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ABSTRACT: Emtricitabine (FTC), tenofovir (TFV), efavirenz
(EFV), and rilpivirine (RPV) are currently used as components of
HIV combination therapy. Although these drugs are widely used in
antiretroviral therapy, several organ toxicities related to TFV and
EFV have been observed clinically. TFV is associated with
nephrotoxicity, whereas EFV-related hepatotoxicity and neuro-
toxicity have been reported. While the precise molecular
mechanisms related to the above-mentioned clinically observed
toxicities have yet to be elucidated, understanding the local tissue
distribution profiles of these drugs could yield insights into their
safety profiles. To date, the distributions of these drugs in tissue
following in vivo exposure are poorly understood. Therefore, in this
study, we employed a matrix-assisted laser desorption/ionization
mass spectrometry imaging method to generate spatial distribution profiles of FTC, TFV, EFV, and RPV in mouse tissues following
in vivo dosing of following drug regimens: TFV−FTC−EFV and TFV−FTC−RPV. For this study, liver, brain, kidney, spleen, and
heart tissues were obtained from mice (n = 3) following separate oral administration of the above-mentioned drug regimens.
Interestingly, EFV was detected in liver, brain, and heart following TFV−FTC−EFV treatment. Additionally, hydroxylated EFV,
which encompasses the cytochrome P450-dependent monooxygenated metabolites of EFV, was detected in liver, brain, spleen, and
heart tissue sections. Notably, the tissue distribution profiles of RPV and hydroxylated RPV following in vivo dosing of TFV−FTC−
RPV were different from EFV/hydroxylated EFV despite RPV belonging to the same drug class as EFV. In conclusion, the observed
spatial distribution profiles of the study drugs are in agreement with their safety profiles in humans.
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Emtricitabine (FTC), a deoxycitidine nucleoside analog
reverse transcriptase inhibitor and tenofovir (TFV;

prescribed as the tenofovir disoproxil fumarate prodrug), an
acyclic nucleotide analog reverse transcriptase inhibitor, are
currently used for HIV treatment and prevention.1−3 Efavirenz
(EFV) and rilpivirine (RPV), first- and a second-generation
non-nucleoside reverse transcriptase inhibitors, respectively,
are used for HIV treatment in combination with TFV and
FTC.4,5

Although TFV, FTC, EFV, and RPV have widespread
clinical use in antiretroviral therapy, the in vivo spatial
distributions of these drugs in tissue, including those in
which they are known to cause toxicity, have yet to be fully
elucidated. Importantly, it has been reported that TFV is
associated with kidney toxicity that leads to kidney injury
(acute or chronic).6,7 Similarly, EFV exerts central nervous
system side effects including neurotoxicity.4,8−10 Further, EFV-
associated hepatoxicity is observed clinically.11,12 While the
molecular mechanisms related to the above-mentioned

clinically observed toxicities have yet to be fully defined,
understanding the spatial distribution patterns of these drugs
could yield insight into their safety profiles.
It is known that HIV non-nucleoside reverse transcriptase

inhibitors such as EFV and RPV are extensively metabolized by
the cytochrome P450 superfamily of heme-containing
monooxygenases. Specifically, EFV is primarily metabolized
by cytochrome P450 2B6 whereas cytochrome P450 3A4 is
involved in RPV primary metabolism.13,14 Interestingly, a
hydroxylated metabolite of EFV (EFV−OH) in which the
oxygen is inserted at the 8-position has been associated with
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both drug-induced neurotoxicity and hepatotoxicity.15,16 In
contrast, to date, there are no reports on the toxicities caused
by hydroxylated metabolites of RPV (RPV−OH). However,
the tissue distributions of EFV−OH and RPV−OH remain
unknown.
It is reported that tissues such as brain and spleen can act as

reservoirs for HIV that allow the persistence of HIV replication
despite antiretroviral therapy.17−20 Notably, poor penetration
of antiretrovirals into certain tissues may facilitate the
formation and existence of these reservoirs.21 However, data
on antiretroviral distribution across brain and spleen tissue are
lacking. Therefore, there is a need to define the spatial
distributions of antiretrovirals in HIV tissue reservoirs such as
brain and spleen.
In previous studies, liquid chromatography−mass spectrom-

etry (LC-MS) techniques have been employed to obtain tissue
drug and/or metabolite concentrations.22 For these analyses,
homogenates from tissues or cell types isolated from tissues
were utilized. However, using this approach, the spatial
information on analytes is lost during sample preparation.23

Because of this, it is impossible to determine the spatial
distribution of drugs in tissue by employing LC-MS alone. In
contrast, matrix-assisted laser desorption/ionization mass
spectrometry imaging (MALDI MSI) bestows a powerful
technology to visualize distribution profiles of a range of
biomolecules including drugs, metabolites, peptides, proteins,
and lipids from tissue slices.24,25 Since MALDI MSI generates
two-dimensional distribution profiles for each measured mass-
to-charge (m/z) ratio simultaneously, it yields greater
specificity than other conventional imaging modalities such
as fluorescence microscopy and autoradiography.25,26 Of
importance, high-resolution mass spectrometers such as
orbitraps allow separation of analyte-specific peaks from
other species such as background compounds that have similar
masses, thereby increasing the veracity of identification.27

In this study, we employed a MALDI MSI strategy to
visualize the distribution of TFV, FTC, EFV, and RPV in
murine liver, brain, kidney, spleen, and heart tissues separately
following in vivo dosing of drug regimens TFV−FTC−EFV
and TFV−FTC−RPV. The observed tissue distribution
patterns of the above drug molecules, TFV, FTC, EFV, and
RPV in tissues were in agreement with their reported safety
profiles. Furthermore, our MALDI MSI methodology enabled
the visualization of distribution patterns of cytochrome P450-
dependent monooxygenated metabolites of EFV and RPV,
EFV−OH and RPV−OH. In sum, these results provide a
unique foundation for understanding the tissue disposition of
TFV, FTC, EFV, and RPV.

■ METHODS
Materials and Chemicals. MALDI matrices, 2,5-dihy-

droxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic acid
(CHCA), 1,5-diaminonaphthalene (DAN), and 9-amino-
acridine (9-AA) were purchased from MilliporeSigma (St.
Louis, MO). EFV and RPV were obtained through the
National Institutes of Health AIDS Research and Reference
Reagent Program (Germantown, MD), whereas TFV and FTC
were purchased from Toronto Research Chemicals, Inc.,
(North York, ON, Canada). Drug tablets, TDF (tenofovir
disoproxil fumarate)−FTC−EFV and TDF−FTC−RPV were
obtained from the Johns Hopkins Hospital pharmacy. Other
chemicals used and all solvents were either reagent- or high-
performance liquid chromatography (HPLC)-grade and

obtained from Fisher Scientific (Hampton, NH), unless
otherwise specified.

MALDI Mass Spectrometry Analyses for Analyte
Detection. MALDI MS experiments were carried out in
positive ion mode using an LTQ Orbitrap XL (Thermo Fisher
Scientific, Bremen, Germany). This instrument was equipped
with a Fourier transform mass spectrometer (FTMS) and the
MALDI ion source fitted with a direct beam N2 laser (λ =
337.7 nm). Mass range used for data acquisition was from m/z
100 to 1000 Da to cover the m/z values of TFV, FTC, EFV,
and RPV. Mass spectrometry data processing and analysis were
carried out using Xcalibur 3.0 (Thermo Fisher Scientific,
Bremen, Germany).

Tissue Sample Collection for MALDI MSI Analyses.
Animal model experiments were performed in accordance with
Johns Hopkins Medicine Institutional Review Board guidelines
and regulations. All mice (male and female, 8 week old
C57BL/6J) were obtained from Jackson Laboratories (Bar
Harbor, ME) and were administered drug regimens orally at
doses of 70 mg/kg TFV−FTC−EFV and 33.4 mg/kg TFV−
FTC−RPV via their drinking water for 28 days. Mice were
given access to water ad libitum and average weekly water
consumption of 4 mice/cage was 185.5 ± 10.23 mL. Control
experiments were carried out by administering drug-free water
orally (via their drinking water). Mice were sacrificed after
each treatment, and liver, brain, kidney, spleen, and heart
tissues were dissected, embedded in OCT (embedding
medium for frozen tissue specimens to ensure optimal cutting
temperature; Sakura Finetek, Inc., Torrance, CA), snap-frozen
in dry ice/acetone, and stored at −80 °C.

Tissue Sectioning and Matrix Application. Tissue
sections from frozen brain, spleen, heart, liver, and kidney at
20 μm thickness were obtained at −20 °C using a Leica
CM3050S cryostat (Leica Biosystems, Buffalo Grove, IL). The
sections were thaw-mounted onto glass microscope slides
(Fisherbrand Superfrost Plus), and 10 mg/mL CHCA (Sigma-
Aldrich, USA) in a mixture of ACN/H2O 50:50 (v/v) was
applied to the tissue sections using a TM-Sprayer (HTX
Technologies, LLC, Chapel Hill, NC) as described pre-
viously.28

MALDI Mass Spectrometry Imaging of Mouse Tissue.
For drug-imaging experiments, regions of interest were defined
by scanning the tissue sample slides with the MALDI camera.
Distribution profiles of drugs were generated at a spatial
resolution of 50 μm. ImageQuest 1.1.0 software (Thermo
Fisher Scientific, San Jose, CA) was used to generate ion
images from imaging experiments. Ion suppression effects were
determined by calculating tissue extinction coefficient (TEC)
values for compounds of interest as described previously.28

Briefly, TEC values of analytes were obtained by calculating
the ratio of the relative ion abundance of analytes in tissue to
their relative ion abundance when spotted directly onto a
MALDI MS slide.

H&E Staining. Serial tissue sections were used for H&E
staining to visualize the anatomy of tissue slices. Staining was
done at the Oncology Tissue Services Laboratory, Johns
Hopkins University School of Medicine using standard
histological techniques.

■ RESULTS
MALDI MS Method Development for TFV, FTC, EFV,

and RPV Detection. The chemical structures of TFV, FTC,
EFV, and RPV are shown in Figure 1. On the basis of previous
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reports on small-molecule MALDI MS, four different matrices,
DHB, CHCA, DAN, and 9-AA, were employed to test the
ionization efficiency of TFV, FTC, EFV, and RPV. Both DHB
and CHCA facilitated the detection of all four compounds in
the positive ion mode of the instrument. However, the signal
intensity was greater with utilization of CHCA as compared to
that with DHB. Therefore, CHCA was used as the matrix for
subsequent experiments. From these, FTC, TFV, and RPV

exhibited their molecular ions at m/z 248.0498 (0.8 ppm),
288.0854 (0.7 ppm), and 367.1660 (1.6 ppm), respectively, in
positive ion mode (Figure 1). Additionally, sodium adducts of
FTC and EFV were detected at m/z 270.0317 (0.7 ppm) and
338.0152 (4.1 ppm), respectively (Figure 1). In order to
further confirm the identities of the above molecules, collision-
induced dissociation fragmentation was performed. From these
analyses, FTC showed a major fragment ion at m/z 130.0409

Figure 1. MALDI MS ionization of FTC, TFV, EFV, and RPV using the CHCA matrix and positive polarity of the instrument. Representative full
scan mass spectra of FTC, TFV, EFV, and RPV exhibiting their detection. Drug molecules, FTC, TFV, EFV, and RPV were detected at m/z
248.0498 (sodium adduct, 270.0317), 288.0854, 338.0152, and 367.1660, respectively.
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corresponding to the pyrimidine structural moiety,
C4H5FN3O

+ (Table 1). Moreover, TFV, EFV, and RPV
exhibited their fragment ions at m/z 176.0927, 272.0429, and
224.1167 corresponding to C8H10N5

+, C13H10ClF3N
+, and

C14H14N3
+, respectively (Table 1).

Spatial Distribution of TFV, FTC, EFV, and RPV in
Mouse Liver Sections. In order to determine the spatial
distribution of TFV, FTC, and EFV in mouse liver tissues,
MALDI MSI experiments were carried out using liver sections
obtained from mice that received TFV−FTC−EFV. H&E stain
was used to visualize the orientation and anatomy of the tissue
section (Figure 2A). The spatial distribution profiles were
generated using corresponding molecular ions and sodium

adducts of TFV, FTC, and EFV. All three drugs, TFV, FTC,
and EFV, exhibited differential distribution across liver tissue
sections (Figure 2A). Additionally, EFV−OH (the cytochrome
P450-dependent monooxygenated metabolites of EFV collec-
tively) was detected (Figure 2A). To further confirm that the
observed differential distributions of TFV, FTC, EFV, and
EFV−OH are distinct, we simultaneously imaged a known
endogenous lipid species, phosphatidylcholine (PC) (16:0/
OH). As expected, the MALDI MS ion images corresponding
to PC (16:0/OH) exhibited relative homogeneity in their
distribution (Figure 2A). Liver sections from mice treated with
the drug regimen TFV−FTC−RPV were used to visualize RPV
distribution. Interestingly, RPV was not accumulated in liver
section following in vivo oral dosing of TFV−FTC−RPV via
drinking water for 28 days, whereas hydroxylated RPV (RPV−
OH) was readily detected (Figure 2B). Similar distribution
patterns were observed for the localization of TFV, FTC, EFV,
EFV−OH, and RPV in liver sections obtained from male mice
following separate in vivo dosing of above drug regimens
(Figure 2C,D). Notably, the relative abundance of RPV−OH
in the tissue section obtained from male mice was lower
compared to those of females (Figure 2D).

Spatial Distribution of TFV, FTC, EFV, and RPV in
Mouse Brain Sections. Since brain is a highly heterogeneous

Table 1. Confirmatory Collision-Induced Fragmentation
Analyses of FTC, TFV, EFV, and RPV

compound mass fragment (m/z) chemical formula

FTC 130.0409 C4H5FN3O
+

TFV 176.0927 +C H N8 10 5

EFV 272.0429 +C H ClF N13 10 3

RPV 224.1169 +C H N14 14 3

Figure 2. Spatial distribution of TFV, FTC, EFV, and RPV in mouse liver. Distribution profiles of PC (16:0/OH), TFV, FTC, EFV, and EFV−OH
in liver sections of (A) female and (C) male mice following in vivo oral dosing of TFV−FTC−EFV. H&E stain indicating anatomy and orientation
of liver tissue. Distribution profiles of PC (16:0/OH), TFV, FTC, RPV, and RPV−OH in liver sections obtained from (B) female and (D) male
mice following in vivo oral dosing of TFV−FTC−RPV. Mice were administered drugs via their drinking water for 28 days and then sacrificed.
MALDI MS ion images were generated at a spatial resolution of 50 μm. The green color represents the highest signal intensity (100%), whereas the
black color depicts the lowest signal (0%) of the ion of interest. Scale bar, 1 mm.
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organ, we first generated the spatial distribution profile for the
endogenous lipid species, PC (16:0/OH). As observed in the
liver tissue sections, PC (16:0/OH) lipid species showed
relative homogeneity in its distribution (Figure 3A). Addition-
ally, we were able to detect endogenous creatine in brain
sections using our MALDI MSI methodology and it was found
to be relatively homogeneous across the brain tissue section
(Figure 3A). Next, the spatial distributions of TFV, FTC, and
EFV were visualized in brain sections of female mice dosed
with TFV−FTC−EFV for 28 days via their drinking water.
From these, TFV and FTC showed low abundance across the
brain section (Figure 3A). However, the representative ion
image of EFV revealed its heterogeneous distribution in the
brain tissue (Figure 3A). Interestingly, EFV−OH was detected
simultaneously in the same brain section (Figure 3A, lower
panel). The distribution profiles of RPV and RPV−OH
generated following in vivo dosing of TFV−FTC−RPV
revealed the abundance of RPV−OH is greater than that of
RPV in the mouse brain section (Figure 3B). We observed
differential distribution of the above compounds in brain
sections of male mice as well (Figure 3C,D).
Spatial Distribution of TFV, FTC, EFV, and RPV in

Mouse Kidney Sections. In order to investigate the
distribution of TFV, FTC, and EFV in kidney tissue,
MALDI MS ion images corresponding to their molecular
ions and sodium adducts were generated using kidney sections
obtained from mice who received TFV−FTC−EFV. Ion
images of endogenous lipid species, PC (16:0/OH), revealed
its homogeneous distribution, whereas TFV and EFV exhibited
heterogeneous distributions across the kidney tissue section
(Figure 4A). In contrast, both FTC and EFV−OH were
detected at low abundance (Figure 4A). To determine the
spatial distribution of RPV and RPV−OH, kidney sections
were obtained from mice dosed with TFV−FTC−RPV.
Interestingly, RPV and RPV−OH did not accumulate in
kidney sections (Figure 4B). Similar distribution patterns of all
compounds were observed in male kidney sections (Figure
4C,D).
Spatial Distribution of TFV, FTC, EFV, and RPV in

Mouse Spleen Sections. The spleen plays an important role
in the immune system, and it can act as a tissue reservoir for
HIV. Following in vivo dosing of TFV−FTC−EFV, the
localization of EFV−OH in spleen sections were observed
(Figure 5A). In contrast, mice that received TFV−FTC−RPV
did not exhibit accumulation of RPV−OH (Figure 5B). The
observed distribution patterns of all molecules were similar in
male spleen sections (Figure 5C,D).
Spatial Distribution of TFV, FTC, EFV, and RPV in

Mouse Heart Sections. Investigation of drug distribution in
heart tissue is important to determine their potential
cardiovascular effects. Therefore, in this study, mouse heart
sections were obtained following separate TFV−FTC−EFV
and TFV−FTC−RPV treatments. From MALDI MSI analysis,
endogenous lipid species, PC (16:0/OH), and creatine
exhibited relative homogeneity in their distribution across
the heart section, whereas EFV and EFV−OH showed their
heterogeneous distribution (Figure 6A). Notably, the relative
abundances of EFV and EFV−OH were higher than TFV and
FTC. To determine the spatial distribution of RPV and RPV−
OH, heart tissue sections were obtained from mice treated
with TFV−FTC−RPV for 28 days via their drinking water.
From these, the accumulation of RPV and RPV−OH were not
observed in heart sections (Figure 6B). As observed in female

Figure 3. Spatial distribution of TFV, FTC, EFV, and RPV in mouse
brain. Distribution profiles of PC (16:0/OH), creatine, TFV, FTC,
EFV, and EFV−OH in brain sections obtained from (A) female and
(C) male mice after in vivo dosing of TFV−FTC−EFV. Distribution
profiles of PC (16:0/OH), creatine, TFV, FTC, RPV, and RPV−OH
in brain sections of (B) female and (D) male mice following in vivo
oral dosing of TFV−FTC−RPV. Mice were administered drugs via
their drinking water for 28 days and then sacrificed. MALDI MS ion
images were generated at a spatial resolution of 50 μm. The red color
represents the highest signal intensity (100%), whereas the blue color
depicts the lowest signal (0%) of the ion of interest. Scale bar, 1 mm.
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heart sections, EFV and EFV−OH were accumulated in male
heart sections, whereas RPV and RPV−OH were detected at
low abundance (Figure 6C,D).
Values of log P and the Tissue Extinction Coefficient.

In order to calculate log P values for TFV, FTC, EFV, and
RPV, ALOGPS 2.1 software was used.29 From these, the
calculated log P values of TFV, FTC, EFV, and RPV were
−1.74, −0.65, 4.15, and 4.64, respectively (Table 2).
To study the effects on ionization of TFV, FTC, EFV, and

RPV from endogenous substances in tissue, TEC values were
determined. A mixture of above drugs was used to obtain the
relative ion abundances of TFV, FTC, EFV, and RPV in blank
tissue and directly on a MALDI MS slide. TEC values of TFV,
FTC, EFV, and RPV are listed in Table 2.

■ DISCUSSION
In the present study, the spatial distribution of TFV, FTC,
EFV, and RPV in murine tissues was investigated using a

MALDI MSI strategy. All four drugs that were studied in this
work are widely used to treat HIV infection. Monitoring the
spatial distribution of drugs in tissue is important, mainly to
determine their presence at target sites and to understand
relevant toxicities due to accumulation. In addition to the
visualization of the above-mentioned antiretrovirals, to our
knowledge, this is the first study to image cytochrome P450
dependent monooxygenated metabolites of any antiretroviral
in tissue following in vivo dosing.
On the basis of our data, we observed differential

distribution of TFV, FTC, EFV, EFV−OH, RPV, and RPV−
OH in liver tissue sections following in vivo dosing of TFV−
FTC−EFV or TFV−FTC−RPV. Furthermore, using our
MALDI MSI strategy, we were able to generate distribution
maps of a range of endogenous molecules across tissue
sections. Notably, we validated that the observed drug
distribution profiles were distinct by demonstrating the relative
homogeneous distribution of an endogenous lipid molecule,

Figure 4. Spatial distribution of TFV, FTC, EFV, and RPV in mouse kidney. Distribution profiles of PC (16:0/OH), TFV, FTC, EFV, and EFV−
OH in kidney sections obtained from (A) female and (C) male mice after in vivo dosing of TFV−FTC−EFV. Distribution profiles of PC (16:0/
OH), TFV, FTC, RPV, and RPV−OH in kidney sections of (B) female and (D) male mice following in vivo oral dosing of TFV−FTC−RPV. Mice
were administered drugs via their drinking water for 28 days and then sacrificed. Spatial resolution for MALDI MS ion images was 50 μm. The
green color represents the highest signal intensity (100%), whereas the black color depicts the lowest signal (0%) of the ion of interest. Scale bar, 1
mm.
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PC (16:0/OH), simultaneously. It should also be noted that
the heterogeneous distributions of endogenous metabolites
could also be discerned, for instance, PC 30:0 and PC 40:7
(data not shown).
On the basis of two-dimensional drug distribution profiles in

liver sections, the relative abundance of EFV was high
compared to that in other organs. Of importance, EFV-
associated hepatotoxicity has been observed clinically.30−32

Conversely, hepatotoxicity is rare with TFV, and there are no
reports of hepatotoxicity related to FTC.33,34 Commensurate
with this, we did not observe TFV and FTC in liver in high
abundance. We did not observe the accumulation of RPV in
liver tissue following in vivo dosing of TFV−FTC−RPV.
Interestingly, it has been reported that RPV has a favorable
safety profile as compared to that of EFV.35 Thus, our findings
are in concordance with previous literature on safety profiles of
TFV, FTC, and EFV.
EFV is known to undergo hepatic metabolism to several

metabolites, including mono- and dioxygenated metabolites
formed by cytochrome P450 enzymes.36 Cytochrome P450
2B6 is the major enzyme responsible for 8-hydroxylation of
EFV, whereas cytochrome P450 2A6 is involved in EFV 7-
hydroxylation.13,37 While the molecular mechanisms related to
EFV-associated hepatotoxicity are not fully elucidated, in vitro
studies previously performed in our laboratory have suggested
that the 8-hydroxy EFV metabolite may contribute to the
observed toxicities.15 Recent work in our laboratory by Heck et
al. demonstrated the activation of hepatic cell stress regulators
in the presence of EFV, inositol-requiring enzyme 1α (IRE1α)
and X-box-binding protein 1 (XBP1).38 This IRE1α−XBP1
activation may contribute to the cell death of hepatocytes by
EFV. We detected EFV−OH in addition to EFV in liver
sections, and similar to EFV, hydroxylated EFV exhibited
heterogeneous distribution. It should be noted that EFV has

two hydroxylated metabolites, 7-hydroxy and 8-hydroxy EFV;
therefore, a group of isomeric metabolites may be generated
during the EFV metabolism. Due to the lack of liquid
chromatography separation capabilities when using MALDI
MSI, this approach is unable to distinguish hydroxylated
isomeric compounds. Similarly, we detected RPV−OH in liver
sections following in vivo dosing of TFV−FTC−RPV. Notably,
the relative abundance of RPV−OH was higher than RPV.
However, to date, the toxicity of RPV−OH has not been
reported.
The mouse homologues of cytochrome P450 2B6 and 3A4

are cytochrome P450 2b10 and 3a11, respectively.39 An
apparent sex difference in RPV−OH distribution profiles in
liver was observed. While the specific cytochrome P450s in
mice responsible for RPV metabolism are unknown, several
mouse cytochrome P450s exhibit sexually dimorphic ex-
pression. For example, the expression of murine cytochrome
P450 3a41 and 3a44 in liver has been shown to be specific to
female mice.40,41 Previously, glucuronidated and sulfated forms
of EFV hydroxylated metabolites have been detected in human
plasma, urine, and cerebrospinal fluid (CSF), whereas
glucuronidated forms of RPV hydroxylated metabolites have
been reported from human plasma and urine.14,36,42 However,
in vivo conjugative metabolism of hydroxylated EFV and RPV
in murine tissue has yet to be reported. In our study, we did
not detect any conjugated metabolites of EFV−OH and RPV−
OH.
EFV is associated with central nervous system disturbances,

and EFV-induced neurotoxicities have been shown to have
long-term effects.43 Our MALDI MSI data revealed the
heterogeneous distribution of EFV and EFV−OH in brain
sections. Previously, the accumulation of EFV in brain tissue
has been investigated using a physiologically based pharmaco-
kinetic modeling approach.44 Similarly, EFV accumulation in

Figure 5. Spatial distribution of TFV, FTC, EFV, and RPV in mouse spleen. Distribution profiles of PC (16:0/OH), TFV, FTC, EFV, and EFV−
OH in spleen sections obtained from (A) female and (C) male mice after in vivo dosing of TFV−FTC−EFV. Distribution profiles of PC (16:0/
OH), TFV, FTC, RPV, and RPV−OH in spleen sections of (B) female and (D) male mice following in vivo oral dosing of TFV−FTC−RPV. Mice
were administered drugs via their drinking water for 28 days and then sacrificed. Spatial resolution for MALDI MS ion images was 50 μm. The
green color represents the highest signal intensity (100%), whereas the black color depicts the lowest signal (0%) of the ion of interest. Scale bar, 1
mm.
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macaque brain tissue was reported.45 Additionally, we were
able to detect EFV−OH in brain tissues. Interestingly, in vitro
neurotoxicity of the primary metabolite of EFV, 8-hydroxy
EFV, has been demonstrated at concentrations similar to that
in cerebrospinal fluid.16 We detected RPV and RPV−OH in
brain sections following in vivo dosing of TFV−FTC−RPV.
Although there is no reported pharmacology/toxicology of
RPV−OH, our data provides a motive to look at what these
metabolites might be able to do in cells and tissues. While
increased hydrophilicity by P450 metabolism is generally
thought to facilitate rapid compound excretion from the body,

our data suggests that monooxygenated metabolites of EFV
and RPV are present at detectable levels in tissues.
Notably, brain is known as an HIV tissue reservoir and is a

target for HIV-1 infection. HIV-RNA and DNA have been
detected in the brain tissue of subjects receiving antiretroviral
therapy.18 Low antiretroviral penetration is a reasonable
explanation for the persistence of tissue HIV reservoirs.
Antiretrovirals have varying abilities to cross the blood-brain
barrier (BBB). Efflux transporters present in the BBB including
P-glycoprotein may decrease the drug penetration into the
brain.46 Interestingly, it has been reported that EFV disrupts
the integrity of the BBB resulting in an increase in
permeability.47 Although varying degrees of antiretroviral
penetration into the brain have been reported, our MALDI
MSI drug distribution data add to these existing findings by
providing the spatial distributions of TFV, FTC, EFV, and
RPV across brain tissue slices.
We observed the accumulation of TFV in mouse kidney

tissue sections after in vivo dosing. Previously, accumulation of
TFV in kidneys of rats that received radiolabeled TFV
intravenously has been shown using positron emission
tomography.48 Kidney is a major organ responsible for drug

Figure 6. Spatial distribution of TFV, FTC, EFV, and RPV in mouse heart. Distribution profiles of PC (16:0/OH), creatine, TFV, FTC, EFV, and
EFV−OH in heart sections obtained from (A) female and (C) male mice after in vivo dosing of TFV−FTC−EFV. Distribution profiles of PC
(16:0/OH), creatine, TFV, FTC, RPV, and RPV−OH in heart sections of (B) female and (D) male mice following in vivo oral dosing of TFV−
FTC−RPV. Mice were administered drugs via their drinking water for 28 days and then sacrificed. Spatial resolution for MALDI MS ion images
was 50 μm. The green color represents the highest signal intensity (100%), whereas the black color depicts the lowest signal (0%) of the ion of
interest. Scale bar, 1 mm.

Table 2. Calculated TEC Values of TFV, FTC, EFV, and
RPV for Murine Tissues (Liver, Brain, Kidney, Spleen, and
Heart) and Predicted log P Values

compound

TEC in
liver
tissue

TEC in
brain
tissue

TEC in
kidney
tissue

TEC in
spleen
tissue

TEC in
heart
tissue

log P
value

TFV 0.0769 0.0082 0.0097 0.0048 0.0110 −1.74
FTC 0.0401 0.0174 0.0017 0.0009 0.0061 −0.65
EFV 0.0358 0.1300 0.0045 0.0153 0.0319 4.15
RPV 0.0094 0.2377 0.0633 0.0436 0.0161 4.64
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excretion. Interestingly, TFV-associated nephrotoxicity has
been reported clinically.49−51 It is known that TFV is actively
transported into the proximal tubular cells of the kidney by
organic anion transporters.52 In addition, multidrug resistance
proteins are involved in the efflux of TFV.53 On the basis of
previous work, the target site for TFV-related nephrotoxicity is
the proximal tubule of the kidney.54 MALDI MS images of
TFV obtained at 50 μm spatial resolution in kidney tissue
sections further confirm the accumulation of TFV in kidney
tissue by providing the spatial distribution patterns. Addition-
ally, it would be interesting to examine the alterations of TFV
distribution profiles in mouse kidney tissue by coadministering
an inhibitor of multidrug resistance protein efflux transporters.
In order to further extend our work, we ascertained the

distribution of above-mentioned drugs into spleen, also a
known HIV tissue reservoir. Of importance, spleen is the
largest secondary lymphoid organ, and it has an important role
in the immune system as well as the circulatory system.20

Investigations of antiretroviral distributions are rarely per-
formed in spleen tissue, although the detection of both HIV
RNA and DNA in spleen has been reported.20 We observed
the accumulation of EFV−OH in spleen sections following
TFV−FTC−EFV treatment. This observation warrants further
investigations of EFV disposition in spleen tissue.
It is known that certain classes of antiretrovirals can

significantly contribute to cardiovascular abnormalities. In
particular, EFV treatment is associated with an approximate
1.5-fold greater risk of adverse cardiovascular events as
compared to patients not under antiretroviral therapy.55 To
date, there are no prior reports on antiretroviral distribution in
heart tissue. From our study, we detected both EFV and EFV−
OH in heart tissue following in vivo dosing of TFV−FTC−
EFV.
Distribution of the above antiretrovirals may be driven by

their physicochemical properties. Physicochemical properties
that impact drug distribution include protein binding,
molecular weight and lipophilicity (log P value). Two
nucleotide/nucleoside reverse transcriptase inhibitors, TFV
and FTC, exhibit low protein binding (7% and 4%,
respectively) whereas the two non-nucleoside transcriptase
inhibitors used in this study, EFV and RPV, have high protein
binding values (99.5−99.8%, 99.7%, respectively). Interest-
ingly, EFV has low protein binding in the cerebrospinal fluid,
thereby allowing more unbound EFV for tissue distribu-
tion.44,56 All the antiretrovirals used in this in vivo study are
low-molecular-weight compounds. Lipophilicity is an impor-
tant factor of drug distribution into brain tissue across the
blood brain barrier. Lipophilicity of a drug is predicted by its
log P value which represents the octanol/water partition
coefficient for its neutral form. In general, drugs that have very
low log P values will not diffuse across the BBB, thereby not
facilitating distribution into brain tissue. The predicted log P
values of TFV, FTC, EFV, and RPV are −1.74, −0.65, 4.15,
and 4.64. TFV and FTC are more hydrophilic and have limited
penetration into brain. In contrast, EFV has a high log P value
indicating higher lipophilicity, thereby allowing high cellular
permeability into brain.57 In addition, since these compounds
contain ionizable functional groups, we calculated log D (the
octanol−water distribution coefficient at a defined pH) values
at pH 7. The log D values of FTC, TFV, EFV, and RPV at pH
7 are −0.9, −3.48, 4.46, and 5.47, respectively. Taken together,
the degree of protein binding and affinity for lipophilic
environment favor EFV distribution in brain. The calculated

TEC values of TFV, FTC, EFV, and RPV in different tissue
types provide an approximation of potential ion suppression
effects.
In summary, we employed a MALDI MSI strategy to

determine the spatial distribution of TFV, FTC, EFV, and RPV
following oral in vivo dosing. Elucidation of drug distributions
as described here would not have been possible using
traditional liquid chromatography−mass spectrometry ap-
proaches. Remarkably, the results obtained from this proof-
of-concept study will increase our understanding of distribu-
tions of TFV, FTC, EFV, and RPV in tissues including HIV
reservoirs and organs that are associated with drug-induced
toxicity. Importantly, the data generated from our MALDI MSI
approach can be used to validate physiologically based
pharmacokinetic (PBPK)-model-based predictions of tissue
drug distributions. Future work is required to determine the
quantitative comparisons of drug concentrations in tissues as
well as the factors that drive the heterogeneity of TFV, FTC,
EFV, and RPV distribution.
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