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Abstract

Objective—The mechanism by which non-nucleoside reverse transcriptase inhibitors (NNRTISs)
increase HDL cholesterol (HDL-C) in HIV+ patients and the benefits of this with respect to
cardiovascular risk are not known. Studies were conducted to test the hypothesis that NNRTIs have
a beneficial effect on HDL-C and reverse cholesterol transport (RCT).

Methods—LDLr—/—and hA-I transgenic mice were fed a Western diet containing either nevirapine
(20 mg/kg/day), efavirenz (10 mg/kg/day), or diet alone. hA-I transgenic mice underwent a study to
measure RCT (measured by excretion of macrophage [3H]-cholesterol into HDL and feces) at 8
weeks.

Results—LDLr —/— and hA-I transgenic mice treated with nevirapine and efavirenz had a
significant increase in HDL-C level (up to 23% in hA-I transgenic) at 4 weeks. However, there was
no difference in HDL levels beyond 4 weeks of treatment. At 4 weeks, the FPLC profile of hA-I
transgenic mice showed an increase in large HDL. hApoA-I transgenic mice treated with efavirenz
for 4 weeks had increased expression of human apoA-I in liver and an increased human apoA-I
production rate. Incubation of plasma from hA-I transgenic mice treated for 4 weeks with [3H]-
cholesterol-labeled macrophages revealed increased cholesterol efflux to plasma from mice treated
with efavirenz and nevirapine. Following injection of hA-I transgenic mice treated for 8 weeks with
[3H]-cholesterol-labeled macrophages, RCT was increased in the efavirenz (p=.01) group and
trended towards an increase in the nevirapine (p=.15) group.

Conclusion—Nevirapine and efavirenz transiently increased HDL-C in LDLr —/— and hA-I
transgenic mice fed a Western diet that was associated with increased apoA-I production. An increase
in RCT in hA-I transgenic mice at 8 weeks despite no difference in HDL levels indicates that these
drugs affect additional factors in the RCT pathway that enhance cholesterol efflux from the
macrophage and peripheral tissues to plasma and delivery to liver for excretion. These results suggest
that treatment with NNRTIs has a beneficial effect on cholesterol efflux and RCT.
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Introduction

Methods

Animals

Infection with HIV results in progressive impairment of immune function that, if left untreated,
has a high rate of morbidity and mortality. Treatments for HIV infection, while effective in
slowing disease progression, are commonly associated with undesirable side-effects.
Combination antiretroviral therapy for HIV infection is known to be associated with several
physiological or metabolic changes such as fat redistribution and dyslipidemia 1. Some
nucleoside reverse transcriptase inhibitors and protease inhibitors are associated with a
lipoprotein profile that is considered atherogenic 2 and that includes elevated levels of total
cholesterol, triglyceride, low density lipoprotein (LDL) and reduced high density lipoprotein
(HDL) cholesterol levels.

Nevirapine and efavirenz are non-nucleoside reverse transcriptase inhibitors (NNRTIs) that
are used in the treatment of HIV. In contrast to the atherogenic lipoprotein profile observed in
patients treated with other anti-HIV drugs 3 several studies have demonstrated that treatment
with NNRTIs increase plasma levels of HDL cholesterol by up to 49% #~1 through an
unknown mechanism. In the non-HIV-infected population elevated HDL cholesterol levels
have been associated with reduced risk of cardiovascular disease 12. The Veterans Affairs High-
Density Lipoprotein Cholesterol Intervention Trial (VA-HIT) demonstrated that increasing
HDL levels by 6% through treatment with gemfibrozil was associated with 22% reduction in
coronary events 2. Additional epidemiological studies have suggested that there is a 2%
decrease in cardiovascular risk with each 1% increase in HDL cholesterol level 2.

HDL and its major protein component, apolipoprotein A-1 (apoA-I), are thought to reduce
atherosclerosis by promoting efflux of excess cholesterol from peripheral tissue (including the
macrophage), and return this excess cholesterol to the liver for excretion into bile in a process
known as reverse cholesterol transport (RCT) 13, RCT is essential for preventing toxic effects
of cholesterol accumulation in the macrophage which can lead to foam cell formation and
atherosclerosis. RCT is complex and involves many gene products in addition to apoA-I
including scavenger receptor B type 1 (SRB1), ATP binding cassette transporters A-1
(ABCA-1) and G-1 (ABCG-1) and several lipases'3. These factors, which are regulated by
several nuclear receptors 13:14, control the net flux of cholesterol from macrophages and
peripheral tissues to HDL and from HDL to liver where it is excreted.

Since increased HDL levels are associated with reduced risk of CHD, the increase in HDL
cholesterol levels in response to NNRTIs might be expected to be beneficial. However, while
the majority of data support that increased HDL levels are associated with reduced
atherosclerotic risk, elevated HDL levels have been observed in patients with atherosclerosis
1516. Furthermore, SRB1 knockout mice have elevated HDL-C levels, but develop
atherosclerosis due to the absence of this functional element of the RCT pathway 17 . Recently,
raising HDL through CETP inhibition has been associated with increased atherosclerotic risk
18 The benefits of an HDL increase in response to NNRTIs in relation to RCT and
atherosclerotic risk has not been demonstrated. In this paper, we focus on the effects of
nevirapine and efavirenz on HDL levels in LDL receptor —/— and human apoA-I transgenic
mice. In the latter model we determine the effects of these agents on cholesterol efflux and
RCT.

Female human apoA-I transgenic mice (n=8 per group) aged 6-8 weeks were placed on a
Western diet (Research Diets #D12079B; 21% fat by weight) containing either nevirapine
(Viramune®, 20 mg/kg per day), efavirenz (Sustiva®, 10 mg/kg per day), or no additive as
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control. Mice were bled via the retro-orbital plexus using heparinized capillary tubes using
isoflurane anesthesia. Blood samples were collected at baseline and at weeks 4 and 8. At week
8 the human apoA-I transgenic mice, which are resistant to atherosclerosis, underwent a
metabolic study which measured reverse cholesterol transport 1°. Plasma samples were
analyzed for plasma lipid levels and lipoprotein profile by fast protein liquid chromatography
(FPLC).

In a separate experiment, female LDL receptor —/— mice (n=12 per group) aged 6-8 weeks
were placed on the same Western diets as above containing either nevirapine, efavirenz or no
additive. Mice were bled at baseline and at weeks 4, 8 and 12. Plasma samples were analyzed
for plasma lipid levels.

Mice were euthanized by intraperitoneal injection of ketamine/xylazine prior to dissection. All
procedures involving mice were performed under protocols approved by the University of
Pennsylvania Institutional Animal Care and Use Committee.

Lipid analyses

Plasma was immediately separated from whole blood by centrifugation at 4°C and stored at
—80°C before use. Plasma total cholesterol, HDL and triglyceride concentrations were
determined using enzymatic reagents (Wako Chemicals USA, Richmond, VA).

Fast Protein Liquid Chromatography (FPLC)

Pooled plasma samples from mice of the same experimental group were subjected to FPLC
gel filtration by using 2 Superose 6 columns (Pharmacia LKB Biotechnology) as previously
described 13: 20, Individual fractions were assayed for cholesterol concentrations by using
commercially available assay kits (Wako Pure Chemical Industries, Ltd). Large and small HDL
peaks were measured following peak deconvolution as previously described 21,

Real time polymerase chain reaction (PCR)

Liver tissue (10 mg) was homogenized and RNA isolated using the EZ1 RNA tissue mini kit
(Qiagen). Real-time polymerase chain reaction (PCR) assays were performed with an Applied
Biosystems 7300 sequence detector using SYBR green reagent and the following primers: for
human apoA-l (APOAL), forward, 5'-agcttgctgaaggtggaggt-3' and reverse, 5'-
atcgagtgaaggacctggc-3'; for Cytochrome P450 3A11 (CYP3A11), forward, 5'-
gacccacagcactggtcaga-3' and reverse, 5'-aggatcaatgctgcccttgt-3'; for 36B4, forward, 5'-
tcatccagcaggtgtttgaca-3' and reverse, 5'-ggcaccgaggcaacagtt-3'. Expression was normalized to
the housekeeping gene 36B4 and expressed relative to control.

Reverse cholesterol transport

RCT was measured as previously described 13. Briefly, J774 cells were grown in suspension
in RPMI 1640 supplemented with 10% FBS. Cells were radiolabeled with 5 uCi/ml [3H]-
cholesterol, washed twice, equilibrated in RPMI plus 0.2% BSA for 6 hours, spun down, and
resuspended in RPMI medium immediately before use. The cell suspension contained 17.7 x
108 cells/ml at 20.6 x 108 cpm/ml. [3H]-cholesterol-labeled J774 cells (0.5 ml) were injected
intraperitoneally into individually caged mice. Plasma was collected at 24 hours and 48 hours
and was used for liquid scintillation counting and lipoprotein analysis. Plasma radioactivity is
expressed as percent of total injected [3H]-cholesterol per milliliter plasma. Feces were
collected over 48 hours and stored at —20°C prior to lipid extraction. At 48 hours, mice were
anesthetized, their livers perfused with cold PBS, then harvested flash frozen and stored at
—80°C until lipid extraction. Fecal cholesterol and bile acid were extracted as described by
Batta et al 22. Values are expressed as a percent of total injected [3H]-cholesterol. Liver lipids
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were extracted by the Bligh-Dyer method 23 and expressed as a percent of total [3H]-
cholesterol-injected/whole organ.

HDL apoA-I kinetics

Female apoA-I transgenic mice maintained on a Western diet were gavaged with either
efavirenz (10 mg/kg) (n=4) or vehicle (n=3) once daily for 4 weeks. There was no nevirapine
treatment group in this experiment. At the end of 4 weeks mice were injected with
radioiodinated human HDL (d=1.063-1.21 g/ml) isolated from pooled plasma. Blood was
collected over a 48 hour period and radioactivity in plasma counted using a gamma counter.
Fractional catabolic rates were calculated by fitting data to a single pool model containing an
extravascular exchange using data normalized to the 2 minute timepoint. Production rates were
calculated by multiplying the FCR by the estimated apoA-1 pool size.

Cholesterol efflux

Statistics

Results

Untreated donor wild-type (C57BI/6) mice were euthanized and bone marrow was flushed
from femur and tibia of each leg using PBS-heparin (100ug/ml). Cells were washed with PBS
and resuspended in DMEM containing 30% L-929 cells conditioned medium and 10% FBS
(bone marrow growth medium) . Conditioned medium from L-929 mouse fibroblast-like cells
favors differentiation of marrow cells into macrophages. Isolated bone marrow cells were
seeded in 12-well plates (for in vitro experiments) or in 200mm Petri dishes (for RCT studies)
and cultured at 37°C and 5% CO,. 4 days after plating, medium containing nonadherent cells
was removed and the adherent cells were refed with fresh bone marrow growth medium and
cultured for additional 3 days.

Values are presented as mean + SD. Data were analyzed by Student's t test for independent
samples. Statistical significance for comparisons was assigned at p < 0.05.

Studies in LDL receptor —=/- mice

Treatment of LDL receptor —/— mice with nevirapine or efavirenz in a Western diet for 12
weeks resulted in a significant increase in the HDL cholesterol level in the nevirapine (+11%,
p=0.001) and efavirenz (+8%, p=0.005) groups as compared to control group at week 4.
However, this difference was transient and all groups had similar HDL cholesterol levels at
the 8 and 12 week timepoints (table 1). Plasma non-HDL (containing VLDL and LDL)
cholesterol levels remained unchanged throughout the study period (table 1).

Studies in human apoA-I transgenic mice

Treatment of human apoA-1 transgenic mice with nevirapine or efavirenz was associated with
a significant increase in plasma total and HDL cholesterol levels at 4 weeks in the nevirapine
(+15%, p=0.04 and +23%, p=0.01, total and HDL cholesterol respectively) and efavirenz
(+23%, p=0.01 and +23%, p=0.01, total and HDL cholesterol respectively) groups as compared
to controls (table 2). However, by 8 weeks the HDL level of the control group rose to a level
that was similar to the nevirapine and efavirenz groups (table 2). There was also a significant
increase in the non-HDL (containing VLDL and LDL) cholesterol levels in the efavirenz, but
not nevirapine group at week 4 with no differences observed at 8 weeks (table 2). The plasma
lipoprotein profile by FPLC shows the differences in HDL cholesterol levels at week 4 (figure
1A) that were not apparent at week 8 (figure 1B). Consistent with the transient difference
observed for HDL cholesterol, the major protein on HDL in these mice, human apoA-I, was
significantly increased at 4 weeks in the animals treated with nevirapine and efavirenz (table
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2). However, at 8 weeks there were no differences detected for human apoA-l among groups
(table 2).

The HDL portion of the FPLC profile of human apoA-1 transgenic mice run on plasma collected
at 4 weeks was deconvoluted to differentiate its two major components, one large HDL (peak
at fraction 31) and one small HDL component (peak at fraction 35). There was a change towards
an increased size of the larger HDL component in plasma of nevirapine and efavirenz treated
mice as compared to control while the size of the smaller peak was unchanged. We estimate
that there was an increase of amount of the 21-27% in the larger HDL component in response
to nevirapine and efavirenz while the amount of the smaller component was unchanged.

The expression of human apoA-1 in mice treated with nevirapine and efavirenz was measured
using real time PCR. Expression of human apoA-1 in human apoA-I transgenic mice treated
with efavirenz for 4 weeks was significantly increased (1.44 £ 0.17 fold change from control,
p=0.02). Expression of human apoA-I in human apoA-I transgenic mice treated with nevirapine
and efavirenz for 8 weeks was similar to control animals (fold changes from control 0.94 +
0.28, p=0.58 and 1.10 £ 0.39, p=0.39, nevirapine and efavirenz respectively).

We performed labeled HDL in vivo kinetic study in human apoA-1 transgenic mice fed a
Western diet treated with efavirenz for 4 weeks. In the efavirenz treated group, we saw
significant increase in the plasma apoA-1 concentration (630 + 9 vs. 798 + 85 mg/dl). There
was significant increase in the apoA-1 production rate as compared to the control group (14.2
+7.0vs. 27.4+2.9 mg/kg/hr, p=0.01). There was no significant difference in the human apoA-
| fractional catabolic rate between the two groups (1.55 vs. 2.38 pools/day, p=0.11). In this
study, we also performed composition analysis with HDL isolated by ultracentrifugation. The
composition of HDL did not change between control and efavirenz treated mice (table 2

We conducted in vitro assay of cholesterol efflux from bone marrow-derived macrophages
from wild-type mice to lipoprotein acceptors in control, nevirapine and efavirenz treated human
apoA-I transgenic mouse plasma from the 4 week timepoint. We saw significantly increased
ABCALl-independent efflux capacity of plasma from nevirapine (32%, p<0.01, figure 3) and
efavirenz (16%, p<0.01, figure 3) treated mice. There was no significant difference in the
ABCAI1-specific efflux capacity between treatment groups.

The results of the reverse cholesterol transport study conducted at the end of 8 weeks of
treatment in human apoA-I transgenic mice showed that the mice in the efavirenz group had
significantly higher plasma [3H]-cholesterol counts (p=.003 vs. control) at 48 hours after
labeled macrophage injection, followed by the nevirapine group (p=0.09 vs. control) with the
control group being lowest (figure 2A). The pattern for cumulative [3H]-cholesterol excretion
into feces as free cholesterol over 48 hours following labeled macrophage injection was
significantly increased in the efavirenz group with a non-significant increase observed in the
nevirapine group as compared to control (figure 2B). The cumulative [3H]-cholesterol
excretion into bile as bile acid over 48 hours following labeled macrophage injection was
similar among the study groups (figure 2C).

Discussion

The use of combination antiretroviral therapy for HIV infection is often associated with an
atherogenic lipoprotein profile that includes elevated levels of total cholesterol, triglyceride,
LDL and reduced high density lipoprotein HDL cholesterol levels. Nevirapine and efavirenz
are two non-nucleoside reverse transcriptase inhibitors used to treat HIV that have been
reported to raise HDL cholesterol levels in humans 8. While an HDL-raising effect of these
drugs would be expected to reduce the risk of atherosclerosis based on epidemiological studies
24 recent evidence suggests that raising HDL may not always be of benefit 15717, The effects
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of the HDL increase in response to nevirapine and efavirenz on atherosclerotic risk are currently
unknown. We sought to determine if nevirapine and efavirenz have a beneficial effect on HDL
and enhance RCT in mice.

Human apoA-I transgenic mice treated with nevirapine or efavirenz displayed a significant
increase in apoA-I and HDL cholesterol compared to control mice at 4 weeks while there was
no difference from controls at 8 weeks. Similarly, LDL receptor —/— mice treated with
nevirapine or efavirenz displayed a significant but transient increase in HDL cholesterol
compared to control mice at 4 weeks that was no longer different from controls at 8 weeks.
This contrasts to what has been reported in human adults treated with nevirapine or efavirenz
where HDL increases have been maintained beyond 8 weeks of treatment 9. Interestingly,
Sankatsing, et al reported a similar transient increase in HDL in newborns treated with
nevirapine 2°. It is possible that the transient nature of the observed HDL increase in the current
study and that in newborns is due to enhanced metabolism of the drug over time since efavirenz
has been reported to induce its own metabolism (Sustiva®© prescribing information, January
2002 revision). Another contributing factor in the current study may be the Western diet used
in these studies which may have increased the HDL levels in the control group over time and
masked the effects of these drugs on HDL metabolism.

One mechanism that is likely responsible for the increase in HDL cholesterol levels in the
apoA-I transgenic mice in response to NNRTIs is an increase in apoA-I production. We
observed an increase in apoA-I production due to a significant increase in human apoA-I
expression in human apoA-I transgenic mice treated for 4 weeks with efavirenz. This result is
consistent with a recent report that nevirapine increases apoA-1 production in humans 26,
Haripasad et al 27 reported that efavirenz is an agonist for the bile-acid responsive nuclear
receptor PXR (pregnane X receptor), the mouse homolog of the human nuclear receptor SXR
(steroid and xenobiatic receptor). PXR has also been reported to regulate the expression of
apoA-1 in rodents 14, The constitutive androstane receptor (CAR) has also been reported to be
activated by nevirapine and efavirenz 28, Phenytoin, which is known to increase HDL levels,
has been shown to activate CAR 2. It is possible that the Western diet used in these studies
led to an increase hepatic sterols which could activate PXR and CAR 30 and affect gene
expression inaway similar to nevirapine and efavirenz. Thus a more pronounced and prolonged
increase in HDL may be observed in mice fed a chow, rather than Western, diet.

In addition to an increase in HDL we observed an increased HDL size in the FPLC profile of
human apoA-1 transgenic mice treated with efavirenz and nevirapine for 4 weeks. The lipid
composition of HDL following treatment was unchanged and because of this it is likely that
the large HDL produced maintain normal function. An in vitro cellular efflux study showed
that these larger HDL particles promoted ABCAZ1-independent efflux of cholesterol from
macrophages while ABCA1-dependent efflux was unchanged. ABCA1-independent efflux by
larger HDL particles is mediated via mechanisms that include ABCG1, SR-BI and aqueous
diffusion of cholesterol 31,

Despite having HDL cholesterol levels similar to control animals at 8 weeks of treatment, mice
in the efavirenz group displayed a significant increase in RCT as measured by the movement
of labeled cholesterol from macrophages to feces. The nevirapine group showed a trend towards
an increase in RCT but was not significantly different. These changes are consistent with an

enhanced uptake of cholesterol from macrophages to HDL and transfer to liver for excretion
in mice treated with nevirapine and efavirenz. The lack of a difference among groups for bile
acid excretion may indicate that there is no change in the expression of enzymes responsible
for bile acid synthesis, the excess cholesterol delivered to liver being excreted in bile as free

cholesterol. The increase in total sterol excretion suggests that either free cholesterol excretion
via sterol transporter ABCG5/ABCGS is increased or there is enhanced delivery of cholesterol
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to liver. The increase in plasma [3H]-cholesterol counts during the in vivo RCT study supports
the latter mechanism and indicates that a process upstream of cholesterol unloading from HDL
is the responsible for the increase in total sterol excretion, consistent with the results of the in
vitro cholesterol efflux studies.

In summary, we observed a transient increase in HDL in both LDL receptor —/— and human
apoA-I transgenic mice fed a Western diet in response to nevirapine and efavirenz treatment.
This transient HDL increase was associated with an increase in cholesterol efflux from the
macrophage to plasma and with enhanced fecal cholesterol excretion. These results suggest
that treatment with NNRTIs has a beneficial effect on cholesterol efflux and RCT.
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Figure 1.

FPLC profile showing cholesterol content (mg/dl)of plasma lipoprotein fractions from human
apoA-I transgenic mice fed a Western diet (Control) or a Western diet containing nevirapine
or efavirenz at (A) week 4 and (B) week 8.
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Figure 2.

Results from in vivo RCT study. [3H]-cholesterol counts in (A) plasma and (B) feces following
injection of human apoA-I transgenic mice fed a Western diet (Control) or a Western diet
containing nevirapine or efavirenz for 8 weeks with J774 macrophages labeled with [3H]-

cholesterol.
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Figure 3.

Results from in vitro cholesterol efflux study. Cholesterol efflux capacity of plasma from
human apoA-1 transgenic mice treated with nevirapine and efavirenz. Bone marrow-derived
macrophages were isolated from wild-type mice and differentiated with DMEM/ FBS/10%
1929 cells for 8 days. Cells were labeled with [2H]-cholesterol for 24 hours and loaded with
25ug/ml of acetylated LDL at the same time. After the incubation, efflux was initiated on the
addition of 2.5% control mouse plasma, nevirapine-treated plasma and efavirenz-treated
plasma. (* p=0.01).
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Composition of HDL isolated by ultracentrifugation from plasma of mice treated with efavirenz
for 4 weeks. P=protein, FC=free cholesterol, CE=cholesteryl ester, PL=phospholipid,
TG=triglyceride. There was insufficient plasma available for analysis of HDL composition

from mice treated with nevirapine.
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