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HIV-associated neurocognitive disorders (HAND) remain prevalent even with widespread use of combi-
nation antiretroviral therapy (ART), suggesting a potential role for co-morbidities in neurologic decline.
Indeed, it is well established that ART drugs, particularly HIV protease inhibitors, can induce hyperlipid-
emia, lipodystrophy, and insulin resistance; all of which are associated with neurologic impairment. This
study was designed to determine how metabolic dysfunction might contribute to cognitive impairment
and to reveal specific metabolic co-morbidities that could be targeted to preserve brain function. Adult
male C57BL/6 mice were thus treated with clinically relevant doses of lopinavir/ritonavir for 4 weeks,
and subjected to thorough metabolic, neurobehavioral, and biochemical analyses. Data show that lopin-
avir/ritonavir resulted in manifestations of lipodystrophy, insulin resistance, and hyperlipidemia. Evalu-
ation of neurologic function revealed cognitive impairment and increased learned helplessness, but not
motor impairment following treatment with lopinavir/ritonavir. Further analyses revealed a significant
linear relationship between cognitive performance and specific markers of lipodystrophy and insulin
resistance. Finally, analysis of brain injury indicated that lopinavir/ritonavir treatment resulted in cere-
brovascular injury associated with decreased synaptic markers and increased inflammation, and that
the cerebral cortex was more vulnerable than the cerebellum or hippocampus. Collectively, these data
reveal an intimate link between metabolic co-morbidities and cognitive impairment, and suggest that
remediation of selective aspects of metabolic syndrome could potentially reduce the prevalence or sever-
ity HIV-associated neurocognitive disorders.
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1. Introduction

In the US and other developed nations, survival rates associated
with HIV infection have improved dramatically since the introduc-
tion of combination antiretroviral therapies (ART), which restrict
viral replication, raise CD4 cell counts, prevent opportunistic infec-
tions, and improve and extend health-related quality of life (re-
viewed in (Quinn, 2008)). However, HIV-associated neurocognitive
disorders (HAND) still occur in conjunction with HIV infection and
can range from subtle neuropsychological impairments to pro-
foundly disabling HIV-associated dementia (Ances and Ellis, 2007;
Nathetal.,2008; Power et al., 2009). While the incidence of the most
severe neurologic forms of manifestations of HIV (e.g., AIDS demen-
tia complex) have significantly declined with widespread applica-
tion of ART (Sacktor et al, 2001), the incidence of milder
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syndromes remains quite high with estimates that 50% of HIV
patients display neurocognitive dysfunction despite successful viral
suppression (Heaton et al., 2011). This level of disability can under-
mine activities of daily living and threaten employment and self-
care independence (Heaton et al., 2004). The physiologic basis for
the continued high rates of HAND remain uncertain, but potential
mechanisms include incomplete viral suppression in the central
nervous system (CNS) due to poor CNS penetration of ART, possible
direct neurotoxicity of drugs that do enter the CNS, and co-morbid-
ities including metabolic syndrome and associated cerebrovascular
pathology that undermine neurologic function.

While the advent of ART has revolutionized the care of HIV-
positive patients, epidemiological data have revealed clinically
and physiologically significant iatrogenic metabolic complications
of these drugs. These metabolic disturbances produce clinical syn-
dromes that can include dyslipidemia, insulin resistance, and lipo-
dystrophy (reviewed in (Herman and Easterbrook, 2001; Anuurad
et al., 2009)), which not only affect patient health, but also limit
ART compliance (reviewed in (Schambelan et al., 2002)). Further-
more, epidemiological and experimental studies reveal quite
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clearly that metabolic dysfunction can increase brain injury and
decrease cognitive function (reviewed in (Fillit et al., 2008;
Bruce-Keller et al., 2009; Haan and Wallace, 2004; Middleton and
Yaffe, 2009)). Indeed, recent reports indicate that HIV patients with
metabolic compromise have a significantly greater risk of develop-
ing neurologic complications (Valcour et al., 2004, 2005, 2006,
2011; Bandaru et al., 2007), but the extent to which and the mech-
anisms by which the metabolic effects of ART undermine neuro-
logic function have not been directly examined.

Although multiple factors influence metabolism in HIV patients,
protease inhibitors are thought to play a major and specific role in
the development of metabolic co-morbidities, as protease inhibi-
tors are well-known to profoundly affect insulin signaling, serum
and hepatic triglycerides, body fat composition, and adipokine lev-
els both in humans and mice (Pistell et al., 2010a; Lenhard et al.,
2000; Tsiodras et al., 2000; Hurwitz et al., 2004; Prot et al., 2006;
Moyle, 2007; Thomas and Smart, 2007; Jiang et al., 2009). Indeed,
previous work from our group has shown that the administration
of clinically relevant doses of lopinavir/ritonavir to adult, male
C57Bl/6 mice results in profound metabolic derangement, and also
significant neurologic impairment (Pistell et al., 2010a). Thus, this
study was designed to identify the exact relationship between spe-
cific metabolic co-morbidities and the development of neurologic
impairment, and to reveal specific metabolic pathways that could
be targeted therapeutically to protect the brain from further injury.
To this end, C57BL/6 mice were given lopinavir/ritonavir daily for
4 weeks, and then extensively tested for both metabolic and neuro-
logic function, as well as brain injury.

2. Materials and methods
2.1. Animal treatments

The Institutional Animal Care and Use Committee at the
Pennington Center approved all experimental protocols, which
were compliant with NIH guidelines on the use of experimental ani-
mals. 6-8 month-old male C57BI/6 mice were purchased from
Charles River Laboratories (Wilmimgton, MA), and were housed
in standard caging with 12:12 light:dark cycle and ad libitum
access to food and water. Lopinavir/ritonavir (Kaletra®, Abbott
Laboratories), was diluted in a vehicle of 10% ethanol/15% propyl-
ene glycol, and mice received daily administration of vehicle or
lopinavir/ritonavir at 150/37.5 mg/kg via oral gavage. The dose
was devised based on dosing guidelines for daily oral lopinavir/
ritonavir in adult HIV patients (800/200 total mg or 10/2.5 mg/
kg), and on body surface area (BSA) normalization factors (Pinkel,
1958; Sawyer and Ratain, 2001; Reagan-Shaw et al., 2007), which
translate 10 mg/kg in humans to approximately 125 mg/kg in mice.

Body weight and composition (measured using a Bruker mini-
spec LF90 time domain NMR analyzer, Bruker Optics, Billerica
MA) were measured regularly. Blood glucose was measured in tail
blood using a glucometer (Ascensia Elite, Bayer, Mishawaka, IN),
and oral glucose tolerance was measured using a modified oral glu-
cose tolerance test (OGTT). Briefly, mice were fasted for 4 h, base-
line glucose was measured, and then mice were immediately
administered glucose (2gm/kg) via oral gavage. Blood glucose
was measured at 15, 30, 60 and 120 min, and area under the curve
(AUC) was recorded as an index of glucose disposal. To measure
circulating non-etserified fatty acids (NEFA) in the context of
hyperglycemia, additional blood samples (~50 ul) were collected
at 0 and 60 min by lancing the submandibular vein (Fernandez
et al., 2010), and NEFA were analyzed as described in Section 2.3.
After behavioral testing, all mice were humanely euthanatized
after a brief (6 h) fast, and blood, brain, and adipose tissue were
collected. Brain samples were further divided into anterior cortex

(anterior 1/3 of cortex), hippocampus, and cerebellum. Data were
compiled from two separate cohorts of mice, with a total of 9-20
animals in each group.

2.2. Behavioral analyses

Cognitive ability was tested behaviorally on all mice using the
segmented, Stone T-maze as described in previously published re-
ports (Pistell et al., 2009; Pistell and Ingram, 2010). Briefly, mice
must learn the correct sequence of 13 consecutive left and right
turns to successfully escape the maze, and are motivated to escape
because they are required to wade (not swim) through the maze.
Mice were given 12 sequential trials in the T-maze in a single
day such that the first trial was completed by all mice before pro-
ceeding to the second trial to prevent fatigue. Trials were recorded
using video tracking software (Viewpoint Lifesciences, Inc), and the
numbers of errors committed was recorded and used as the pri-
mary measure of learning. For the purpose of data analysis and
presentation, acquisition data was averaged into four separate
blocks of three trials each.

To assess learned helplessness, mice were tested using the
Porsolt forced swim test (Porsolt et al., 1977; Cryan et al., 2002;
Crowley et al., 2004). Mice were placed in transparent 17-cm diam-
eter plastic tanks filled to a depth of 20 cm with 23-25 °C water,
and the amount of time spent mobile (active, escape-oriented
behaviors such as swimming, rearing, or diving) versus immobile
(floating or making only minimal movements to keep the head
above water) was recorded and scored during the last four minutes
of 6-min trials by an observer blind to the condition of the mouse.

Motor function was analyzed using a Five Station Rota-Rod
Treadmill for Mouse (Med-Associates, St. Albans, VT). Each mouse
was given three trials during which the starting speed of the rota-
rod was 4 rpm, but the rod accelerated to 40 rpm over a period of
five min. The amount of time the animal was able to remain on an
accelerating rotating cylinder was recorded and used as the pri-
mary measure of motor function. The maximum trial length was
5 min and there was a 30 min rest period between each trial.

2.3. Clinical chemistry

Whole blood was collected by cardiac puncture of terminally
anesthetized mice, and was allowed to clot at 4 °C overnight and
then centrifuged at 3000g for 30 min. Serum was collected and
either analyzed immediately or aliquoted and stored at —80 °C.
Levels of total cholesterol, HDL cholesterol, LDL cholesterol, triglyc-
erides, and nonesterified fatty acids (NEFA) in sera were measured
colorimetrically using commercially available kits (Wako
Chemicals, Richmond, VA). Adiponectin, leptin, and insulin levels
in serum were all evaluated by ELISA in accordance with the
manufacturer’s assay protocol (R&D Systems, Minneapolis, MN for
adiponectin and leptin; and Crystal Chem Inc., Downers Grove IL
for insulin). To measure total pools of adiponectin, serum samples
were first denatured (boiled in SDS buffer for 5 min) to break down
large complexes.

2.4. Measures of brain injury by Western blot and ELISA

Tissue samples were homogenized and processed for Western
blot with chemiluminescence as described in previous reports
(Bruce-Keller et al., 2011; Pistell et al., 2010b). Blots were processed
using the following primary antisera: anti-claudin-5 (1:400, Abcam
Inc., Cambridge, MA), anti-ZO-1 (1:100, Abcam Inc.), anti-occludin
(1:8000, Abcam Inc.), anti-MMP2 (1:1000, Abcam Inc.), anti-MMP-
9 (1:1000, Abcam Inc.), anti-synapsin 1 (1:10000, Thermo Fisher
Scientific, Pittsburg, PA), anti-phospho(S553)-synapsin 1 (1:10000,
Abcam Inc.), anti-synapse associated protein 97 (1:2500, Abcam
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Inc.), anti-GFAP (1:5000, Abcam Inc.); anti-Iba-1 (1:500, Wako
Chemicals USA Inc., Richmond, VA), and anti-tubulin (1:1000, Wako
Chemicals USA Inc.). To ensure accurate quantification across multi-
ple blots, samples from both liponavir/ritonaivr and vehicle mice
were included in each individual blot. Data were first calculated
as a ratio of expression over tubulin expression, which was included
as an internal loading control, and then expression in liponavir/
ritonavir mice was calculated and presented as percent expression
in control mice.

For ELISA, brain tissue samples were homogenized (100 pig total
protein/well) and analyzed as described previously (Bruce-Keller
et al., 2001; Pistell et al., 2010b) using commercially available kits
(BD Biosciences, San Jose, CA for IL-18 and BDNF; R&D Systems,
Minneapolis, MN for IL-6 and TNF-a).

2.5. Statistical analyses

All data were analyzed using Prism software (GraphPad
Software, Inc., La Jolla, CA), and are displayed as mean + standard
error of measurement. Stone maze performance was analyzed with
2-way repeated measures ANOVA to determine main effects of trail
block and treatment, followed by Bonferroni post hoc comparisons
to determine differences between lopinavir/ritonavir and vehicle
groups. All other data were analyzed by 2-tailed, unpaired t-tests
to determine specific differences between lopinavir/ritonavir and
vehicle groups. Correlation analyses were used to determine statis-
tical relationships of metabolic measurements with cognitive
impairment (errors in trail block 4-6 of Stone maze), and were de-
rived by calculating Pearson correlation coefficients with data eval-
uated as continuous variables without transformation. Statistical
significance for all analyses was accepted at p <0.05, and *, *x,
and =xx represent p < 0.05, p < 0.01, and p < 0.001, respectively.

3. Results
3.1. Metabolic effects of lopinavir/ritonavir

Combined lopinavir/ritonavir (Kaletra, Abbott Laboratories, Ab-
bott Park, IL) is a cocktail prepared at a 4:1 ratio, and is very com-

monly used in clinical settings to manage HIV (reviewed in
(Cvetkovic and Goa, 2003)), and also has a strong association with

Table 1

metabolic derangement both in humans and in mice (Prot et al.,
2006; Chandwani and Shuter, 2008). The present study was de-
signed to reveal the relationship between metabolic dysfunction
and neurologic impairment to identify metabolic pathway(s) that
might mediate brain injury. To this end, 6-8 month old, male
C57BL/6 mice were administered a daily oral regimen of vehicle
or lopinavir/ritonavir for 4 weeks as described in Section 2.
Metabolic data were collected, and for presentation purposes are
thematically divided into syndromes separately describing lipo-
dystrophy, insulin resistance, and dyslipidemia (Table 1). Data
show that daily lopinavir/ritonavir resulted in significant changes
in body composition in the mice, with a moderate but significant
decrease in body weight (f41)=2.20, p=0.0332), and a marked
decrease in total fat mass in lopinavir/ritonavir-treated mice
(ta1y=2.85, p=0.0069) as compared to vehicle-treated mice (Table
1). In keeping with the loss of adipose tissue, serum concentrations
of the adipokines adiponectin (f39)=6.43, p <0.0001) and leptin
(t(39)=4.62, p < 0.0001) were both significantly decreased in lopin-
avir/ritonavir-treated mice as compared to vehicle-treated mice
(Table 1).

To determine the extent of insulin resistance and loss of glyce-
mic control, studies focused on regulation of fasting glucose and
glucose tolerance. At the end of the 28-day regimen of daily lopin-
avir/ritonavir, mice were fasted as described in Section 2, and
blood glucose and serum insulin were measured as described in
Section 2. Data show a modest but statistically significant increase
in fasting blood glucose (t3s)=2.34, p =0.0245), and a robust in-
crease in fasting insulin levels (t39y=3.09, p=0.0037, Table 1).
Evaluation of glucose tolerance, conversely, revealed no effect of
the 28-day regimen of daily lopinavir/ritonavir on glucose disposal
(Table 1). Finally, in light of the degree of lipodystrophy, the adi-
pose response to glucose loading was evaluating by quantifying
the serum levels of NEFA 60 min after glucose administration, as
described in Section 2. Data show that lopinavir/ritonavir-treated
mice had significantly elevated serum NEFA levels following
glucose administration as compared to vehicle-treated mice
(t3ay=7.01, p <0.0001, Table 1).

Studies next assessed the panel of bioactive serum lipids in lop-
inavir/ritonavir-treated mice. Data show that lopinavir/ritonavir
caused significant increases in total serum cholesterol (t37)=2.97,
p =0.0052), although levels of HDL- and LDL-cholesterol were not

Metabolic consequences of chronic L/R. Male C57BL/6 mice were treated daily with vehicle or lopinavir/ritonavir (150/37.5 mg/kg body weight) for 28 days, after which mice
were evaluated for metabolic changes reflecting lipodystrophy, insulin resistance, and hyperlipidemia as described in Section 2.

Vehicle Lop/Rit Change from vehicle
Lipodystrophy
Final body weight (gr) 34.2+0.7 32206 1 6%
Final fat mass (%BW) 17.8+0.9 13.8+1.0" 122%
Serum adiponectin (pg/ml) 416 +1.3 27.6+1.8" 1 34%
Serum leptin (ng/ml) 6.3+0.7 25+05"" 1 60%
Insulin resistance
Fasting glucose (mg/dl) 152.6 +4.4 167.2 £4.5 110%
Fasting insulin (ng/ml) 134+0.2 23+£03" 172%
OGTT: Glu AUC 17.7+0.5 174+04 NS
OGTT: 60 min NEFA (mEq/ml) 0.59 +0.03 0.93+0.04" 137%
Hyperlipidemia
Total cholesterol (mg/dl) 108.2+2.8 132.1+8.0" 122%
LDL cholesterol(mg/dl) 18.7+2.7 29.8+6.7 NS
HDL cholesterol(mg/dl) 55.7+3.7 62.4+5.6 NS
Triglycerides(mg/dl) 31.6+2.1 702+7.9" 1 122%
NEFA (mEq/L) 0.96 +0.07 1.46+0.18" 152%

Values are mean and SEM data collected from 9-20 animals over two separate cohorts. Data were analyzed by 2-tailed, unpaired t-tests.
AUC = area under the curve, NEFA = non-esterified fatty acids; NS = not significantly different from vehicle; OGTT = oral glucose tolerance test.
" Significant (p < 0.05) differences noted in lopinavir/ritonavir-treated mice as compared to vehicle-treated mice.

" Significant (p < 0.01) differences noted in lopinavir/ritonavir-treated mice as compared to vehicle-treated mice.

" Significant (p < 0.001) differences noted in lopinavir/ritonavir-treated mice as compared to vehicle-treated mice.
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significantly affected (Table 1). Furthermore, statistical analyses
confirm significant increases in circulating triglycerides
(tze)=5.20, p <0.0001) and NEFA (t3¢)=2.59, p = 0.0139) in lopin-
avir/ritonavir-treated mice as compared to vehicle-treated control
mice (Table 1).

3.2. Behavioral effects of lopinavir/ritonavir

The effects of lopinavir/ritonavir on behavioral tasks of cogni-
tion, motor function, and learned helplessness were evaluated.
Cognitive function was measured using the Stone T-maze, which
is a task of procedural learning and memory that is not confounded
by changes in motor impairment, feeding behavior, or nociception
(Pistell and Ingram, 2010; Pistell et al., 20104, b). Data show com-
bined lopinavir/ritonavir treatment resulted in significant cognitive
impairment (Fig 1A). Specifically, ANOVA on maze performance
revealed significant main effects of trial number (F(3152)=28.04,
p <0.0001) and treatment group (F1152)=19.38, p <0.0001) with
a significant interaction (F31s2)=2.75, p = 0.0451). Post hoc analy-
ses revealed that lopinavir/ritonavir-treated mice committed
significantly more errors in the trial blocks 4-6 and 10-12 as com-
pared to vehicle treated mice (Fig. 1A). The degree of impairment
caused by lopinavir/ritonavir is greater than the degree of impair-
ment caused by diet-induced obesity in mice (Pistell et al,
2010b), but is roughly comparable to the degree of cognitive
impairment noted in aged (25 months) mice compared to young
(5 months) mice as measured in this task (Pistell et al., 2012).

As HIV and HAND are associated with neuropsychiatric disorders
and depression (reviewed in (Sherr et al.,2011)), we analyzed the ef-
fects of lopinavir/ritonavir in the Porsolt forced swim test of behav-
ioral despair, as described in Section 2. While this test does not
measure depression per se, it is a common and established experi-
mental measures of depression-like behavior in rodents (Cryan
et al., 2002; Crowley et al., 2004) with numerous reports showing
its sensitivity to antidepressant drugs (Castagné et al., 2011). Mice
were evaluated in this task at the end of the 4-week treatment reg-
imen, and data show that treatment with lopinavir/ritonavir signif-
icantly decreased swim time (f;3 =2.18, p=0.0402, Fig 1B),
suggesting an increase in depressive-like behavior.

Since both the Stone T-maze and Porsolt swim test involve
physical activity, motor performance of vehicle- and lopinavir/
ritonavir-treated mice was specifically addressed by testing mice
on the rotarod, which measures the time the animal is able to re-
main on an accelerating rotating cylinder. Analysis of rotarod per-
formance data did not reveal any impairment in motor function in
lopinavir/ritonavir-treated mice as compared to vehicle-treated
mice (Fig 1C).

3.3. Relationship of individual metabolic parameters to cognitive
impairment

To determine how impaired metabolic pathways might lead to
the cognitive abnormalities noted in these mice, correlation analy-
ses were undertaken to determine the exact statistical relationship
between individual metabolic indices and cognitive function. To
this end, numerical values for metabolic measures were correlated
against acquisition errors in the same individual vehicle- and lop-
inavir/ritonavir-treated mice. Data show that while no correlation
could be found for body weight and acquisition errors (data not
shown), other parameters of lipodystrophy showed a significant,
inverse correlation with maze performance (Fig. 2). Specifically,
acquisition errors in trial block 4-6 of the Stone maze correlated
significantly with fat mass (r=—0.65, p = 0.0028, Fig. 2A), serum
leptin (r=-0.59, p=0.0081; Fig. 2B), and serum adiponectin
(r=-0.68, p=0.0012; Fig. 2C). Likewise, maze errors correlated
significantly with fasting insulin (r=-0.60, p =0.0062; Fig 3A)
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Fig. 1. Lopinavir/ritonavir affects cognition and learned helplessness, but not motor
ability in mice. Male C57BL/6 mice were treated daily with vehicle or lopinavir/
ritonavir (150/37.5 mg/kg body weight) for 28 days, after which mice were
evaluated behaviorally as described in Section 2. Experiments were conducted in
9-20 animals per group over two separate cohorts. (A) Effects of lopinavir/ritonavir
on cognitive performance in the Stone T-maze. Data show the number of errors
committed over 12 trials of maze training and are means + SEM of average errors
accrued over 3-trial blocks. Data were analyzed by 2-way ANOVA, and the insert
depicts the significant main effects of trial number, treatment group, and the
significant interaction between trial and treatment. x and *x indicate significant
(p<0.05, p<0.01, respectively) increases in errors made by lopinavir/ritonavir-
treated mice in trial blocks 4-6 and 10-12. (B) Effects of lopinavir/ritonavir on
behavioral despair in Porsolt forced swim test. Data depict time spent in swimming/
escape behavior, and were analyzed by 2-tailed, unpaired t-tests. * indicates the
significant (p < 0.05) decrease in swim time in lopinavir/ritonavir-treated mice as
compared to vehicle-treated mice. (C) Effects of lopinavir/ritonavir on motor
performance in the Rotarod test. Data depict the time mice were able to remain on
the accelerating rotarod, and are mean + SEM of average time over 3 trails.

and also with post-glucose levels of NEFA (r=0.62, p=0.0033;
Fig. 3B), but not with fasting glucose levels or OGTT AUC (data
not shown). Finally, a significant linear relationship was detected
between fasting triglycerides and acquisition errors (r=0.55,
p = 0.0158; Fig. 3C), but there was no significant linear relationship
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Fig. 2. Parameters of lipodystrophy correlate with maze performance in mice.
Scatter plots show the statistically significant linear relationship between errors in
acquisition trail block 4-6 (errors in ACQ4-6) and (A) fat mass, (B) serum leptin, and
(C) serum adiponectin in vehicle- and lopinavir/ritonavir-treated mice. Each point
represents an individual subject, and closed circles depict vehicle-treated mice
while open circles depict lopinavir/ritonavir-treated mice.

between acquisition errors in the Stone maze and total cholesterol,
HDL-cholesterol, LDL-cholesterol, or fasting NEFA (data not
shown).

3.4. Markers of brain injury in lopinavir/ritonavir-treated mice

Experiments were next designed to determine the extent and
type of brain injury caused by lopinavir/ritonavir. Analyses were
thematically split into evaluations of cerebrovascular integrity,
synaptic density, and reactive gliosis; and initial investigations
were conducted in the anterior cortex as cortical injury has been
shown to disrupt Stone maze performance in rats (Spangler
et al,, 1994). Cerebrovascular and blood-brain barrier integrity
were evaluated by measuring the expression of tight junction pro-
teins claudin-5, ZO-1, and occludin; as well as the matrix metallo-
proteinases MMP2 and MMP9, via Western blot as described in
Section 2. While there were no differences in caludin-5 expression
between groups (Fig. 4A), 2-tailed, unpaired t-tests revealed signif-
icant decreases in ZO-1 (f0y=2.34, p=0.0299) and occludin
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Fig. 3. Parameters of insulin resistance and serum triglycerides correlate with maze
performance in mice. Scatter plots show the statistically significant linear
relationship between errors in acquisition trail block 4-6 (errors in ACQ4-6) and
(A) fasting insulin, (B) circulating NEFA 60 min following oral glucose administra-
tion (Post-Glu NEFA), and (C) fasting triglycerides in vehicle- and lopinavir/
ritonavir-treated mice. Each point represents an individual subject, and closed
circles depict vehicle-treated mice while open circles depict lopinavir/ritonavir-
treated mice.

expression (to)=2.91, p=0.0087) in cortex homogenates from
liponavir/ritonavir-treated mice as compared to vehicle-treated
mice (Fig. 4A). Conversely, levels of MMP2 expression in frontal
cortex of liponavir/ritonavir-treated mice were significantly in-
creased (t;z0y=2.51, p = 0.0206) as compared to vehicle mice, while
MMP9 was not affected (Fig. 4A).

Evaluations of synaptic density were based on altered expres-
sion of the post-synaptic protein synapse associated protein 97
(SAP97) and total and phosphorylated forms of the pre-synaptic
protein synapsin 1 (SYN1). These specific markers were chosen
as studies have shown that these proteins reflect most faithfully
the number of synapses as determined by EM-based synapse
counts (S.W. Scheff, personal communication). Quantification of
SAP97 and total SYN1 expression revealed no differences in expres-
sion between groups (Fig. 4B). Conversely, phosphorylated SYN1
expression in frontal cortex of liponavir/ritonavir-treated mice
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Fig. 4. Lopinavir/ritonavir induces brain injury in mice. Male C57BL/6 mice were
treated daily with vehicle or lopinavir/ritonavir (150/37.5 mg/kg body weight) for
28 days, after which markers of cerebrovascular integrity, synaptic density, and
reactive gliosis were evaluated in tissue homogenates prepared from the frontal
cortex as described in Section 2. Data depict mean = SEM expression in lopinavir/
ritonavir-treated mice presented as % vehicle (100% line) on graph. Data were
obtained from 9-20 mice/group, and were analyzed by 2-tailed, unpaired t-tests.
(A) Expression of the tight junction proteins claudin-5, ZO-1, and occludin; and the
matrix metalloproteinases MMP2 and MMP9. * and =+ indicate significant (p < 0.05
and 0.01, respectively) changes in expression in lopinavir/ritonavir-treated mice as
compared to vehicle. (B) Expression of the post-synaptic marker synapse associated
protein 97 (SAP97), the pre-synaptic protein synapsin 1, and phosphorylated
synapsin 1. x indicates significant (p < 0.05) the significant decrease in phosphor-
ylated synapsin 1 expression in lopinavir/ritonavir-treated mice. (C) Expression of
the glial markers glial fibrillary acidic protein (GFAP) and Iba-1. x indicates
significant (p < 0.05) increases in GFAP and Iba-1 expression in lopinavir/ritonavir-
treated mice.

was significantly decreased (t20y=2.14, p = 0.0447) as compared to
vehicle mice

To determine if liponavir/ritonavir treatment affected glial reac-
tivity in mice, the expression of astrocyte and microglial markers
were evaluated using Western blot. The intermediate filament
protein glial fibrillary acidic protein (GFAP) was used to evaluate
astrocyte hypertrophy (O’Callaghan and Sriram, 2005), and evalua-
tion of blots revealed significant increases in GFAP expression in
liponavir/ritonavir-treated mice as compared to vehicle mice
(t20)=2.31, p = 0.0319; Fig. 4C). Microglial reactivity was evaluated
by measuring expression of Iba-1, which is a 17-kDa calcium bind-
ing protein specifically expressed in macrophages/microglia (Hilton
et al., 2008; Lee et al., 2008; Zecca et al., 2008) that can be detected
in denatured samples (Ahmed et al., 2007; Vega-Avelaira et al.,
2007). Evaluation of blots likewise revealed significant increases
in Iba-1 expression in liponavir/ritonavir-treated mice as compared
to vehicle mice (t0y = 2.50, p = 0.0212; Fig. 4C).

To then determine if liponavir/ritonavir enhanced brain inflam-
mation and/or decreased brain growth factor levels, levels of the
cytokines TNFa, IL-1B, and IL-6, and the growth factor BDNF were
examined by ELISA. Statistical analyses of cytokine data reveal that
homogenates derived from the anterior cortex of liponavir/ritona-
vir-treated mice contained significantly higher levels of TNFa
(t23y=3.52, p=0.0018), IL-1B (t(2sy=2.52, p=0.0178), and IL-6
(t24y=2.87, p=0.0084) as compared to levels in vehicle mice
(Fig. 5). Furthermore, ELISA data show that liponavir/ritonavir
administration was associated with significant decreases in corti-
cal BDNF levels (t19)=4.22, p=0.0005) compared to vehicle mice
(Fig. 5D).

To determine if the CNS effects of liponavir/ritonavir adminis-
tration were uniform throughout the brain, homogenates prepared
from the cerebellum and hippocampus of all experimental animals
and probed for protein expression as was described for cortex. Data
show that the hippocampus was relatively spared from the adverse
effects of liponavir/ritonavir administration, as of all markers of
cerebrovascular and synaptic integrity measured, only claudin-5
was significantly decreased (f0)=2.95, p=0.0079) in liponavir/
ritonavir-treated mice (Table 2). Furthermore, while there was no
change in expression of the microglial marker Iba-1, there was
an unexpected but statistically significant decrease in GFAP
expression (tz0y=2.46, p=0.0232) in the hippocampus of lipona-
vir/ritonavir-treated mice as compared to vehicle-treated mice
(Table 2). Similarly, data indicate that the cerebellum was likewise
relatively unaffected, as there was no change in expression of any
marker of cerebrovascular or synaptic integrity when measured in
cerebella of liponavir/ritonavir-treated mice, although there was
again a statistically significant decrease in cerebellar GFAP expres-
sion (t0)=2.15, p=0.0437; Table 2). While samples prepared
from the hippocampus and cerebellum of mice were also probed
for TNFa, IL-1B, IL-6, and BDNF, expression of these proteins was
beneath the threshold of detection in these brain regions using
our facilities (data not shown).

4. Discussion

Epidemiological data indicate that the overall prevalence of
HAND has not been significantly reduced by ART (McArthur
et al.,, 2003; McArthur, 2004), and even in the context of wide-
spread ART availability, HIV remains the most common prevent-
able and treatable cause of neurologic impairment in patients
under 50 (Ances and Ellis, 2007). However, as ART regimens are
generally successful in maintaining low viral load, these epidemio-
logical trends indicate that new mediators of neurologic dysfunc-
tion may have emerged in the ART era. Data from this study
suggests that ART regimens could indirectly contribute to neuro-
logic decline in HIV-positive patients via the development of spe-
cific metabolic co-morbidities. While it is recognized that the
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Fig. 5. Effects of lopinavir/ritonavie on cytokine and growth factor levels in mouse brain. Male C57BL/6 mice were treated daily with vehicle or lopinavir/ritonavir
(150/37.5 mg/kg body weight) for 28 days, and the effects of lopinavir/ritonavir the cytokines (A) TNFa, (B) IL-1B, (C) IL-6 and (D) the growth factor BDNF in cortex were
evaluated by ELISA as described in Section 2. Data are means and SEM, with 9-20 individual mice per group, and were analyzed by 2-tailed, unpaired t-tests. x, xx, and #xx
indicate significant (p < 0.05, p < 0.01, and p < 0.001, respectively) differences in expression in lopinavir/ritonavir-treated mice as compared to vehicle.

Table 2

Western blot data from Hippocampus and Cerebellum. Male C57BL/6 mice were
treated daily with vehicle or lopinavir/ritonavir (150/37.5 mg/kg body weight) for
28 days, after which the expression of markers of brain injury in hippocampus and
cerebellum were measured by Western blot as described in Section 2.

Hippocampus Cerebellum
Markers of cerebrovascular injury
Claudin-5 83.26+5.7" 923193
Z0-1 97.1+11.9 114.1£6.6
Occludin 96.4+4.1 103.5 £ 6.0
MMP2 93.5+8.5 106.5 4.2
MMP9 106.1 £ 6.6 119.1£16.7
Markers of synaptic injury
SAP97 104.9£2.9 106.7 £12.7
Total synapsin 95.1+5.4 91.7+84
Phosphorylated synapsin 91.1+9.1 1103 +5.3
Markers of reactive gliosis
GFAP 90.4+1.9" 67.2+81"
Iba-1 93.9+4.7 116.0+9.4

Data show mean + SEM expression in lopinavir/ritonavir-treated mice presented as
% vehicle, and were analyzed by 2-tailed, unpaired t-tests.

" Significant (p <0.05) differences noted in lopinavir/ritonavir-treated mice as
compared to vehicle-treated mice.

" Significant (p<0.01) differences noted in lopinavir/ritonavir-treated mice as
compared to vehicle-treated mice.

metabolic complications of ART contribute to premature athero-
sclerosis and cardiovascular risk in HIV patients, the net effect of
metabolic co-morbidities on neurologic function in HIV patients
is yet poorly understood. However, data in this manuscript are in
general agreement with reports published over the past decade
suggesting that HIV patients with metabolic compromise have in-
creased prevalence of cognitive disturbances (Valcour et al., 2004;

Valcour et al., 2005, 2006, 2011), and further extend these studies
by demonstrating an intimate link between specific metabolic co-
morbidities and disruptions in cognitive function.

One of the most robust and rapid effects of lopinavir/ritonavir in
mice was the dramatic decline in total fat mass. This observation is
in keeping with clinical observations of HIV patients, as the HIV
FRAM study revealed that HIV infected men with lipoatrophy had
significantly less peripheral subcutaneous adipose and also less vis-
ceral adipose tissue (Bacchetti et al., 2005). While the link between
fat loss and brain function has not been well studied, adipocytes
participate in many physiologic processes via the secretion of adi-
pokines (Frithbeck, 2008; Rocha and Libby, 2008; Ahima and Osei,
2008), and in particular, adiponectin and leptin may have poten-
tially important roles in the brain (Harvey et al., 2005; Oomura
et al., 2006; Harvey, 2007; Ouchi and Walsh, 2007; Chen et al.,
2009). Our data show that total fat mass and circulating adiponec-
tin and leptin levels are profoundly decreased by lopinavir/ritonavir
treatment, and also demonstrate the statistically significant inverse
correlation of these indices with cognitive impairment. Thus, these
data strongly suggest that healthy, functioning adipose tissue is
prerequisite for optimal cognitive performance, potentially via
adipokine release. This potential scenario is supported by the pres-
ence of leptin receptors in extra-hypothalamic regions of the brain,
including the cortex, hippocampus, and brain stem (EImquist et al.,
1998; Tartaglia et al., 1995; Fei et al., 1997). Indeed, studies have
identified a role for leptin in cognitive processes (reviewed in
(Harvey et al., 2005; White et al., 2009b)). In further relation to
the data in this manuscript, leptin has been shown to modulate
inflammatory signaling in microglia (Pinteaux et al., 2007; Tang
et al,, 2007) and to regulate depression-related behaviors in mice
(Guo et al., 2012). Similarly, adiponectin is a highly pleiotropic
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adipokine that likely supports optimal neurologic function through
multiple mechanisms. Adiponecin has both anti-inflammatory
(Ouchi and Walsh, 2007) and neuroprotective (Jung et al., 2006)
properties, and is significantly decreased in HIV-positive patients
with lipodystrophy (Kinlaw and Marsh, 2004; Barbaro, 2007; Chen
et al., 2009). Furthermore, adiponectin deficiency is associated with
exaggerated inflammatory response in human disease conditions
(Hillenbrand et al., 2010), (Venkatesh et al., 2009) and has also been
linked to microcirculatory disturbances (Ouedraogo et al., 2007)
and blood brain-barrier deterioration (Vachharajan et al., 2012).
Thus, data in this manuscript corroborate with available data to
suggest that replacement therapy regimens with recombinant adi-
pokines, or with recently developed peptide-based agonists for lep-
tin (Kovalszky et al., 2010) and adiponectin (Otvos et al., 2011)
receptors, could be potentially highly beneficial in the treatment
and/or prevention of HAND in HIV patients.

Disruption of adipocyte function and altered adipokine release is
also associated with microvascular dysfunction (reviewed in (Hou-
ben et al., 2012)), and data presented in this manuscript indicate
that lopinavir/ritonavir treatment causes significant cerebrovascu-
lar dysfunction, particularly in the cortex. The physical seal of the
blood brain barrier is maintained by inter-endothelial tight junction
complexes (reviewed in (Nico and Ribatti, 2012)) comprised of plas-
ma membrane spanning proteins (occludin) and scaffold cytoplas-
mic proteins (ZO-1), both of which are decreased by lopinavir/
ritonavir treatment. Vascular pathology has received considerable
attention as a participant in HAND (Foley et al., 2010), and it is quite
reasonable to propose that that metabolic co-morbidities exacer-
bate HIV-related brain injury via disruption of cerebrovascular
and blood brain barrier integrity. For example, published studies
have shown that neurocognitive impairment in adult HIV patients
is correlated with cardiovascular disease, hypertension, and hyper-
cholesterolemia; but not with more conventional risk factors for
dementia, including hepatitis C infection, alcohol abuse, CD4 cell
counts, viral load, or CNS penetration of ART regimens (Wright
et al,, 2010). Other studies have shown that HIV-positive subjects
with untreated cardiovascular disease have significantly reduced
processing speed, recall, and executive functioning relative to those
on medication (Foley et al., 2010). Data also suggest that cerebro-
vascular disease plays a greater role in the cognitive compromise
of aging HIV-infected individuals as compared to the normal aging
population (McMurtray et al., 2007), and indeed, a recent imaging
study of coronary artery calcium accumulation in HIV-infected
patients suggested that vascular “age” was increased in over 40%
of patients, with a mean increase of 15 years over chronological
age (Guaraldi et al., 2009). Evaluated collectively, these data
strongly suggest that the lower neurocognitive performance noted
in lopinavir/ritonavir-treated mice may be mediated at least in part
via disruption of cerebrovascular homeostasis.

Insulin resistance is typically defined as decreased sensitivity to
the metabolic actions of insulin such that greater than normal
amounts are required to obtain a quantitatively normal response.
Thus, even though glucose tolerance was normal in lopinavir/riton-
avir-treated mice, the elevations in fasting insulin reflect signifi-
cant insulin resistance in these mice. Insulin resistance was one
of the first reported metabolic complications of ART (Justman
et al., 2003), and even with newer antiretrovirals with safer meta-
bolic profiles, the prevalence of insulin resistance in HIV patients
ranges from 25% to over 65% (Das, 2011) and is likely to increase
as the HIV-infected population ages. Insulin resistance is a key bio-
chemical determinant of disease, as it is underlies and thus pre-
dicts the development of cardiovascular disease, diabetes, and
hypertension. More recent studies have linked insulin resistance
with dementia and frailty (Barzilay et al., 2007; Abbatecola et al.,
2007). For example, insulin resistance is associated with poor per-
formance on cognitive tasks including the Mini-Mental State Exam

(MMSE) and Trail Making Tests (TMT) (Abbatecola et al., 2007). In-
deed, the brain is an important physiological target of insulin
(Niswender, 2011), but the net effects of wide fluctuations in blood
glucose and/or insulin on brain physiology are very poorly under-
stood. It is important to note that hyperinsulinemia might remain
undiagnosed for a long period, but yet is a clinically significant tar-
get as changes in lifestyle and treatment can improve insulin sen-
sitivity and thus potentially prevent clinical progression.

While data in the manuscript support previous data document-
ing the adverse effects of protease inhibitors on metabolic function,
it is not clear whether lopinavir, or ritonavir, or the combination is
ultimately responsible for triggering the chain of events leading to
metabolic and cognitive dysfunction. However, numerous reports
have shown that administration of only ritonavir, even at doses
used in boosted regimens, can result in significant metabolic dys-
function both in humans (Périard et al., 1999; Cohen, 2005) and
in mice (Guo et al.,, 2009; Riddle et al., 2003; Goetzman et al.,
2003; den Boer et al., 2006; Vyas et al., 2010). For example, studies
in humans have shown that ritonavir dramatically increases tri-
glyceride and cholesterol levels, and that the combination of riton-
avir with either nelfinavir or saquinavir does not further elevate
plasma lipids (Périard et al., 1999). Furthermore, mouse studies
have repeatedly demonstrated the induction of lipodystrophy,
hyperlipidemia, and/or insulin resistance in mice treated with
doses of ritonavir (10-60 mg/kg) comparable to levels used in this
study (Riddle et al., 2003; Guo et al., 2009; Goetzman et al., 2003;
den Boer et al., 2006; Vyas et al., 2010). Based on available data,
therefore, it is theorized that ritonavir is primarily responsible for
the development of adverse co-morbidities described in this study.
It is also possible that ritonavir and/or lopinavir mediate direct
neurotoxicity in the CNS. However, this is quite unlikely given the
well-established inability of these drugs to cross the blood-brain
barrier (Varatharajan and Thomas, 2009). Indeed, our previously
published investigations of lopinavir/ritonavir in mice verified that
levels of lopinavir in brain were nearly 200-fold lower than levels in
serum (Pistell et al., 2010a), and experiments in which cultured
primary neurons or glia were exposed to lopinavir/ritonavir at
concentrations found in brain (and up to 50-fold higher) revealed
no effects of these drugs on in vitro neurotoxic or inflammatory sig-
naling (AJB-K, unpublished data). Thus, it seems reasonable to con-
clude that the adverse neurologic effects of lopinavir/ritonavir
administration to mice are mediated via the development of meta-
bolic dysfunction, and data in the manuscript further point to
potentially key roles for lipodystrophy and insulin resistance.

5. Conclusions

It is well-established that ART can cause metabolic syndrome,
and data in this manuscript suggest that such metabolic co-
morbidities might participate in the development of neurologic
and cognitive dysfunction in HIV patients. These data are in
keeping with published studies documenting significant metabolic
dysfunction in mice treated with combined lopinavir/ritonavir in
similar dose ranges (Prot et al., 2006; Pistell et al., 2010a), and
are also consistent with the growing body of literature describing
the sensitivity of the brain to metabolic dysfunction both in human
(Elias et al., 2003, 2005; Waldstein and Katzel, 2006) and animal
studies (Baran et al., 2005; Winocur and Greenwood, 2005;
Granholm et al.,, 2008; Bruce-Keller et al., 2009; White et al.,
2009a; Pistell et al., 2010b). While data in this study suggest an
important role for lipodystrophy and/or insulin resistance in neu-
rocognitive decline, there are additional metabolic risk factors that
could adversely affect the brain. For example, it is well established
that chronic kidney disease patients undermines neurologic func-
tion. For example, up to 70 percent of hemodialysis patients ages
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55years and older have moderate to severe chronic cognitive
impairment, and recent studies reveal a strong correlation between
estimated glomerular filtration rate (GFR) and cognitive function in
kidney disease patients (reviewed in (Murray, 2008)). It should
also be pointed out that HIV infection directly affects the brain,
independently of perturbations to metabolic function. For exam-
ple, the duration of HIV infection, viral load (particularly in the
CNS) and immunologic status may all predispose patients to HAND
(reviewed in (Ellis et al., 2009; Letendre et al., 2010)). Thus, while
there are likely multiple physiologic mechanisms at play, results
from this study reinforce the link between metabolic and neuro-
logic function, and suggest that successful remediation of meta-
bolic dysfunction in HIV patients could decrease the incidence
and/or severity of HAND.
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