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Increased susceptibility to genital herpes in medroxyprogesterone-treated mice may provide a surrogate of increased HIV risk
and a preclinical biomarker of topical preexposure prophylaxis safety. We evaluated tenofovir disoproxil fumarate (TDF) in this
murine model because an intravaginal ring eluting this drug is being advanced into clinical trials. To avoid the complications of
surgically inserting a ring, hydroxyethylcellulose (HEC)-stable formulations of TDF were prepared. One week of twice-daily
0.3% TDF gel was well tolerated and did not result in any increase in HSV-2 susceptibility but protected mice from herpes sim-
plex virus 2 (HSV-2) disease compared to mice treated with the HEC placebo gel. No significant increase in inflammatory cyto-
kines or chemokines in vaginal washes or change in cytokine, chemokine, or mitochondrial gene expression in RNA extracted
from genital tract tissue was detected. To further evaluate efficacy, mice were treated with gel once daily beginning 12 h prior to
high-dose HSV-2 challenge or 2 h before and after viral challenge (BAT24 dosing). The 0.3% TDF gel provided significant protec-
tion compared to the HEC gel following either daily (in 9/10 versus 1/10 mice, P < 0.01) or BAT24 (in 14/20 versus 4/20 mice,
P < 0.01) dosing. In contrast, 1% tenofovir (TFV) gel protected only 4/10 mice treated with either regimen. Significant protec-
tion was also observed with daily 0.03% TDF compared to HEC. Protection was associated with greater murine cellular permea-
bility of radiolabeled TDF than of TFV. Together, these findings suggest that TDF is safe, may provide substantially greater pro-
tection against HSV than TFV, and support the further clinical development of a TDF ring.

The majority of new human immunodeficiency virus (HIV)
infections are transmitted through heterosexual contact, with

young women bearing a disproportionate burden. However, ef-
forts to prevent transmission in this population have met with
limited success. Oral preexposure prophylaxis (PrEP) was effec-
tive in serodiscordant partners (where one partner is seropositive
for HIV-1 infection and one is seronegative) (1) but not in other
female populations, presumably reflecting difficulties with adher-
ence (2, 3). Adherence has also been a problem in vaginal gel PrEP
trials. The CAPRISA 004 trial, a randomized, placebo-controlled
trial evaluating 1% tenofovir (TFV) vaginal gel for the prevention
of HIV when it was applied before and after sexual intercourse
(but no more than two doses in a 24-h period; referred to as
BAT24 dosing), was the first topical PrEP study to demonstrate
significant efficacy (4). TFV gel reduced HIV acquisition by an
estimated 39% overall and by 54% in women with high gel adher-
ence. Although the CAPRISA 004 trial was not designed to evalu-
ate whether TFV gel protected against herpes simplex virus 2
(HSV-2), a 51% reduction in HSV-2 incidence was observed in
the tenofovir arm (5). However, a subsequent study with daily
TFV gel (Microbicide Trials Network study MTN 003) failed to
show protection, a result that was most likely linked to low adher-
ence, as evidenced by analysis of plasma drug levels (3).

The development of delivery systems that overcome some of
the barriers to adherence, such as intravaginal rings (IVRs), is a
priority for HIV prevention (6). To address this need, we recently
developed an IVR formulation of tenofovir disoproxil fumarate
(TDF) (7). We selected TDF, a prodrug of tenofovir (TFV), be-
cause it is more potent than TFV in vitro, reflecting greater and
more rapid cellular permeability, which results in increased intra-

cellular accumulation of the active metabolite, TFV-diphosphate
(TFV-DP) (8). TDF inhibits HIV-1 and HSV-2 infection in cell
and tissue culture models at �100-fold lower concentrations than
TFV, suggesting that it may be an excellent candidate for preven-
tion (9). Moreover, we recently demonstrated that the TDF IVR
provided 100% protection against 16 weekly intravaginal chal-
lenges with simian-human immunodeficiency virus (SHIV) in
macaques (7). TDF showed no in vitro toxicity in cell and tissue
culture and, unlike other microbicides, had little effect on the
epithelial barrier in a polarized dual-chamber cell culture model
(9, 10).

Topical delivery of drugs has resulted in unanticipated toxici-
ties, which have been linked to an increased risk of HIV acquisi-
tion in large clinical trials. For example, nonoxynol-9, which has
been safely used for decades as a contraceptive, was found to in-
crease the risk of HIV, possibly reflecting disruption of the epithe-
lial barrier and induction of an inflammatory response (11–15).
Similarly, 6% cellulose sulfate gel was also associated with a trend
toward increased HIV risk, which resulted in early termination of
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the clinical trial (16). We subsequently found that mice were sig-
nificantly more susceptible to low doses of HSV-2 administered 12
h after 7-daily intravaginal gel applications of 6% cellulose sulfate
or various formulations of nonoxynol-9 than mice that received a
hydroxyethylcellulose (HEC) placebo gel (17, 18). The increased
susceptibility was associated with modest increases in inflamma-
tory mediators in the genital tract and disruption of the epithelial
barrier. In contrast, 1% TFV gel, 0.5% PRO 2000, and 0.1% grif-
fithsin gel did not increase the risk of HSV infection in this model
(15, 17, 19). These findings suggest that this relatively inexpensive
small-animal model may provide a biomarker of microbicide
safety.

Thus, the current studies were designed to test topically deliv-
ered TDF in the murine safety model. To avoid the difficulties in
designing a device that could provide an allometrically scaled dose
of TDF from our IVR technology (7) and the epithelial damage
caused by surgically attaching a scaled version of a TDF IVR into
the mice, we formulated different concentrations of TDF gel in
HEC and stored the products at �80°C until immediately prior to
vaginal application. Storage at �80°C prevents TDF from being
hydrolyzed to TFV. In order to provide a stringent model of safety,
mice were dosed with 0.3% TDF gel twice daily, a dose which is
designed to deliver to the mouse vagina 10 times the estimated
maximum daily dose released from the TDF IVR in humans,
scaled to relative surface areas.

MATERIALS AND METHODS
Vaginal gels. TDF was formulated in the HEC placebo gel (20). The TDF
gel contained 0.3, 0.03, or 0.003 weight percent (wt%) TDF (Gilead, Fos-
ter City CA), 2.7 wt% Natrosol 250 HX Pharm HEC (Ashland Covington,
KY), 0.85 wt% NaCl USP, and 0.1 wt% sorbic acid NF (Spectrum Chem-
icals, New Brunswick, NJ). The TDF concentration in the gel and TDF
chemical stability were confirmed by extraction and high-performance
liquid chromatography (HPLC) analysis (9). Conrad (Arlington, VA)
provided 1% TFV and HEC placebo gels.

Murine model. The studies were performed according to Albert Ein-
stein College of Medicine IACUC-approved protocols. Female BALB/c
mice (6 to 8 weeks old) were pretreated subcutaneously with 2.5 mg of
medroxyprogesterone (MPA) (Sicor Pharmaceuticals, Irvine, CA) 5 days
before gel application. To assess whether the gel increased the susceptibil-
ity to HSV-2, 30 �l of 0.3% TDF or HEC was delivered intravaginally
twice daily for 7 days. Twelve hours after the seventh application, groups
of 5 mice were inoculated with 103 and 104 PFU/mouse of the clinical
isolate HSV-2 (4674) delivered in a volume of 30 �l. These doses typically
induce lethal disease in 30% and 90% (LD30 and LD90, respectively) of
mice (18). Mice were evaluated daily for evidence of erythema, edema,
genital ulcers, hair loss around the perineum, and hind-limb paralysis and
were euthanized if symptoms of severe ulceration, hair loss, or hind-limb
paralysis developed (21).

Additional studies were conducted in the absence of viral challenge to
further assess the mucosal response. Medroxyprogesterone-treated mice
were treated twice daily with 30 �l of the 0.3% TDF or placebo gel or were
untreated (no gel) for up to 7 days. Vaginal washes using normal saline
(150 �l) were collected for detection of cytokines and chemokines on days
4 and 8. In addition, 6 untreated mice, 7 TFV-treated mice, and 8 TDF-
treated mice were euthanized on days 4 and 8, and genital tracts, which
included tissue from the external opening to the bifurcation of the uterus,
were excised and processed for extraction of RNA for quantitative real-
time reverse transcription-PCR (RT-qPCR). For determination of relative
mitochondrial DNA copy numbers, five additional mice treated twice
daily with 0.3% TDF or HEC gel were sacrificed on day 8, and the genital
tract tissues were processed for DNA extraction.

To evaluate efficacy, MPA-treated mice received either a single

30-�l dose of 0.3% TDF, 1% TFV, or HEC gel 1 h before and 1 h after
(BAT24) intravaginal inoculation with an LD90 (105 PFU/mouse) of
virus or 30 �l of TDF (0.3%, 0.03%, or 0.003%), 1% TFV, or HEC
intravaginally daily, with the first dose being administered 12 h prior
to infection.

Cytokine and chemokine analysis. Protease inhibitors (complete
protease inhibitor cocktail; Roche Applied Science, Indianapolis, IN)
were added to each vaginal wash sample before centrifugation at 210 � g
for 10 min at 4°C. The supernatants were stored at �80°C, and samples
pooled from two mice were assayed for interleukin-6 (IL-6), gamma in-
terferon (IFN-�), IL-1�, monocyte chemotactic protein 1 (MCP-1), mac-
rophage inflammatory protein 1� (MIP-1�), MIP-2, RANTES, and tu-
mor necrosis factor alpha (TNF-�), using a Milliplex MAP mouse
cytokine/chemokine immunoassay (Millipore, Danvers, MA) and a
Luminex 100 system and analyzed with StarStation (version 2.0; Applied
Cytometry Systems).

RT-PCR. Genital tract tissue was homogenized, and total RNA was
extracted using an Absolutely RNA Miniprep Kit (Stratagene). Reverse
transcription was performed using 400 ng of RNA and a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative real-
time PCR was conducted in duplicate with 25 ng of cDNA and with 0.5 �l
of 20� 6-carboxyfluorescein (FAM)-labeled probes in a 10-�l final reac-
tion volume of ABsolute Blue qPCR master mix (Thermo Scientific).
Probes were purchased from Applied Biosystems. PCR cycling conditions
on an ABI Prism 7700 instrument as follows: 1 cycle at 50°C for 2 min, 1
cycle at 95°C for 15 min, 45 cycles of 95°C for 15 s, and 1 cycle at 60°C for
1 min. Relative expression levels were calculated using the comparative
threshold cycle (CT) method (2�		CT)), where RNA from TDF- or HEC-
treated mouse tissue was compared with RNA from untreated mouse
tissue, and the CT values of both groups were normalized to �-actin RNA
levels as an endogenous housekeeping gene.

Determination of relative mitochondrial DNA (mtDNA) copy num-
bers was assessed as previously described (22). Total DNA from genital
tract tissue was extracted with a DNeasy Blood and Tissue Kit (Qiagen),
and quantitative PCR was performed under conditions as described
above. Reactions were performed with 5 ng of DNA per reaction in trip-
licate with probes for �-actin or ATP6, both purchased from Applied
Biosystems. Relative mtDNA copy numbers were calculated with the 	CT

for ATP6 and �-actin, and the formula 2(2	CT). Results for HEC-treated
mice were arbitrarily assigned the value of 1.

H&E staining. Genital tract tissue was harvested after 3 or 7 days of
twice-daily drug exposure, embedded in 22-oxacalcitriol (OCT), flash
frozen in liquid nitrogen, and stored at �80°C. Samples were sectioned
using a cryostat and stained with hematoxylin-eosin (H&E). Stained sec-
tions were evaluated in a blinded fashion for potential inflammatory cell
infiltration or disruption of tissue.

Measurement of TDF and TFV intracellular accumulation. The ra-
diolabeled analogs [3H]TDF (1.3 Ci/mmol) and [3H]TFV (17.1 Ci/mmol)
were purchased from Moravek Biochemicals (Brea, CA). 3T3 cells (mu-
rine fibroblasts obtained from ATCC) were seeded at 4.0 � 105 cells/well
in 24-well plates and cultured for 24 h. Confluent cell monolayers were
exposed to serum-free Dulbecco’s modified Eagle’s medium (DMEM)
containing 0.1 �M and 1 �M [3H]TDF or [3H]TFV for 1 h at 37°C. To
remove extracellular drug, the cells were then washed three times with
ice-cold phosphate-buffered saline (PBS) and solubilized in 0.5 ml/well of
1% Triton X-100 for 30 min. Intracellular radioactivity in a 0.3-ml aliquot
from each sample was measured after addition of 3.5 ml of Optiphase
Supermix Cocktail (PerkinElmer, Waltham, MA) in a Tri-Carb 2900RT
liquid scintillation analyzer. The protein content of each sample was de-
termined using a Micro BCA Protein Assay Kit with bovine serum albu-
min (BSA) as a standard (Pierce Biotechnology, Rockford, IL). The intra-
cellular drug concentrations were calculated and expressed as picomoles
per milligram of total protein after the difference in specific activity be-
tween the two drugs was taken into account.
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Statistical analysis. GraphPad Prism (version 6; GraphPad Software)
was used for statistical analysis. Concentrations of cytokines/chemokines
and gene expression levels were compared using one-way analysis of vari-
ance (ANOVA) with Tukey’s test for multiple comparisons. Kaplan-
Meier survival curves were assessed by a log rank test. A P value of 
0.05
was considered to be significant.

RESULTS
Repeat exposure to TDF gel does not increase susceptibility to
HSV-2 infection. Mice administered a 0.3% TDF or placebo gel
twice daily for 7 days were subsequently challenged with an LD30

or LD90 of HSV-2 intravaginally 12 h after the last gel dose to test
for potential toxicities that manifest as increased susceptibility to
HSV-2 infection. No increase in susceptibility was observed, but,
rather, mice pretreated with 0.3% TDF gel were protected from
genital herpes, and this protection reached statistical significance
in response to an LD90 of HSV-2 (Fig. 1), suggesting that high
enough levels of drug persist in epithelial cells to inhibit HSV-2
replication.

No inflammatory response was detected in response to TDF
in mice. Concentrations of cytokines and chemokines were mea-
sured in vaginal washes obtained from mice treated with the 0.3%

TDF or placebo gel twice daily for 3 or 7 days and compared to
those of untreated mice from the appropriate day post-medroxy-
progesterone treatment. There were no statistically significant dif-
ferences in the concentrations of cytokines or chemokines recov-
ered using one-way ANOVA (Fig. 2A). These findings were
supported by RT-qPCR studies with the same panel of cytokines
and chemokines using RNA extracted from genital tract tissue at
the same time points (Fig. 2B). Relative to untreated animals, TDF
and HEC placebo gels induced a small increase in MCP-1 and
MIP-1� RNA levels on day 3 but not day 7, suggesting that gel
application itself and/or the application procedure may induce a
transient inflammatory response (Fig. 2B). In addition, genital
tract tissue samples were stained and evaluated in a blinded fash-
ion for inflammatory cell infiltration and histological evidence of
disruption. There were no differences in the H&E staining be-
tween groups, and only one HEC-treated mouse (day 7) and one
0.3% TDF-treated mouse (day 3) exhibited focal signs of inflam-
mation and/or disruption (Fig. 3 and Table 1).

Structural protein gene expression and mitochondrial DNA
copy numbers are not impacted by repeated TDF gel exposures.
To further investigate potential toxicity of TDF, expression of mi-
tochondrial and structural proteins was examined in the genital
tract tissue. We focused on mitochondrial proteins because some
of the adverse effects attributed to systemic therapy with reverse
transcriptase inhibitors have been attributed to mitochondrial
toxicity and junctional proteins because some of the toxicity asso-
ciated with other topical PrEP drugs has been attributed to dis-
ruption of the epithelial barrier (10, 17). We also focused on the
heparan sulfate proteoglycans, syndecans, because they serve as
attachment receptors for HSV (23) and may also bind HIV gp120,
capturing virus and subsequently transferring the virus to suscep-
tible immune target cells (24, 25). There was no significant de-
crease in the expression of ATP6, a key component of the mito-
chondrial membrane ATP synthase, or COX1, which encodes the
cytochrome c oxidase subunit involved in mitochondrial oxida-
tive phosphorylation (Fig. 4A). Rather, a small but statistically
significant increase in ATP6 was observed in response to both the
TDF and HEC gels. We further assessed the potential mitochon-
drial toxicity of TDF by evaluating relative mtDNA copy numbers.
No difference in mtDNA copy numbers in the TDF-treated mice
compared to placebo was observed after 7 days of TDF treatment
(Fig. 4B). Moreover, repeated exposure to the TDF gel had no
impact on expression of syndecans or the junctional proteins cad-
herin-1 and nectin-1 (Fig. 4C). However, a statistically significant
increase in tight junction protein 1 (TJP-1) expression was ob-
served in TDF-treated compared to HEC-treated mice; this was
detected only on day 3. The significance of this transient increase is
unclear.

TDF provides greater protection against HSV-2 than the
TFV gel. Repeated vaginal application of 0.3% TDF (Fig. 1) or, as
previously shown, 1% TFV gel (17) did not increase the suscepti-
bility to HSV-2 in mice, indicating the safety of the treatment, but
the results differed in that only TDF provided partial protection
against HSV-2 genital tract disease in this low-dose challenge
model. To further explore this observation, additional experi-
ments were conducted in which mice were treated either with a
single dose of gel 1 h before and 1 h after infection to simulate
BAT24 dosing (Fig. 5A) or daily beginning 12 h before infection
and then challenged with an LD90 of HSV-2 (Fig. 5B). The 0.3%
TDF gel but not the TFV gel provided significant protection

FIG 1 Repeat exposure to TDF gel does not increase susceptibility to HSV-2
vaginal infection. Medroxyprogesterone-pretreated mice received twice-daily
dosing of 30 �l of TDF or HEC gel for 7 days. On day 8, mice were challenged
intravaginally with an LD30 (A) or LD90 (B) of virus. Mice were scored daily for
disease and were euthanized for severe disease scores (n � 10 mice per group).
The asterisk indicates significance compared to HEC treatment using a log
rank test (P 
 0.05).
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against HSV-2 disease compared to HEC-treated mice with either
dosing regimen.

To further assess the potential for TDF to protect against
HSV-2 infection, we tested additional concentrations of TDF gel
in a daily dosing model. Both 0.3% and 0.03% gels provided sig-

nificant protection against HSV disease (Fig. 5C). The increased
protection observed with these low doses of TDF compared to the
1% TFV gel likely reflects increased cellular uptake. This is sup-
ported by the detection of increased intracellular levels of radio-
labeled TDF compared to TFV in murine fibroblasts (3T3 cells)

FIG 2 TDF does not trigger an inflammatory cytokine or chemokine response in the female genital tract. Mice pretreated with medroxyprogesterone received
30 �l of gel intravaginally twice daily for three or seven consecutive days. (A) Protein levels were measured in vaginal washes by a Luminex assay. Washes were
grouped into pools of 2 mice, and five to eight pools per treatment arm were evaluated. The data are presented as means plus standard errors of the means. (B)
RNA was extracted from genital tract tissue, reverse transcribed, and analyzed by qPCR for the indicated cytokine or chemokine gene. Data are presented as
means plus standard errors of the means from 6 to 8 mice per group. Asterisks indicate significance compared to untreated mice using one-way ANOVA, with
Tukey’s test for multiple comparisons (P 
 0.05). There were no statistically significant differences between HEC- and TDF-treated groups.
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following a 1-h exposure (Fig. 6), which is consistent with studies
in human peripheral blood mononuclear cells (PBMCs) (8).

DISCUSSION

Development and validation of preclinical assays of topical PrEP
safety that are predictive of what happens in clinical trials are a
major research priority that has proven to be a formidable task.
From a toxicology perspective, the rabbit vaginal irritation (RVI)
model is used because the abdominal vaginal epithelium of the
rabbit is columnar, and through multiple applications, the test
product remains in contact with the tissue for an extended time,
thereby increasing the potential to detect mucosal responses.
However, experiences with nonoxynol-9, C31G, and cellulose sul-
fate, all of which were deemed nonirritating in subacute RVI ex-

posure experiments but were associated with at least a trend to-
ward increased risk of HIV acquisition in clinical studies, indicate
that the RVI model is not sufficiently predictive of trial outcomes.

Subsequent studies suggest that murine models of genital herpes
susceptibility might provide additional data on HIV risk by probing
more subtle changes in the epithelia and the mucosal barrier. While
HSV and HIV target different cell types (epithelial and immune, re-
spectively) and engage different receptors and coreceptors, disrup-
tion of mucosal barriers likely facilitates infection by either pathogen.
Disruption may make it easier for HIV to reach the submucosa,
where greater numbers of activated T cells reside (26), and may pro-
mote access of HSV to nectin-1, an adherens junction protein that
serves as the primary HSV coreceptor (17, 27).

While there is no standardized HSV murine susceptibility
model and while investigators have used different strains of mice,
hormonal treatments, viruses, and endpoints, the findings from
multiple studies have yielded consistent results and provide a basis
for understanding how different products failed to protect against
HIV despite potent activity in vitro (12, 15, 17, 18, 28). In the
murine studies conducted here, mice were pretreated with me-
droxyprogesterone, which may provide a more rigorous model by
making the mucosa more susceptible to viral invasion. During the
progesterone-dominant diestrous phase, the murine cervical epi-
thelium is thinner and is composed of only a few layers of cuboidal
nucleated cells, with cell junctions near the surface, as detected by
electron microscopy, that render the mice more susceptible to any
disruptive effects of topically administered drugs (29). In addi-
tion, mice are more susceptible to genital herpes during diestrous,
in part because the structural changes include increased access to
nectin-1 (30).

FIG 3 H&E staining of genital tract tissue following TDF or HEC gel treatment. H&E-stained genital tract tissue sections were evaluated in a blinded fashion for
inflammation and focal changes in architecture. Panels A and B show representative 60� images of sections obtained from HEC- or TDF-treated mouse tissue
scored as showing no histological abnormalities. Panels C and D show sections from the only mice that showed histological changes: one mouse was treated with
HEC gel for 7 days (C), and one was treated with TDF for 3 days (D). All other samples were histologically similar to those shown in panels A and B.

TABLE 1 H&E staining of genital tract tissue obtained from mice
treated twice daily with no gel, HEC placebo gel, or 0.3% TDF gel

Treatment (n)a

No. of days
treatedb

No. of mice with genital tract
inflammation or disruption/
no. of mice evaluated

None (2) 3 0/2
7 0/2

HEC (3) 3 0/3
7 1/3

0.3% TDF (6) 3 1/6
7 0/6

a n, number of mice.
b For untreated mice, the appropriate day post-medroxyprogesterone treatment was
used.
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Building on in vitro preclinical safety studies demonstrating
that drug released from a TDF IVR (or TDF itself) was not cyto-
toxic and had no impact on the ability of cells to form and main-
tain tight junctions, as measured by transepithelial electrical resis-
tance in a polarized culture system (9), we tested the safety of a
0.3% TDF gel in a low-dose HSV susceptibility model in medroxy-
progesterone-treated mice. We selected a gel formulation to avoid
the complications of surgically suturing a small IVR-like device
into the mice. The twice-daily dosing for this safety study was
designed to deliver to the mouse vagina 10 times the estimated
maximum daily dose released from the TDF IVR in humans,
scaled to relative surface areas.

Twice-daily dosing of the gel was well tolerated and did not
result in any increase in susceptibility to HSV-2 but, rather, pro-
tected the mice from HSV-2 disease compared dosing with a pla-
cebo gel. Moreover, there were no signs of irritation or erythema
by naked-eye examination or histology and no significant increase
in inflammatory cytokines or chemokines in vaginal washes or in
RNA extracted from excised genital tract tissue. There was also no
decrease in the expression of structural proteins (although a tran-
sient increase in TJP-1 expression of unclear biological signifi-
cance was observed) and no decrease in the expression of mito-

chondrial genes or in mtDNA copy numbers in genital tract tissue.
A small increase in ATP6 expression was observed in response to
both the HEC and TDF gels. This observation contrasts with data
obtained from a recent phase 1 clinical study of the rectal safety of
a 1% TFV gel (31). Using a microarray approach, the investigators
found that 505 genes were downregulated in response to seven
doses of a 1% TFV gel, including ATP6 and other genes associ-
ated with mitochondrial function (F. Hladik, L. Flemming, J,
McElrath, and I. McGowan, presented at the Microbicide Trials Net-
work Annual Meeting, Bethesda, MD, 10 to 13 February 2013). In the
same study nonoxynol-9 had no effect on ATP6. Whether the down-
regulation of mitochondrial genes was in response to the drug or the
formulation, the clinical significance of the observed changes requires
further study. Similar microarray studies have not been conducted
with vaginal or cervical biopsy specimens. The differences observed in
the phase 1 rectal microarray study and the murine model might
reflect differences in species (mouse versus human), anatomic com-
partment (rectal versus vaginal), or formulation (the 1% tenofovir gel
formulation is relatively hyperosmolar) (32).

In the murine safety studies, TDF gel was applied twice daily
for 7 days prior to HSV exposure, but no doses were administered
after HSV-2 challenge. To further explore the potential for TDF to

FIG 4 TDF gel does not induce significant changes in mitochondrial RNA or DNA or in expression of structural proteins. RNA was extracted from genital tract
tissue harvested 3 or 7 days after twice-daily gel dosing, reverse transcribed to cDNA, and analyzed using qPCR for expression of mitochondrial proteins (A) and
structural proteins (C). Data are presented as means plus standard errors of the means relative to untreated mice, with 6 to 8 mice per group. In addition, the
relative ratio of mitochondrial to nuclear DNA was analyzed in HEC- and TDF-treated mice (B). Asterisks indicate significance from untreated mice or between
the TDF and HEC treatment groups where indicated (TJP-1, day 3), using one-way ANOVA with Tukey’s test for multiple comparisons (P 
 0.05).
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protect against HSV-2, additional studies were conducted with
once-daily dosing to simulate what might happen in the setting of
a TDF IVR. Daily dosing of both 0.03% and 0.3% TDF gels signif-
icantly protected mice from a lethal challenge with HSV-2 and was
more effective than the 1% TFV gel. These findings, combined
with the protection against HIV observed in a nonhuman primate
study (7), suggest that the TDF IVR may provide protection
against both HIV and HSV and may be more efficacious than TFV
gel because the prodrug has greater cell permeability (Fig. 6) and
because the IVR formulation may overcome some of the obstacles
to adherence that have been observed with gel studies. Both TDF
and TFV are converted intracellularly to tenofovir diphosphate
and block HIV and HSV replication by competing with intracel-
lular pools of deoxynucleotides for viral DNA replication (33).

The results of these murine safety and efficacy studies, com-
bined with other preclinical safety studies (9), clinical experience
with oral formulations of TDF, protection against SHIV in ma-
caque studies (7), and the potential for greater adherence with a
ring support the advancement of a TDF IVR into the clinic.
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 0.05, using a log rank test).

FIG 6 Increased uptake of radiolabeled TDF compared to that of TFV by
murine cells. 3T3 cells (murine fibroblasts) were exposed to 0.1 or 1 �M
[3H]TDF or [3H] TFV for 1 h at 37°C, washed three times to remove extracel-
lular drug, and then solubilized, and intracellular radioactivity was measured.
The protein content of each sample was determined in parallel, and results are
presented as means plus standard deviations from two independent experi-
ments conducted in duplicate. The asterisks indicate significant differences
between TDF and TFV uptake by a t test (P 
 0.05).
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