed p-value of ≤ 0.05 was considered significant
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clustering by inflammation status at 6  months (Fig.  4C) 
as compared to baseline (Fig. 4A) and 3 months (Fig. 4B). 
Inflamed women had on average, lower values of MRP-4 
(PC1 score = −0.29) and consistently higher values of 
MATE-1 (PC1 score = 0.16) at 6  months than unin-
flamed women (see Additional file  3: Table  1S for PC1 
and PC2 scores). At 6  months although there is no 
clear separation between the inflamed and uninflamed 
groups, the orange-coloured ellipse shows tighter clus-
tering. This pattern of clustering is driven by higher 
MATE-1 expression levels with concomitant low MRP-4 

expression (Figs.  4C and 5). The depiction of Fig.  4C is 
further expanded as a heatmap in Fig. 5 which highlights 
the higher MATE-1 expression at 6  months with lower 
MRP-4 expression in genital inflammation women com-
pared to women with no genital inflammation (Fig. 5).

Associations between blood TFV‑DP and drug transporter 
mRNA expression in the blood
Linear mixed models were also used to determine if 
there are associations between drug transporter mRNA 
expression and blood TFV-DP. These analyses were 

Fig. 3 Loadings plot showing the correlation coefficients between drug transporter mRNA expression levels and PC scores. The loading plots 
for PC1 and PC2 are shown at three timepoints. A Baseline: PC1 positive correlation coefficients were observed for MATE-1 and OAT-1 and for PC2 
it was OAT-1, MRP-2 and MPR-4, while negative correlation coefficients for PC1 were observed for OAT-3, MRP-4, P-gp and MRP-2 and for PC2 it 
was MATE-1, P-gp and OAT-3. B 3 months: PC1 positive correlation coefficients were observed for MATE-1, MRP-4, OAT-1 and OAT-3 and for PC2 it 
was OAT-3, MRP-4 and OAT-1, negative correlation coefficients for PC1 were observed for MRP-2 and P-gp, and for PC2 it was OAT-3 and MATE-1. C 
6 months: PC1 positive correlation coefficients were observed only for MATE-1 and for PC2 it was OAT-3, MRP-4 and MATE-1, negative correlation 
coefficients for PC1 were observed for OAT-3, P-gp, MRP-2, OAT-1 and MPR-4 and for PC2 it was MRP-2, OAT-1 and P-gp
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conducted in a sub-set of participants that had detectable 
drug levels at 3 and 6 months, after electing to take PrEP. 
At 3 and 6 months no significant associations were found 
between all mRNA efflux and influx drug transporter 
mRNA expression and blood TFV-DP measured at 3 and 
6 months (Table 4).

Discussion
In our study, we showed consistent and significant cor-
relations between mRNA expression of ABC and SLC 
drug transporters in the FGT and blood. Linear-mixed 
models and PLS-DA analyses both showed a positive 
and significant associations between genital inflam-
mation and MATE-1 efflux drug transporter mRNA 
expression. However, no significant associations were 
observed between any influx or efflux drug transporter 
mRNA expression levels and blood TFV-DP drug levels 
in healthy South African women offered oral PrEP (TDF/
FTC).

The crosstalk or concordance between influx and 
efflux drug transporters in the blood to that of the geni-
tal tract remains relatively poorly characterized. In our 
study, we established that there is some degree of direct 

associations for four efflux drug transporters namely 
P-gp, MATE-1, MRP-2 and MRP-4, and one influx drug 
transporter OAT-1. The four efflux drug transporters 
showed no significant correlation at baseline before PrEP 
exposure, however a correlation was observed after 3- 
and 6-months post-PrEP exposure. What we show con-
vincingly is that these correlations between the blood 
and FGT are maintained moderately over time with 
exposure to PrEP. This pattern of correlations between 
the two compartments after drug exposure may sug-
gest that the cells in the blood may in part traffic to the 
genital tract. Although cell line and in vitro studies show 
high expression of P-gp, MRP-4 and OAT-1 drug trans-
porters in human cervicovaginal tissues relative to mice 
cervicovaginal tissues [19], no direct comparisons have 
been shown between the blood and the genital compart-
ments in humans. Furthermore, the study by Zhou et al. 
[19] showed high baseline expression of these efflux drug 
transporters P-gp and MRP-4 in human and mouse vagi-
nal tissue models [19].

Drug transporters have also shown heterogeneous 
expression profiles for vaginal tissues compared to colo-
rectal tissues [16]. Whereas high mRNA expression of 

Fig. 4 Scatter plots of PC1 (X variate1) and PC2 (X variate2) scores from the PLS-DA comparing overall drug transporter mRNA expression levels 
in inflamed versus uninflamed women. No clear separation was observed at A baseline and B 3 months for drug transporter mRNA expression 
in inflamed women (orange) versus uninflamed women (blue). At C 6 months a slight separation was observed between inflamed and uninflamed 
women
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P-gp and MRP-2 was found in human vaginal compared 
to colorectal tissues, the opposite was found for MRP-4. 
Taneva et  al. [18] also demonstrated low expression of 

OAT-1 and OAT-3 influx drug transporters in human 
vaginal epithelial and T cells, which accounted for the 
poor permeability of tenofovir across the cell membranes 
and into the cells [18]. These patterns of expression may 
be indicative of why certain ARVs such as tenofovir are 
maintained at higher intracellular levels in colorectal tis-
sues compared to vaginal tissues [16, 18]. In contrast, 
our findings differ by the high baseline OAT-1 expres-
sion (influx drug transporter) even before PrEP expo-
sure in the FGT and this pattern is preserved post drug 
exposure.

This data suggests that a direct relationship may exist 
between the expression of influx and efflux drug trans-
porters after PrEP drug exposure. In addition, at the 
cellular level there may be certain internal control mech-
anisms yet to be determined that may lead to variations 
in the expression of influx and efflux drug transporters. 

Fig. 5 Clustered image map demonstrating drug transporter mRNA expression levels by inflammation status at 6 months. Colour key: colours 
red to orange represents high drug transporter mRNA expression levels, while green to blue colours represent low drug transporter mRNA 
expression. On the right axis each row represents an individual participant’s pattern of drug transporter mRNA expression. Dendrograms are used 
along the axes (top and left) to depict how each row and column clusters based on the hierarchical clustering method

Table 4 Associations between drug transporter mRNA 
expression and blood TFV-DP at 3 and 6 months

Estimate (positive/negative association), p significance ≤ 0.1, 95%Cl: confidence 
intervals (lower to upper limits)

Drug transporter Estimate 95% CI p‑value

Log P-gp 0.12  − 0.19–0.42 0.31

Log MATE-1  − 0.12  − 0.63–0.39 0.51

Log OAT-1  − 0.03  − 0.28–0.21 0.71

Log OAT-3  − 0.07  − 0.30–0.17 0.43

Log MRP-2 0.01  − 0.28–0.48 0.47

Log MRP-4  − 0.15  − 0.67–0.38 0.44
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These data therefore indicate that more in-depth analyses 
are still required to fully elucidate correlations between 
drug transporters expressed in the blood and FGT, if 
they differ significantly or are affected by biological fac-
tors in the same manner. Understanding the impact that 
ARVs have on drug transporter mRNA expression levels 
is particularly important in women. In previous studies it 
was demonstrated that tenofovir levels even at the same 
dosage were significantly higher in colorectal compared 
to vaginal tissue, which directly impacted PrEP efficacy 
[45]. These data support why more research is needed in 
women to optimise PrEP and dosage to confer sufficient 
protection against HIV in the FGT [45–49].

We also found evidence of associations between drug 
transporter mRNA expression and pro-inflammatory 
cytokines/chemokines. Negative correlations were 
observed between: IL-1β with influx drug transporters 
OAT-1 and OAT-3; IL-1Rα with efflux drug transport-
ers MRP-2 and MRP-4; MCP-1 with OAT-3 and TNF-α 
with MRP-2. This indicated an inverse relationship 
between cytokine/chemokine concentrations and drug 
transporter mRNA expression levels. Therefore, as IL-1β, 
IL-1Rα, MCP-1 and TNF-α concentrations increased, the 
mRNA expression of OAT-1, OAT-3, MRP-4 and MRP-2 
drug transporters decreased. A positive relationship 
was however observed between MIP-1β with the efflux 
drug transporter MATE-1, indicating possibly a direct 
concentration effect of MIP-1β on MATE-1 expression. 
Although these associations were moderate, this led us to 
make certain inferences from these findings. MIP-1β and 
MCP-1 are two chemokines that in addition to elevating 
inflammation, have a dual role of trafficking cells to the 
genital tract. The inverse and direct associations between 
the influx-OAT-3 and efflux- MATE-1 drug transport-
ers with these two chemokines suggests their differential 
effect on drug transporter mRNA expression. In addi-
tion, these data also show that elevated cytokines and 
chemokine may differentially affect drug transporters in 
these women. This may be significant for maintaining 
intracellular PrEP drug retention to prevent HIV infec-
tions in women with genital inflammation.

To further dissect the complex relationship between 
drug transporter mRNA expression and genital inflam-
mation, PLS-DA was conducted. The PLS-DA showed 
that there was no clear separation between the inflamed 
versus the uninflamed women in terms of drug trans-
porter mRNA expression levels at baseline and at 
3 months. However, at 6 months a tighter pattern of clus-
tering was observed for the inflamed than the uninflamed 
women. This data therefore suggested that inflamed 
women have, on average, lower values of the efflux 
drug transporter MRP-4 and higher values of MATE-1 
than uninflamed women. This suggested that genital 

inflammation may affect the expression levels of efflux 
drug transporters MRP-4 and MATE-1 indicated by the 
subsequent decreased MRP-4 expression and increased 
MATE-1 expression levels in inflamed women. Emtricit-
abine and tenofovir are two constituents of the oral PrEP 
drug Truvada®, emtricitabine is a known substrate of the 
efflux drug transporter MATE-1 [12], while tenofovir is 
a known substrate of the efflux drug transporter MRP-4 
[10, 18]. We therefore propose that, while low mRNA 
expression of MRP-4 may allow for adequate intracellu-
lar retention of tenofovir, high mRNA expression levels 
of MATE-1 may undermine this by affecting the opti-
mal intracellular retention of emtricitabine, which could 
impact the overall effectiveness of PrEP in the FGT.

Our data suggest that pro-inflammatory cytokines/
chemokines in the FGT can possibly shape drug trans-
porter mRNA expression levels. In addition, our find-
ings support our hypothesis that certain cytokines/
chemokines can differentially affect the mRNA expres-
sion of drug transporter families. This is corroborated by 
studies in animal and human in-vitro and in-vivo mod-
els showing the effect of pro-inflammatory cytokines on 
efflux and influx drug transporters, which in turn affect 
drug levels [50]. These studies also showed that modula-
tion of drug transporters by pro-inflammatory cytokines 
varies according to tissue type [50]. Studies done on 
PBMCs stimulated with various cytokines IL-2, IL-4, 
IL-6, IL-7, IL-10, IL-12, IL-13, IL-15, IFN-γ, TGF-β and 
TNF-α showed significantly upregulated expression of 
efflux drug transporters P-gp, MRP-1 and MRP-4 [31]. 
In contrast, in the liver (in-vitro and in-vivo hepatic 
animal and human models) showed that pro-inflam-
matory cytokines IL-1β, IL-6 and TNF-α, significantly 
upregulated the expression of influx drug transporters 
belonging to the OATP-B, OATP-C and OATP-8 sub-
families, while the mRNA expression of the efflux drug 
transporter MRP-2 was significantly downregulated [33, 
38, 51]. These data highlight that further elucidation of 
pro-inflammatory cytokines relative to drug transporter 
mRNA expression in different tissues is needed. This is 
especially important considering genital inflammation 
despite topical PrEP is a significant HIV risk modifier 
[36, 37] and may also indirectly impact drug transporter 
mRNA expression, thereby affecting drug disposition 
[52] and ultimately PrEP efficacy.

In addition to inflammation, the effect of tenofovir 
and blood TFV-DP drug levels itself on drug transporter 
mRNA expression cannot be ignored. We, however, did 
not observe any significant associations between tenofo-
vir drug levels and drug transporter mRNA expression. 
Most studies evaluating such associations for ARVs used 
as treatment rather than for prevention showed high 
mRNA and protein expression of efflux drug transporters 
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P-gp and MRP-4 in HIV infected individuals on ARVs 
compared to healthy controls [22, 53]. These results sug-
gest that ARVs can differentially impact mRNA expres-
sion of various efflux drug transporters but particularly 
in the background of HIV infections. HIV infected indi-
viduals, ARV experienced or naïve have higher inflamma-
tory status compared to healthy individuals, which likely 
also impacts drug transporter mRNA expression [22, 
53]. ARVs have been directly implicated as inducers and/
or inhibitors of drug transporters affecting correspond-
ing protein expression and function [19, 53]. Further-
more, in-vitro studies using cervicovaginal tissues from 
drug naïve macaques exposed to tenofovir and darunavir 
showed significantly increased efflux drug transporter 
MRP-2 expression [21]. However, human cervicovaginal 
cell lines VK2/E6E7 exposed to tenofovir, showed signifi-
cantly reduced MRP-5 and not MRP-2 mRNA expression 
[17]. Such discrepancies suggest that the relationship 
between drug transporter mRNA expression and drugs is 
complex. Therefore, it remains imperative to identify the 
combinations and dosages of candidate drugs for PrEP 
conferring good drug penetration in the FGT for pre-
venting sexual transmission of HIV.

The limitation of our study is that we did not deter-
mine drug transporter mRNA expression relative to the 
expressed protein. This precludes the understanding of a 
direct relationship between protein translation, expres-
sion, or function. Our findings could be further validated 
with more specific and sensitive assays such as probe-
based PCR or digital droplet PCR [54, 55]. However, we 
were unable to perform these assays due to insufficient 
genital tract specimens which prevented direct compari-
sons between mRNA and protein expression. In addition 
to genetic variations and microbiome composition, other 
biological factors such as coinfections with other STIs 
and hormonal contraception use may also affect drug 
transporter mRNA expression and function. Conducting 
a validation study using different methods such as pro-
tein expression analysis or functional assays could help to 
validate the findings of this study and provide additional 
evidence on the impact of drug transporter proteins on 
PrEP efficacy. However, mRNA expression analyses alone 
as shown in previous studies still provide a basis for the 
selection of drug transporters [17, 19, 56]. We included 
only participants with detectable drug levels which fur-
ther impacted our modest sample size and could possibly 
limit the statistical power of the findings. In addition, in 
the drug level analysis we did not have drug adherence 
data to correlate with tenofovir levels, this was a limi-
tation since variations in adherence can confound the 
biological associations being investigated. In this study 
we also did not measure intracellular levels of TFV-DP 
drug levels in cells from the FGT and cannot account 

for how inflammation may affect drug levels. However, 
it may be plausible that the genital compartment is sub-
ject to external stimuli that may modulate local inflam-
mation and immune cell activation which may then alter 
drug transporter expression profiles [10, 30, 31, 33, 35]. 
Furthermore, we did not adjust for multiple comparisons 
for any of the analyses conducted. Therefore, our find-
ings remain largely exploratory and will require further 
confirmation in larger African cohort studies using PrEP 
for HIV prevention. Despite the limited sample size, 
specimens were from two different compartments, the 
genital tract and blood. Additionally, these samples were 
collected longitudinally and at the same time points. 
Also, because we collected specimens pre- and post-
PrEP exposure, we had the advantage of comparing drug 
transporter mRNA expression accordingly even though 
the [10]study included participants with samples up to 
6  months. Examining whether blood and tissue expres-
sion of transporters is similar or dissimilar is crucial for 
understanding how drugs such as PrEP are absorbed, 
distributed, metabolized, and eliminated in the body. 
Correlated drug transporter mRNA expression patterns 
between the blood and the genital tract (which is the pri-
mary site for HIV exposure) for our purpose of prevent-
ing HIV in at-risk populations such as African women 
would largely simplify predictions and monitoring. Fur-
thermore, the lack of correlations between these com-
partments would necessitate more complex approaches 
to ensure effective and safe PrEP for HIV prevention. 
Another added strength is the matching soft-cup speci-
mens that we used to measure genital inflammation and 
investigate potential interactions on drug transporter 
mRNA expression. mRNA expression, pro-inflammatory 
cytokines/chemokines, and blood tenofovir associations 
were done in a limited sample size making it challenging 
to draw definitive conclusions and using more stringent 
and robust analyses. Finally, our study was conducted in 
high-risk young African women from a hyperendemic 
HIV region, making it highly relevant to understanding 
how biology can potentially modify the efficacy of ARVs 
as PrEP.

Conclusion
In conclusion, our study provided three important find-
ings, firstly only the influx drug transporter OAT-1 
correlated significantly between the FGT and blood irre-
spective of PrEP exposure. In contrast, efflux drug trans-
porters P-gp, MATE-1, MRP-2 and MRP-4 only showed 
correlations after PrEP exposure. Secondly, a modest 
relationship was observed between the presence of cer-
tain cytokines/chemokines and drug transporter mRNA 
expression in the FGT. An increase in the chemokine 
MIP-1β concentration directly increased the mRNA 
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expression levels of the efflux drug transporter MATE-1. 
Lastly, the efflux drug transporter MATE-1 was shown 
to be highly expressed in women presenting with genital 
inflammation compared to those with no inflammation. 
This may be a signal that alterations in drug transporter 
mRNA expression in the blood and FGT may be sensitive 
to PrEP and specific cytokines/chemokines, respectively. 
Examining associations between drug transporter mRNA 
expression, genital inflammation and TFV-DP drug levels 
is a novel aspect that enhances the understanding of the 
complex interplay of factors influencing PrEP pharmacol-
ogy and efficacy. Our study provides a basis for under-
standing how and which drug transporters are modulated 
in African women using PrEP and provides a pathway to 
evaluating other drug candidates for PrEP. Overall, future 
research could build on these findings to optimize PrEP 
for women at high risk of acquiring HIV infection.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12981- 025- 00713-z.

Additional file 1

Additional file 2

Additional file 3

Acknowledgements
Special thanks to all co-author contributions (PhD supervisor Prof Derseree 
Archary and co-supervisor Dr Parveen Sobia), research funders, the University 
of KwaZulu-Natal College of Health Sciences, Centre for the AIDS Programme 
of Research in South Africa (CAPRISA) laboratory department, Prof Veron Ram-
suran and his team at the University of KwaZulu-Natal, Medical Microbiology 
Department for research support.

Author contributions
DA, NMZ, VR and PS were responsible for study design and conceptualization. 
NMZ was responsible for conducting research experiments, statistical data 
analysis, data interpretation, summarizing the main findings and writing the 
original draft for the research article. LL and KA  contributed in statistical data 
analysis, interpreting results, summarizing the main findings and final  manu-
script edits. DA, VR and PS contributed in data interpretation, summarizing the 
main findings and  the final manuscript edits. AS, SN, SM, LEM all contributed 
in the final manuscript edits.

Funding
NMZ, PS and DA were funded by the Department of Science and Innova-
tion (DSI)-National Research Foundation (NRF) Centre of Excellence in HIV 
Prevention (Grant No. 96354). P.S. was also funded by the South African 
Medical Research Council (SAMRC) Special Initiative (Grant no. 96151) and S&F 
Scarce Skills Postdoctoral Fellowships (Grant no. 132714). A.S. is supported 
by EDCTP Career Development Fellowship (Grant No. TMA2016CDF-1582). 
D.A. was also funded through the SAMRC Self-Initiated Grant and the NRF of 
South Africa Thuthuka (Grant No. TTK160517165310), the NRF Research Career 
Advancement Fellowship (Grant No. RCA13101656388), the Polio Research 
Foundation of South Africa (PRF 17/02) and an EDCTP fellowship (Grant No. 
TMA2017SF-1960). SN was funded by the Columbia University-Southern 
African Fogarty AITRP Programme (Grant No. D43TW00231), National Research 
Fund Thuthuka Research Grant (Grant No. TTK160510164586), and Poliomyeli-
tis Research Foundation Research Grant (Grant No. 16/17). VR was funded as 
a FLAIR Research Fellow (the Future Leader in African Independent Research 
(FLAIR) Fellowship Programme was a partnership between the African 
Academy of Sciences (AAS) and the Royal Society that was funded by the UK 

Government as part of the Global Challenge Research Fund (GCRF) (Grant 
No. FLAIR-FLR\R1\190204); supported by the South African Medical Research 
Council (SAMRC) with funds from the Department of Science and Technology 
(DST); and VR was also supported in part through the Sub-Saharan African 
Network for TB/HIV Research Excellence (SANTHE), a DELTAS Africa Initiative 
(Grant No. DEL-15-006) by the AAS. Funding for the CAPRISA 082 study (LEM) 
was made possible by the generous support of the American people through 
the United States Agency for International Development (USAID) under the 
Cooperation Agreement No. AID-OAA-A-15-00040 and a grant funded by 
FHI360 under Cooperative Agreement/Grant No. AID-674-A-14-00009 funded 
by USAID Southern Africa. The content of this publication does not necessarily 
reflect the views, analysis, or policies of FHI 360, USAID or the United States 
Government, nor does any mention of trade names, commercial products, or 
organizations imply endorsement by these organizations.

Data availability
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request. 

Declarations

Ethical approval and consent to participate
This sub-study was approved by the Biomedical Research Ethics Committee 
(BREC) at the University of KwaZulu-Natal (BREC/0002195/2020).

Informed consent
Informed consent was obtained from all subjects involved in the study.

Competing interest
The authors declare no competing interests.

Author details
1 Centre for the AIDS Programme of Research in South Africa (CAPRISA), Kwa-
Zulu-Natal, Durban 4075, South Africa. 2 Department of Medical Microbiology, 
School of Laboratory Medicine & Medical Sciences, University of KwaZulu-
NatalCollege of Health SciencesKwa-Zulu Natal, Durban 4075, South Africa. 
3 JC Wilt Infectious Disease Research Centre, National Microbiology Laboratory, 
Public Health Agency of Canada, Winnipeg, MB R3E 3L5, Canada. 4 Depart-
ment of Medical Microbiology and Infectious Diseases, University of Manitoba, 
Winnipeg R3E 3L5, Canada. 5 School of Nursing and Public Health, University 
of KwaZulu-NatalCollege of Health SciencesKwaZulu-Natal, Durban 4075, 
South Africa. 

Received: 21 November 2024   Accepted: 30 January 2025

References
 1. Cottrell ML, Srinivas N, Kashuba AD. Pharmacokinetics of antiretrovirals in 

mucosal tissue. Expert Opin Drug Metab Toxicol. 2015;11(6):893–905.
 2. Janes H, Corey L, Ramjee G, Carpp LN, Lombard C, Cohen MS, Gilbert 

PB, Gray GE. Weighing the evidence of efficacy of Oral PrEP for HIV 
prevention in women in Southern Africa. AIDS Res Hum Retroviruses. 
2018;34(8):645–56.

 3. Karim QA, Archary D, Barré-Sinoussi F, Broliden K, Cabrera C, Chiodi 
F, Fidler SJ, Gengiah TN, Herrera C, Kharsany ABM, Liebenberg LJP, 
Mahomed S, Menu E, Moog C, Scarlatti G, Seddiki N, Sivro A, Cavarelli 
M. Women for science and science for women: Gaps, challenges and 
opportunities towards optimizing pre-exposure prophylaxis for HIV-1 
prevention. Front Immunol. 2022;13:1055042.

 4. Van Damme L, Corneli A, Ahmed K, Agot K, Lombaard J, Kapiga S, Malahl-
eha M, Owino F, Manongi R, Onyango J. Preexposure prophylaxis for HIV 
infection among African women. New Engl J Med. 2012;367(5):411–22.

 5. Marrazzo JM, Ramjee G, Richardson BA, Gomez K, Mgodi N, Nair G, 
Palanee T, Nakabiito C, Van Der Straten A, Noguchi L. Tenofovir-based 
preexposure prophylaxis for HIV infection among African women. New 
Engl J Med. 2015;372(6):509–18.

 6. Corneli A, Perry B, McKenna K, Agot K, Ahmed K, Taylor J, Malamatsho 
F, Odhiambo J, Skhosana J, Van Damme L. Participants’ explanations 

https://doi.org/10.1186/s12981-025-00713-z
https://doi.org/10.1186/s12981-025-00713-z


Page 16 of 17Zondo et al. AIDS Research and Therapy           (2025) 22:18 

for nonadherence in the FEM-PrEP clinical trial. JAIDS J Acqu Immune 
Deficiency Syndr. 2016;71(4):452–61.

 7. Delany-Moretlwe S, Lombard C, Baron D, Bekker L-G, Nkala B, Ahmed K, 
Sebe M, Brumskine W, Nchabeleng M, Palanee-Philips T. Tenofovir 1% 
vaginal gel for prevention of HIV-1 infection in women in South Africa 
(FACTS-001): a phase 3, randomised, double-blind, placebo-controlled 
trial. Lancet Infect Dis. 2018;18(11):1241–50.

 8. Abdool Karim Q, Karim SSA, Frohlich JA, Grobler AC, Baxter C, Mansoor 
LE, Kharsany AB, Sibeko S, Mlisana KP, Omar Z. Effectiveness and safety 
of tenofovir gel, an antiretroviral microbicide, for the prevention of HIV 
infection in women. Science. 2010;329(5996):1168–74.

 9. Baeten JM, Donnell D, Ndase P, Mugo NR, Campbell JD, Wangisi J, 
Tappero JW, Bukusi EA, Cohen CR, Katabira E. Antiretroviral prophylaxis 
for HIV prevention in heterosexual men and women. New Engl J Med. 
2012;367(5):399–410.

 10. Hu M, Patel SK, Zhou T, Rohan LC. Drug transporters in tissues and cells 
relevant to sexual transmission of HIV: implications for drug delivery. J 
Control Release. 2015;219:681–96.

 11. Zondo NM, Sobia P, Sivro A, Ngcapu S, Ramsuran V, Archary D. Phar-
macogenomics of drug transporters for antiretroviral long-acting pre-
exposure prophylaxis for HIV. Front Genet. 2022;13: 940661.

 12. Reznicek J, Ceckova M, Cerveny L, Müller F, Staud F. Emtricitabine is a sub-
strate of MATE1 but not of OCT1, OCT2, P-gp, BCRP or MRP2 transporters. 
Xenobiotica. 2017;47(1):77–85.

 13. Nicol MR, Corbino JA, Cottrell ML. Pharmacology of antiretrovirals 
in the female genital tract for HIV prevention. J Clinic Pharmacol. 
2018;58(11):1381–95.

 14. Gunawardana M, Remedios-Chan M, Miller CS, Fanter R, Yang F, Marzinke 
MA, Hendrix CW, Beliveau M, Moss JA, Smith TJ. Pharmacokinetics of 
long-acting tenofovir alafenamide (GS-7340) subdermal implant for HIV 
prophylaxis. Antimicrob Agents Chemother. 2015;59(7):3913–9.

 15. Grammen C, Baes M, Haenen S, Verguts J, Augustyns K, Zydowsky T, La 
Colla P, Augustijns P, Brouwers J. Vaginal expression of efflux transporters 
and the potential impact on the disposition of microbicides in vitro and 
in rabbits. Mol Pharm. 2014;11(12):4405–14.

 16. Nicol MR, Fedoriw Y, Mathews M, Prince HM, Patterson KB, Geller E, Mollan 
K, Mathews S, Kroetz DL, Kashuba AD. Expression of six drug transporters 
in vaginal, cervical, and colorectal tissues: implications for drug disposi-
tion in HIV prevention. J Clinic Pharmacol. 2014;54(5):574–83.

 17. Hijazi K, Cuppone AM, Smith K, Stincarelli MA, Ekeruche-Makinde J, De 
Falco G, Hold GL, Shattock R, Kelly CG, Pozzi G. Expression of genes for 
drug transporters in the human female genital tract and modulatory 
effect of antiretroviral drugs. PLoS ONE. 2015. https:// doi. org/ 10. 1371/ 
journ al. pone. 01314 05.

 18. Taneva E, Crooker K, Park SH, Su JT, Ott A, Cheshenko N, Szleifer I, Kiser 
PF, Frank B, Mesquita PM. Differential mechanisms of tenofovir and 
tenofovir disoproxil fumarate cellular transport and implications for 
topical preexposure prophylaxis. Antimicrob Agents Chemotherapy. 
2016;60(3):1667–75.

 19. Zhou T, Hu M, Cost M, Poloyac S, Rohan L. Expression of transporters and 
metabolizing enzymes in the female lower genital tract: implications for 
microbicide research. AIDS Res Hum Retroviruses. 2013;29(11):1496–503.

 20. Zhou T, Hu M, Pearlman A, Patton D, Rohan L. Expression and localiza-
tion of p-glycoprotein, multidrug resistance protein 4, and breast cancer 
resistance protein in the female lower genital tract of human and 
pigtailed macaque. AIDS Res Hum Retroviruses. 2014;30(11):1106–16.

 21. Hijazi K, Iannelli F, Cuppone AM, Desjardins D, Caldwell A, Dereuddre-
Bosquet N, Scala C, Smith KA, Mukhopadya I, Frank B, Gwozdz G, Santoro 
F, Grand RL, Pozzi G, Kelly C. In vivo modulation of cervicovaginal drug 
transporters and tissue distribution by film-released tenofovir and daru-
navir for topical prevention of HIV-1. Mol Pharm. 2020;17(3):852–64.

 22. Turriziani O, Gianotti N, Falasca F, Boni A, Vestri AR, Zoccoli A, Lazzarin 
A, Antonelli G. Expression levels of MDR1, MRP1, MRP4, and MRP5 in 
peripheral blood mononuclear cells from HIV infected patients failing 
antiretroviral therapy. J Med Virol. 2008;80(5):766–71.

 23. Hoque TMD, Cattin A, Whyte-Allman SK, Winchester L, Fletcher CV, Routy 
JP, Ancuta P, Bendayan R. Antiretroviral drug transporters and metabolic 
enzymes in circulating monocytes and monocyte-derived macrophages 
of ART-treated people living with HIV and HIV-uninfected individuals. J 
Acquir Immune Defic Syndr. 2021;87(4):1093–101.

 24. Zhang JC, Deng ZY, Wang Y, Xie F, Sun L, Zhang FX. Expression of breast 
cancer resistance protein in peripheral T cell subsets from HIV-1-infected 
patients with antiretroviral therapy. Mol Med Rep. 2014;10(2):939–46.

 25. Zhang JC, Xie F, Yu XH, Deng ZY, Wang Y, Liang P, Sun L, Zhang FX. Expres-
sion levels of P-glycoprotein in peripheral blood CD8+ T lymphocytes 
from HIV-1-infected patients on antiretroviral therapy. Int J Mol Med. 
2014;33(2):431–40.

 26. Bousquet L, Pruvost A, Guyot A-C, Farinotti R, Mabondzo A. Combina-
tion of tenofovir and emtricitabine plus efavirenz: in vitro modulation of 
ABC transporter and intracellular drug accumulation. Antimicrob Agents 
Chemother. 2009;53(3):896–902.

 27. Bousquet L, Pruvost A, Didier N, Farinotti R, Mabondzo A. Emtricitabine: 
inhibitor and substrate of multidrug resistance associated protein. Eur J 
Pharm Sci. 2008;35(4):247–56.

 28. Boschiero C, Gheyas AA, Ralph HK, Eory L, Paton B, Kuo R, Fulton J, Preis-
inger R, Kaiser P, Burt DW. Detection and characterization of small inser-
tion and deletion genetic variants in modern layer chicken genomes. 
BMC Genom. 2015;16:562.

 29. Petrovic V, Teng S, Piquette-Miller M. Regulation of drug transporters dur-
ing infection and inflammation. Mol Interv. 2007;7(2):99–111.

 30. Cressman AM, Petrovic V, Piquette-Miller M. Inflammation-mediated 
changes in drug transporter expression/activity: implications for thera-
peutic drug response. Expert Rev Clin Pharmacol. 2012;5(1):69–89.

 31. Liptrott NJ, Penny M, Bray PG, Sathish J, Khoo SH, Back DJ, Owen A. The 
impact of cytokines on the expression of drug transporters, cytochrome 
P450 enzymes and chemokine receptors in human PBMC. Br J Pharma-
col. 2009;156(3):497–508.

 32. Belliard AM, Lacour B, Farinotti R, Leroy C. Effect of tumor necrosis factor-α 
and interferon-γ on intestinal P-glycoprotein expression, activity, and 
localization in Caco-2 cells. J Pharmaceut Sci. 2004;93(6):1524–36.

 33. Le Vee M, Lecureur V, Stieger B, Fardel O. Regulation of drug transporter 
expression in human hepatocytes exposed to the proinflammatory 
cytokines tumor necrosis factor-α or interleukin-6. Drug Metabol Dispos. 
2009;37(3):685–93.

 34. Lee SK, Kim CJ, Kim DJ, Kang JH. Immune cells in the female reproductive 
tract. Immune Netw. 2015;15(1):16–26.

 35. Poller B, Drewe J, Krähenbühl S, Huwyler J, Gutmann H. Regulation of 
BCRP (ABCG2) and P-glycoprotein (ABCB1) by cytokines in a model of the 
human blood–brain barrier. Cell Mol Neurobiol. 2010;30(1):63–70.

 36. Masson L, Passmore J-AS, Liebenberg LJ, Werner L, Baxter C, Arnold KB, 
Williamson C, Little F, Mansoor LE, Naranbhai V. Genital inflammation and 
the risk of HIV acquisition in women. Clinic Infect Dis. 2015;61(2):260–9.

 37. McKinnon LR, Liebenberg LJ, Yende-Zuma N, Archary D, Ngcapu S, Sivro 
A, Nagelkerke N, Lerma JGG, Kashuba AD, Masson L. Genital inflammation 
undermines the effectiveness of tenofovir gel in preventing HIV acquisi-
tion in women. Nature Med. 2018;24(4):491.

 38. Le Vee M, Jouan E, Moreau A, Fardel O. Regulation of drug transporter 
mRNA expression by interferon-γ in primary human hepatocytes. Fun-
dam Clin Pharmacol. 2011;25(1):99–103.

 39. Mansoor LE, Lewis L, Naicker CL, Harkoo I, Dawood H, Naidoo K, Gengiah 
TN, Samsunder N, Beesham I, Abdool Karim SS, Abdool KQ. Prospec-
tive study of oral pre-exposure prophylaxis initiation and adherence 
among young women in KwaZulu-Natal, South Africa. J Int AIDS Soc. 
2022;25(7):e25957.

 40. Castillo-Mancilla JR, Zheng J-H, Rower JE, Meditz A, Gardner EM, 
Predhomme J, Fernandez C, Langness J, Kiser JJ, Bushman LR. Tenofovir, 
emtricitabine, and tenofovir diphosphate in dried blood spots for deter-
mining recent and cumulative drug exposure. AIDS Res Hum Retrovi-
ruses. 2013;29(2):384–90.

 41. Rao X, Huang X, Zhou Z, Lin X. An improvement of the 2ˆ (–delta delta 
CT) method for quantitative real-time polymerase chain reaction data 
analysis. Biostatist Bioinf Biomath. 2013;3(3):71.

 42. Brugè F, Venditti E, Tiano L, Littarru G, Damiani E. Reference gene 
validation for qPCR on normoxia-and hypoxia-cultured human dermal 
fibroblasts exposed to UVA: is β-actin a reliable normalizer for photoaging 
studies? J Biotechnol. 2011;156(3):153–62.

 43. Archary D, Liebenberg LJ, Werner L, Tulsi S, Majola N, Naicker N, Dlamini 
S, Hope TJ, Samsunder N, Abdool Karim SS. Randomized cross-sectional 
study to compare HIV-1 specific antibody and cytokine concentrations in 
female genital secretions obtained by menstrual cup and cervicovaginal 
lavage. PLoS ONE. 2015;10(7):e0131906.

https://doi.org/10.1371/journal.pone.0131405
https://doi.org/10.1371/journal.pone.0131405


Page 17 of 17Zondo et al. AIDS Research and Therapy           (2025) 22:18  

 44. Ruiz-Perez D, Guan H, Madhivanan P, Mathee K, Narasimhan G. So you 
think you can PLS-DA? BMC Bioinf. 2020;21(1):1–10.

 45. Cottrell ML, Yang KH, Prince HM, Sykes C, White N, Malone S, Dellon ES, 
Madanick RD, Shaheen NJ, Hudgens MG, Wulff J, Patterson KB, Nelson 
JA, Kashuba AD. A translational pharmacology approach to predicting 
outcomes of preexposure prophylaxis against hiv in men and women 
using tenofovir disoproxil fumarate with or without emtricitabine. J Infect 
Dis. 2016;214(1):55–64.

 46. Patterson KB, Prince HA, Kraft E, Jenkins AJ, Shaheen NJ, Rooney JF, Cohen 
MS, Kashuba AD. Penetration of tenofovir and emtricitabine in mucosal 
tissues: implications for prevention of HIV-1 transmission. Sci Transl Med. 
2011;3(112):112re4.

 47. Sheth AN, Rolle CP, Gandhi M. HIV pre-exposure prophylaxis for women. J 
Virus Eradic. 2016;2(3):149–55.

 48. Louissaint NA, Cao YJ, Skipper PL, Liberman RG, Tannenbaum SR, Nim-
magadda S, Anderson JR, Everts S, Bakshi R, Fuchs EJ, Hendrix CW. Single 
dose pharmacokinetics of oral tenofovir in plasma, peripheral blood 
mononuclear cells, colonic tissue, and vaginal tissue. AIDS Res Hum 
Retroviruses. 2013;29(11):1443–50.

 49. Bailey JL, Molino ST, Vega AD, Badowski M. A review of HIV pre-exposure 
prophylaxis: the female perspective. Infect Dis Ther. 2017;6(3):363–82.

 50. Saib S, Delavenne X. Inflammation induces changes in the functional 
expression of P-gp, BCRP, and MRP2: an overview of different models and 
consequences for drug disposition. Pharmaceutics. 2021. https:// doi. org/ 
10. 3390/ pharm aceut ics13 101544.

 51. Hinoshita E, Taguchi K-i, Inokuchi A, Uchiumi T, Kinukawa N, Shimada M, 
Tsuneyoshi M, Sugimachi K, Kuwano M. Decreased expression of an ATP-
binding cassette transporter, MRP2, in human livers with hepatitis C virus 
infection. J Hepatol. 2001;35(6):765–73.

 52. Carserides C, Smith K, Zinicola M, Kumar A, Swedrowska M, Scala C, Cam-
eron G, Riches Z, Iannelli F, Pozzi G. Comprehensive study of antiretroviral 
drug permeability at the cervicovaginal mucosa via an in vitro model. 
Pharmaceutics. 2022;14(9):1938.

 53. Kis O, Robillard K, Chan GN, Bendayan R. The complexities of antiretroviral 
drug-drug interactions: role of ABC and SLC transporters. Trends Pharma-
col Sci. 2010;31(1):22–35.

 54. Li J, Lin W, Du P, Liu W, Liu X, Yang C, Jia R, Wang Y, Chen Y, Jia L. Compari-
son of reverse-transcription qPCR and droplet digital PCR for the detec-
tion of SARS-CoV-2 in clinical specimens of hospitalized patients. Diagnos 
Microbiol Infect Dis. 2022;103(2):115677.

 55. Wong W, Farr R, Joglekar M, Januszewski A, Hardikar A. Probe-based 
real-time PCR approaches for quantitative measurement of microRNAs. J 
Visual Exp JoVE. 2015;98:52586.

 56. Seifert SM, Chen X, Meditz AL, Castillo-Mancilla JR, Gardner EM, Pred-
homme JA, Clayton C, Austin G, Palmer BE, Zheng J-H. Intracellular 
tenofovir and emtricitabine anabolites in genital, rectal, and blood com-
partments from first dose to steady state. AIDS Res Hum Retroviruses. 
2016;32(10–11):981–91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/pharmaceutics13101544
https://doi.org/10.3390/pharmaceutics13101544

	Drug transporter mRNA expression and genital inflammation in South African women on oral pre-exposure prophylaxis (PrEP)
	Abstract 
	Introduction
	Materials and methods
	Study population and design
	RNA extraction and cDNA synthesis
	Quantitative real-time PCR (qRT-PCR)
	Cytokinechemokine measurements
	Statistics analyses

	Results
	Sample description
	mRNA expression levels of the OAT-1 drug transporter showed consistent and significant correlations from baseline to 6 months between the FGT and blood
	Association between pro-inflammatory cytokineschemokines and drug transporter mRNA expression in the FGT
	Partial least squares discriminant analysis (PLS-DA) to determine associations between drug transporter mRNA expression in the FGT and genital inflammation
	Associations between blood TFV-DP and drug transporter mRNA expression in the blood

	Discussion
	Conclusion
	Acknowledgements
	References


