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HIV-1 Viral Protein R Couples Metabolic Inflexibility With
White Adipose Tissue Thermogenesis
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Persons living with HIV (PLWH) manifest chronic disor-
ders of brown and white adipose tissues that lead to dia-
betes and metabolic syndrome. The mechanisms that
link viral factors to defective adipose tissue function and
abnormal energy balance in PLWH remain incompletely
understood. Here, we explored how the HIV accessory
protein viral protein R (Vpr) contributes to adaptive ther-
mogenesis in two mouse models and human adipose tis-
sues. Uncoupling protein 1 (UCP1) gene expression was
strongly increased in subcutaneous white adipose tissue
(WAT) biopsy specimens from PLWH and in subcutane-
ous WAT of the Vpr mice, with nearly equivalent mRNA
copy number. Histology and functional studies con-
firmed beige transformation in subcutaneous but not vis-
ceral WAT in the Vpr mice. Measurements of energy
balance indicated Vpr mice displayed metabolic inflexi-
bility and could not shift efficiently from carbohydrate to
fat metabolism during day-night cycles. Furthermore,
Vpr mice showed a marked inability to defend body tem-
perature when exposed to 4°C. Importantly, Vpr couples
higher tissue catecholamine levels with UCP1 expression
independent of B-adrenergic receptors. Our data reveal
surprising deficits of adaptive thermogenesis that drive
metabolic inefficiency in HIV-1 Vpr mouse models, pro-
viding an expanded role for viral factors in the pathogen-
esis of metabolic disorders in PLWH.

HIV and antiretroviral therapy (ART) are associated with
adipose tissue (AT) dysfunction and systemic metabolic
alterations (1), the cardinal features of which are intra-

abdominal fat accumulation, fatty liver disease, dyslipide-
mia, insulin resistance, and diabetes. Viral factors enable
the complex pathophysiology of these defects in persons
living with HIV (PLWH) (2-4), but the mechanisms that
link them to defective AT are not well understood. A para-
doxical feature of metabolic dysregulation described in
PLWH is the presence of adipocytes positive for uncou-
pling protein 1 (UCP1) in white AT (WAT) depots (5-9).
In numerous experimental models, UCP1-postive adipo-
cytes in WAT are associated with greater insulin sensitiv-
ity and more efficient energy metabolism (10). However,
in PLWH, UCP1 expression in WAT correlates with sys-
temic defects in lipid and carbohydrate metabolism (7,11).

We previously established that the HIV accessory pro-
tein viral protein R (Vpr) circulates in the blood of PLWH
even during “suppressive” ART (12,13) and causes hyper-
lipidemia, glucose intolerance, and dysregulated AT func-
tion in mice (12,13). In the current study, we identified
UCP1-positive (“beige”) adipocytes in subcutaneous WAT
of Vpr mice and dissected the causes, thermogenic
changes, and metabolic consequences of this phenome-
non. We discovered that beige adipocytes in Vpr mice do
not exert metabolic benefits, but mirror the complex dis-
ruption of the energy balance of PLWH on ART.

RESEARCH DESIGN AND METHODS

Study Design
We used two Vpr mouse models described previously
(12,13). For gene and protein expression experiments,
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groups of four to seven mice were compared with similar
numbers of control mice. Sample sizes were based on our
previous data regarding the effects of Vpr on AT (12,13).
Male 14-week-old mice were used in most experiments.

Vpr-Transgenic Mice

FVBN mice expressing PEPCK promoter-driven Vpr under
control of a tetracycline-repressible (tTA) system were
constructed at the National Institutes of Health (NIH)
(14).

Synthetic Vpr

Synthetic Vpr (sVpr) was produced by solid-state peptide
synthesis, purified, characterized by sequencing and mass
spectrometry, and compared with viral Vpr by SDS-PAGE
and immunoblotting (15). Stability of the peptide in aque-
ous solution was confirmed by dynamic light scattering,
circular dichroism and 'H-nuclear magnetic resonance
spectroscopy (15). Continuous delivery of sVpr or vehicle
was achieved using ALZET pumps (model 1002; DURECT,
Cupertino, CA) containing an aqueous solution of sVpr or
sterile water. These were implanted subcutaneously in
wild-type (WT) mice with a delivery rate of 0.25 wL/h to
administer 5 pg of sVpr/24 h for 14 days (12-14).

Human Biopsy Samples

We measured UCP1l expression in subcutaneous AT
biopsy specimens obtained from 9 PLWH on suppressive
ART (16) and 10 control subjects without HIV to assess
gene expression of markers of brown AT (BAT). For the
PLWH, subcutaneous, lower abdominal AT samples were
obtained by excisional biopsy from participants in the
AIDS Clinical Trials Group protocol A5317 (16). The par-
ticipants were 91% male, 82% non-White, aged 45 + 11
years (mean + SD), with BMI 25.9 + 3.94 kg/mz. Samples
were preserved in RNAlater immediately after extraction
and stored at —80°C until processing. Total RNA was iso-
lated using the Aurum Total RNA Fatty and Fibrous Tis-
sue kit (Bio-Rad Laboratories, Hercules, CA), and the
concentration of the eluted RNA was measured and its
quality confirmed using NanoDrop. Optical density 260-
to-280 ratio values were ~1.9. The control subjects were
obese women with BMI of 38.3 + 0.26 kg/mz, HbA,. of
4.59 £ 0.09%, aged 38.9 = 10.9 years, of White European
background, and taking no glucose- or lipid-lowering med-
ications. WAT ¢DNA from these participants was derived
from RNA obtained through abdominal subcutaneous
biopsy specimens (17). RNA quality was measured using a
Bioanalyzer (Agilent, Santa Clara, CA), and the RNA Integ-
rity Number for the samples ranged between 5.8 and 9.7.

mRNA Levels

Total RNA was extracted from fat depots using the
RNeasy Lipid Tissue Mini Kit (QIAGEN, Valencia, CA),
transcribed using the RNA-to-cDNA kit (Applied Biosys-
tems, Grand Island, NY), and PCR was performed using

Agarwal and Associates 2015

the TagMan probe-based assay and Universal PCR Master
Mix with a ABI 7000 Real-Time PCR System (Applied Bio-
systems). mRNA expression levels of the BAT marker
genes uncoupling protein 1 (Ucpl), pyruvate dehydroge-
nase kinase-4 (Pdk4), prostaglandin-endoperoxide syn-
thase-2 (Ptgs2), and iodothyronine deiodinase-2 (Dio2)
were measured. Pgkl mRNA was used for normalization.

Ucp1 Quantification by Quantitative PCR

Quantitative (q)PCR was used to quantify Ucpl copy num-
ber in AT from humans and Vpr mice. The standards
were human UCP1 (hUcpl) and mouse Ucpl (mUcpl)
genes cloned in a plasmid vector by the Baylor College of
Medicine (BCM) Gene Vector Core and purified by mini-
preps. RNA from mouse AT depots was extracted and its
quality confirmed by NanoDrop. qPCR was performed
using SYBR Green Master Mix from Bio-Rad. Standards
were serially diluted to ensure unknown samples fell in
the linear portion of the standard curve. DNA copy num-
ber was calculated by converting base pairs of plasmid
UCP1 DNAs to ng/mol, determining their mass using
Avogadro’s number, and deriving the titers (gene copy
number/nL) from the dilution factor in the qPCR
reaction.

Immunoblotting

Total protein was extracted from mouse fat depots using
radioimmunoprecipitation assay buffer containing phos-
phatase and protease inhibitors. Protein was quantified
using the Bradford reagent, resolved by SDS-PAGE, trans-
ferred to nitrocellulose membranes (Millipore, Billerica,
MA), blocked with 5% milk/Tris-buffered saline with
Tween, and detected using specific primary antibodies
(1:1,000) with horseradish peroxidase-conjugated second-
ary antibodies (1:10,000) identified by enhanced chemilu-
minescence (Thermo Fisher, Grand Island, NY). Multiple
replicate blots were prepared for each experiment, each
with 50 pg total protein loaded per lane, and each probed
with a different antibody. Primary antibodies were adipo-
cyte triglyceride lipase (ATGL), HSP90, hormone-sensitive
lipase, phosphorylated hormone-sensitive lipase at serine
residue 563 (Cell Signaling, Danvers, MA), UCP1 (Abcam,
Cambridge, MA), and B-actin (Sigma-Aldrich, St. Louis,
MO). Immunoblotting of mitochondrial electron transport
chain complexes was performed on whole-cell extracts
from the total AT using MitoProfile Total OXPHOS
Rodent WB Antibody Cocktail (ab110413, Abcam).

Histology

AT depots were removed, fixed with 4% paraformalde-
hyde in PBS for 24 h at 4°C, embedded in paraffin, and
cut at 4-pwm thickness. Sections were stained with hema-
toxylin-eosin, and immunostained using antibodies to
UCP1 from Abcam. The BCM Human Tissue and Pathol-
ogy Core performed sectioning, immunohistochemistry,
and staining. Pictures of different fields were taken at
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10x to 20x magnification (n = 3 mice per group) using a
Keyence microscope (Keyence Corp., Itasca, IL).

Energy Balance Study

We used a 10-chamber Comprehensive Laboratory Animal
Monitoring System-Home Cage (CLAMS-HC) system
(Columbus Instruments, Columbus, OH) in the BCM
Mouse Metabolism and Phenotyping Core. We performed
three sets of experiments using Vpr-transgenic (Tg) and
WT mice: 1) quotidian: room temperature (RT) (21°C) for
24 h; 2) short-term: cold temperature (4°C) for 6 h; or 3)
prolonged: 4°C for 6 h daily for 14 days. The prolonged
cold exposure data set was analyzed using CalR software
(18). Briefly, the raw data file from CLAMS-HC recordings
were loaded into CalR, which performs automated analy-
sis of indirect calorimetry data using mass variables as
covariates.

Stromal Vascular Cell Preparation

AT depots were excised from Vpr-Tg, WT, sVpr-treated,
vehicle-treated, and B-adrenergic receptor-less (B-less)
mice (19). Stromal vascular fractions (SVF) were prepared
from the AT depots. Briefly, tissues were minced and
digested with collagenase, and then the cell suspensions
were centrifuged to separate SVF cells from adipocytes.
Separated SVF cells were treated with red blood cell lysis
buffer, followed by washing with PBS. Cells were counted
and plated in a 6-well plate or XF24 cell culture micro-
plates from Agilent.

Differentiation of SVF Cells and Brown Preadipocytes
Plated SVF cells were placed in a cell culture incubator at
37°C and monitored daily. Two days after formation of a
confluent monolayer, differentiation media (Zen-Bio,
Research Triangle, NC) was added. After 48 h, the cells
were transferred to adipocyte maintenance media (Zen-
Bio). Maintenance media was changed every other day
with care to avoid bursting lipid droplets. Brown preadi-
pocytes (FVB-C3) were provided by Miao-Hsueh Chen
(BCM) and cultured as previously described (20).

Seahorse Experiments

Respiration was determined with SVF-derived adipocytes
using an XF24 analyzer (Seahorse Bioscience). Equal num-
bers of SVF preadipocytes were plated into V7-PS plates
and allowed to grow to confluence before differentiation.
Respiration analysis was performed using the Seahorse XF
Cell Mito Stress Test Kit from Agilent according to the
manufacturer’s protocol. Before the experiment, the main-
tenance media was replaced by XF-DMEM supplemented
with glucose (10 mmol/L), pyruvate (1 mmol/L), and glu-
tamine (2 mmol/L). Ports were injected with the following
drugs: 2 pmol/L oligomycin, 2 pmol/L carbonyl cyanide-4
(trifluoromethoxy) phenylhydrazone (FCCP), and 0.5
pmol/L rotenone/antimycin.
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ELISA

Catecholamine concentrations in serum and AT were
measured by ELISA (BioVision, Milpitas, CA) following
the manufacturer’s protocols.

Lentiviral Infection

Vpr ¢cDNA was cloned into tetracycline-inducible lentivi-
rus system constructs as described earlier (13). Viruses
were packaged and propagated following a standard pro-
tocol in 293T cells (13,21,22). Virus particles were con-
centrated by ultracentrifugation and titered using Retro-X
Kits (Clontech, Mountain View, CA). SVF prepared from
WT or B-less mice were transduced with lentivirus con-
structs (TRE-rtTA or TRE-Vpr and rtTA) at 70% conflu-
ence. Adipocyte differentiation medium (Zen-Bio) was
added 48 h later (day 2), followed by adipocyte mainte-
nance medium (Zen-Bio). Vpr expression was induced by
adding 1 pg/mL doxycycline to the cells on the 5th day
after addition of the adipocyte differentiation cocktail.
Cells were collected on day 10 for extraction of RNA and
protein.

Mitochondrial DNA Quantification

Mitochondrial DNA content was determined by gqPCR.
Total DNA was isolated using the DNeasy kit (QIAGEN).
Real-time PCR was performed on ABI 7000 Real-Time
PCR System (Applied Biosystems) using SYBR Green
qPCR SuperMix-UDG (Life Technologies). Reactions were
prepared according to the manufacturer’s recommenda-
tions in a total volume of 20 pL. mtDNA primers were
designed using the mitochondrial genome sequence
within the NADH dehydrogenase subunit-2 (ND2) gene.
18S rRNA was used as the invariant control.

Statistics

All experiments involved two-way ANOVA comparisons
between Vpr and WT groups. Two-tailed, unpaired t tests
for unequal variance were used. P < 0.05 was considered
significant.

Study Approval

The BCM Institutional Animal Care and Use Committee
approved all animal protocols. All animals received humane
care according to criteria in the Guide for the Care and Use
of Laboratory Animals (NIH publication 86-23, revised
1985).

Written informed consent was obtained from all
human participants prior to inclusion in the study. For
the PLWH, the AT biopsy samples were obtained as part
of a network study (AIDS Clinical Trials Group protocol
A5317). All sites in the network received local institu-
tional review board approval, and the NIH Division of
AIDS reviewed the approvals before allowing each site to
open the study (NCT01928927). For the human control
subjects, the AT biopsy studies were approved by the Kar-
olinska Institutet Ethics Committee (Dnr 2008/2.3) and
the BCM Institutional Review Board (H-28439).
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Data and Resource Availability

Data and resources for the work presented here will be
available from the corresponding author upon reasonable
request.

RESULTS

PLWH and Vpr Mice Express UCP1 at Elevated Levels
in Subcutaneous WAT

Reports of UCPl-positive adipocytes in subcutaneous
WAT of PLWH led us to assess the levels of UCP1, the
defining marker of thermogenesis, in subcutaneous AT of
PLWH and Vpr mice. PLWH on suppressive (HIV-1 RNA
<50 copies/mL) ART had markedly higher UCP1 mRNA
levels in abdominal subcutaneous AT biopsy specimens
relative to control subjects without HIV (Fig. 1A). Simi-
larly, sVpr-treated mice also had higher Ucpl mRNA copy
numbers compared with vehicle-treated mice in inguinal
(subcutaneous) WAT (Fig. 1B). Vpr-Tg mice also showed
higher Ucpl mRNA copy numbers in inguinal WAT
(iWAT) depots compared with WT littermates (Fig. 1C).
Copy number analysis indicated the elevated Ucpl levels
in sVpr mice were similar to those of PLWH. Subcutane-
ous WAT from PLWH and HIV mouse models consis-
tently showed two- to sixfold higher Ugpl mRNA levels
than matched control subjects.

Subcutaneous WAT From Vpr Mice at RT Shows
Evidence of White-to-Beige Adipocyte Conversion

To understand whether Ucpl copy number in iWAT
reflected characteristics of BAT, we explored thermogenic
gene expression and morphology of iWAT in Vpr mice.
Ucpl mRNA expression was upregulated in iWAT of Vpr-
Tg mice compared with WT littermates (Fig. 2A) and in
iWAT of sVpr-treated compared with vehicle-treated mice
(Fig. 2B). The mRNA expression of Pdk4 was upregulated
and that of Dio2, another key marker of BAT, trended
higher (P = 0.08) in sVpr-treated compared with vehicle-
treated mice (Fig. 2B). Changes in brown adipocyte mar-
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ker genes were specific to iWAT because mRNA levels of
Ucepl and Dio2 in BAT were similar between both Vpr
mouse models and their respective controls (Fig. 2C and
D). UCP1 protein was also increased in both iWAT of Vpr-
Tg versus WT mice (Fig. 2E) and in sVpr-treated versus
vehicle-treated mice (Fig. 2F). UCP1 protein levels were
variable but overall not different in BAT of Vpr-Tg versus
WT littermates (Fig. 2E) and in sVpr-treated versus vehi-
cle-treated mice (Fig. 2F).

Histological examination iWAT of Vpr-Tg and sVpr-
treated mice showed morphological changes similar to
classical BAT that were not observed in their respective
controls, including UCP1-positive adipocytes that were
smaller in size and contained multilocular lipid droplets
(Fig. 2G and Supplementary Fig. 1A). Immunohistochem-
istry demonstrated increased UCP1 protein expression in
the iWAT of Vpr-Tg and sVpr-treated mice compared with
their controls, without impacting UCP1 expression in BAT
(Fig. 2H and Supplementary Fig. 1B). These data indicate
Vpr induces white-to-beige adipocyte conversion in iWAT
with elevated expression of thermogenic markers.

Energy Balance and Physical Activity Are Altered in
Vpr Mice at RT

Transformation of WAT to BAT-like (beige) fat often coin-
cides with increased VO, and thermogenesis. To investi-
gate these changes in the Vpr mice, we performed
extensive energy balance and physical activity measure-
ments in the CLAMS-HC metabolic cages. Over 24-h
observation at RT, Vpr-Tg mice showed decreased VO,
(117.10 + 2.73 vs. 133.63 + 3.41 mL/h; P = 0.01) (Fig.
3A) and VCO, (99.26 + 2.22 vs. 111.16 + 2.61 mL/h; P =
0.01) (Fig. 3B). VO, and VCO, were decreased in the Vpr-
Tg mice during both light and dark phases of the day
(VO,: 119.87 + 3.47 vs. 133.41 + 4.10 mL/h in the light
phase, P = 0.05; 109.32 + 2.2 vs. 129.39 + 3.77 mL/h in
the dark phase, P = 0.005; VCO,: 98.63 + 2.44 vs.
108.25 + 3.45 mL/h in the light phase, P = 0.07; 94.14 +
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Figure 1—UCP1 mRNA copy number is elevated in subcutaneous WAT of PLWH and Vpr mice. A: UCP1 copy number in abdominal sub-
cutaneous WAT of PLWH (n = 9) compared with healthy human control subjects (n = 10). Ucp? copy number in inguinal WAT of sVpr-
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2.08 vs. 108.71 + 3.54 mL/h in the dark phase, P = 0.01)
(Fig. 3E and F). The overall respiratory exchange ratio
(RER) was not different in Vpr-Tg compared with WT
mice (0.85 + 0.01 vs. 0.83 + 0.01; P = 0.325) (Fig. 3C).
However, the Vpr-Tg mice had increased RER in the dark
phase compared with the light phase (0.87 + 0.01 vs.
0.82 + 0.004; P = 0.001) (Fig. 3G) and showed a trend
toward elevated RER compared with WT mice (indicating
diminished selection of fat for oxidation) in the dark
phase (0.87 + 0.004 vs. 0.84 + 0.004; P = 0.08) (Fig. 3G).
The altered energy balance was not explained by physical
activity changes when the entire 24-h period was consid-
ered (1,277 + 170 vs. 1,041 + 150 activity counts; P =
0.4) (Fig. 3D). However, during the light phase, the Vpr-
Tg mice were more active than the WT mice (1,942 + 239

vs. 935 + 88 activity counts, P = 0.04), with a nonsignifi-
cant decrease in activity during the dark phase (Fig. 3H).
The Vpr-Tg mice showed a trend toward increased food
intake during the dark phase compared with the WT mice
(2.62 + 0.36 vs. 1.56 + 0.31 g; P = 0.08), with no differ-
ence during the light phase (Fig. 3I). Finally, at RT, Vpr-
Tg mice showed no differences compared with WT mice
in body weight (34 + 0.88 vs. 33 = 0.80 g; P = 0.5) or
body temperature (37.10 + 0.58 vs. 38.14 + 0.17°C; P =
0.2) over the 24-h period (Fig. 3J and K).

Vpr Mice Are Unable to Defend Body Temperature
After Short-term Exposure to 4°C

Thermogenic activity in beige and brown AT increases
after exposure to cold conditions. Hence, we measured
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energy balance, physical activity, and feeding behavior in
the mice during short-term exposure to cold temperature.
Measurements were recorded every 15-20 min during 6 h
of exposure to 4°C, and the average values were calcu-
lated. Vpr-Tg mice showed a trend toward lower VO,
(144.70 + 14.16 vs. 181.94 = 3.71 mL/h; P = 0.07) (Fig.
4A) and VCO, (115.28 + 11.24 vs. 146.08 + 3.87 mL/h;
P = 0.06) (Fig. 4B) compared with WT littermates when
exposed to 4°C for 6 h in the CLAMS-HC chambers. RER
(0.80 £ 0.01 vs. 0.80 + 0.01, P = 0.8) (Fig. 4C) and activity
(851 + 134 vs. 762 + 61 activity counts, P = 0.6 (Fig. 4D)
were not different in the two groups under these condi-
tions. Body weights also were not different between the
two groups, before (34 + 0.88 vs. 33 + 80 g, P = 0.5) or
after cold exposure (33 + 0.66 vs. 32 + 0.65 g, P = 0.2)
(Fig. 4E). However, Vpr-Tg mice had significantly lower
core body temperature than WT mice after cold exposure
(32.42 + 0.35 vs. 36.24 + 0.25°C, P < 0.0001 (Fig. 4F),
with the difference becoming apparent 2 h into the cold
exposure period and continuing to decline at 6 h without
stabilizing (Fig. 4G). There were also significant increases
in the plasma levels of free fatty acids (0.95 + 0.02 vs.
0.86 + 0.02 mEq/L, P = 0.03) (Fig. 4H), triglycerides (61 +
6.5 vs. 38 = 4.5 mg/dL, P = 0.009) (Fig. 4I), and total

cholesterol (220 + 16 vs. 167 + 5 mg/dL, P = 0.02) (Fig.
4J) concentrations in Vpr-Tg compared with WT mice
after 6 h of cold exposure.

Vpr Mice Do Not Defend Body Temperature and
Display Impaired Energy Balance During Prolonged
Cold Exposure

To understand long-term thermogenic defects resulting
from Vpr expression, mice were repeatedly exposed to 4°C
(6 h daily) over 14 days, using the protocol shown sche-
matically in Fig. 5A. Vpr-Tg mice showed lower VO, (173 =
1.9 vs. 204 + 1.4 mL/h; P = 0.005) (Fig. 5B) and VCO,
(153 + 2.6 vs. 174 + 1.2 mL/h; P = 0.04) (Fig. 5C). VO,
was lower in the Vpr-Tg mice during both cold and RT
periods (244 + 0.65 vs. 279 + 1.8 mL/h in the cold period,
P =0.001; 151 + 1.92 vs. 174 + 3 mL/h in the RT period,
P =0.008) (Fig. 5B); and VCO, was lower in the cold period
(198 + 1.2 vs. 224 + 0.79 mL/h, P = 0.004) (Fig. 5C) but
not in the RT period (139 + 4.6 vs. 149 + 54 mL/h, P =
0.25) (Fig. 5C). Vpr-Tg mice expended less energy than WT
mice (0.85 = 0.01 vs. 0.99 = 0.007 kcal/h; P = 0.01) (Fig.
5D), and this occurred during both cold and RT periods
(1.18 + 0.004 vs. 1.34 + 0.006 kcal/h in the cold period,
P =0.0003; 0.72 + 0.01 vs. 0.83 + 0.02 kcal/h in the RT
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Figure 4—Vpr-Tg mice fail to defend body temperature upon short-term cold exposure. After exposure to 4°C for 6 h, Vpr-Tg mice trend
toward decreased VO, (A) and VCO, (B) compared with WT mice, but RER (C) and activity levels (D) are not different between the two
groups. E: Body weights of the two groups of mice are similar after 6 h of cold exposure. Core body temperature declines significantly
more (F) and continuously (G) in Vpr-Tg mice compared with WT mice over the 6 h of cold exposure. Plasma free fatty acid (FFA) (H), trigly-
cerides (/), and total cholesterol (J) levels are elevated in Vpr-Tg mice compared with WT mice after 6 h of cold exposure. Values are
mean + SD. Two-tailed, unpaired t tests for unequal variance were used. P < 0.05 was considered significant. *P < 0.05; **P < 0.01;

***P < 0.001; n=5in each group.

period, P = 0.03) (Fig. 5D). RER over 24 h was not differ-
ent in the two groups (0.89 + 0.02 vs. 0.86 + 0.002; P =
0.28) (Fig. 5E). However, RER was increased in Vpr-Tg
mice during the cold period (0.82 + 0.004 vs. 0.79 + 0.006;
P = 0.04) (Fig. 5E), with no difference in the RT period
(0.93 £ 0.01 vs. 0.88 + 0.005; P = 0.15) (Fig. SE).

The Vpr-Tg mice appeared to consume more food than
WT mice over 24 h and during both periods, but the
group difference did not achieve statistical significance
due to interanimal variability (491 + 127 vs. 108 + 8 g
over 24 h, P = 0.2) (Fig. 5F). Initial body weights before
cold exposure were not different between the two groups
(29 £ 1 vs. 31 £ 1.33 g, P = 0.4), but the Vpr-Tg mice
weighed less than WT mice at the end of the 14 days of
repeated cold exposure (20 + 0.10 vs. 28 + 0.92 g, P =
0.02) (Fig. 5G). Weight loss was significantly greater (P =
0.04) in the Vpr-Tg mice (~30%) compared with the WT
mice (~10%) (Fig. 5H). AT mass was markedly reduced in
Vpr-Tg compared with WT mice in all depots: iWAT
(0.07 £ 0.009 vs. 0.72 £ 0.20% body weight, P = 0.02),
perigonadal fat (0 + 0 vs. 1.01 + 0.14% body weight,

P =0.001), and BAT (0.08 + 0.01 vs. 0.17 + 0.01% body
weight, P = 0.003) (Fig. 5I).

Core body temperature of the Vpr-Tg mice was similar
to that of WT mice at RT (37.25 + 0.24 vs. 36.98 + 0.30°C
P = 0.45) (Fig. 5J). The Vpr-Tg mice displayed a constant
decline in core body temperature over the 14 days,
whereas the WT mice maintained their core temperature
in a physiological manner during this period (mean tem-
perature over 14 days, taken daily at the end of the
6 h exposure to 4°C: 32.52 + 0.49 vs. 35.26 = 0.0.42°C,
P = 0.004) (Fig. 5J). The maximum decline in the Vpr-Tg
mouse core temperature occurred after 2 days of cold
exposure (34 + 0.68 vs. 36.2 + 0.34°C, P = 0.03), and their
core temperature thereafter remained lower than that of
the WT mice (Fig. 5K).

Vpr Mice Show Catecholamine Resistance in Beige
Adipocytes

To determine whether Vpr expression functionally drives
AT thermogenesis, we performed ex vivo cellular respira-
tion measurements on cultured SVE-derived adipocytes
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Figure 5—\Vpr-Tg mice fail to defend body temperature upon prolonged cold exposure. A: Vpr-Tg and WT mice were exposed to 4°C for
6 h daily for 14 days, according to the protocol shown schematically. Vpr-Tg mice show decreased VO, (B), VCO, (C), and energy expen-
diture (D), with increased RER (E) and food consumption (F) compared with WT mice during prolonged cold exposure. G: Vpr-Tg mice dis-
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body temperature declines after prolonged cold exposure in both Vpr-Tg and WT mice, it declines further (J) and more steeply and contin-
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0.05 was considered significant. *P < 0.05; **P < 0.01; ***P < 0.001;

n=2Vpr-Tg and n =3 WT mice in each group.

from WAT and BAT of the Vpr mouse models. We
observed that adipocytes derived from iWAT of both Vpr
mouse models undergo a white-to-brown transition ref-
lected by augmented respiration (Fig. 64). Cellular respira-
tion was markedly and selectively increased in primary adi-
pocytes derived from Vpr-Tg iWAT (subcutaneous), as
measured by VO,. Strikingly, this change did not occur in
perigonadal (visceral) WAT adipocytes (Fig. 6B). SVE-
derived BAT adipocytes from Vpr mice also showed higher
VO, than those of WT mice (Fig. 6C). These results show

that Vpr drives thermogenesis consistent with beige adipo-
cyte transformation within iWAT in a cell-autonomous
manner. To understand whether the increased oxygen
consumption rate (OCR) in Vpr mice is due to increased
mitochondrial mass, we measured mitochondrial Nd2
(mtND2) expression and mitochondrial complex protein
expression. mtNd2 expression was not different in Vpr-Tg
compared with WT mice (Fig. 6D) or sVpr-treated com-
pared with vehicle-treated mice (Fig. 6E) in iWAT as well
as perigonadal WAT. Amounts of mitochondrial complex
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Figure 6 —Thermogenesis is altered in adipocytes derived from inguinal (subcutaneous) WAT but not perigonadal (visceral) WAT or BAT
of Vpr mice. A: Oxygen consumption rates (OCR) are increased in inguinal WAT adipocytes of sVpr-treated (n = 4) compared with vehicle-
treated mice (n = 4) and of Vpr-Tg (n = 6) compared with WT mice (n = 4). B: OCR is similar in WAT adipocytes in perigonadal fat (PGF) of
sVpr-treated (n = 5) compared with vehicle-treated (n = 5) mice, and of Vpr-Tg (n = 5) compared with WT (n = 5) mice. C: OCR is increased
in BAT adipocytes of sVpr-treated (n = 4) compared with vehicle-treated (n = 2) mice, and of Vpr-Tg (n = 3) compared with WT (n = 4) mice.
mtNd2 expression is not different in Vpr-Tg (n = 4) compared with WT (n = 4) mice (D) and of sVpr-treated (n = 4) compared with vehicle-
treated (n = 4) mice (E) in perigonadal WAT as well as inguinal WAT. F: Catecholamine content is similar in WAT and BAT depots of Vpr-Tg
mice compared with WT mice at RT (n = 5-7). G: Catecholamine content is elevated in iWAT but not in perigonadal WAT or BAT of Vpr-Tg
mice compared with WT mice after exposure to 4°C for 6 h (n = 5-7). H: Serum catecholamine levels are similar in Vpr-Tg compared with
WT mice at RT; however, they are elevated in Vpr-Tg compared with WT mice after exposure to 4°C for 6 h (n = 5-7). . qPCR of Vpr and
beige fat marker genes in SVF-derived adipocytes that express Vpr or control (rtta) vectors (n = 3). J: Immunoblots show increased ATGL
and UCP1 protein expression and decreased adiponectin protein expression in iWAT-derived mature adipocytes of WT and B-less mice,
in which Vpr or control vector was expressed via lentiviral infection. Bs-receptor (33R) was expressed in just WT cells and not 3-less cells.
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mean + SD. Two-tailed, unpaired t tests for unequal variance were used. P < 0.05 was considered significant. *P < 0.05; **P < 0.01;
**xP < 0.001.

proteins in all fat depots isolated from the Vpr mouse
models were similar to those of the controls (Supple-
mentary Fig. 2).

Cold exposure increases serum catecholamines to
stimulate the mobilization of stored triglycerides in adi-
pocytes and accommodate energy demands in other tis-
sues. Catecholamine levels were not different within
different AT depots of Vpr-Tg compared with WT mice
at RT (Fig. 6F). However, after cold exposure for 6 h,
catecholamine levels were significantly upregulated in
iWAT of Vpr-Tg compared with WT mice (3,737 + 402
vs. 2,607 = 231 pg/mL, P = 0.04), but not in perigona-
dal WAT (2,788 + 553 vs. 2,422 + 869 pg/mL, P = 0.7)

or BAT (4,180 + 387 vs. 3,868 + 324 pg/mL, P = 0.5)
(Fig. 6G). Serum catecholamine concentrations were
not different in Vpr-Tg compared with WT mice (374 +
49 vs. 353 £ 29 pg/mL, P = 0.7) (Fig. 6H) at RT. After
exposure to 4°C for 6 h, serum catecholamine levels
were significantly elevated in Vpr-Tg compared with
WT mice (401 + 51 vs. 207 + 36 pg/mL; P = 0.01)
(Fig. 6H).

The cold-stimulated increase in the sympathetic drive
to iWAT raised the question of whether the upregulation
of UCP1 in that AT depot depends on 3-adrenergic signal-
ing. To this end, we investigated the effects of driving
Vpr expression using an inducible lentiviral construct in


https://doi.org/10.2337/figshare.14888103
https://doi.org/10.2337/figshare.14888103

diabetes.diabetesjournals.org

mature adipocytes derived from iWAT of WT mice or
B-less mice, which lack all three B-adrenergic receptors
(19). qPCR validated Vpr overexpression in mature adipo-
cytes derived from iWAT of WT mice or B-less mice (Fig.
6I). Upl mRNA expression was upregulated in mature
adipocytes derived from the subcutaneous fat of WT mice
and [-less mice expressing Vpr compared with rtta
(empty vector) (Fig. 6I). Similarly, we observed increased
mRNA expression of other key markers related to the
brown fat phenotype, including Pdk4, Dio2, and Ptgs2 in
WT cells and in B-less cells of mature adipocytes from
subcutaneous fat expressing Vpr compared with control-
treated differentiated adipocytes (Fig. 6I). As predicted,
only WT cells showed P3-adrenergic receptor expression
but not B-less cells (Fig. 6J). Levels of UCP1 protein and
that of the critical lipolytic enzyme ATGL were increased
in both WT cells and B-less cells expressing Vpr compared
with rtta (Fig. 6J). The increased levels of ATGL con-
firmed our previous finding in studies related to the upre-
gulation of AT lipolysis by Vpr (13). Indeed, Vpr-induced
UCP1 and ATGL levels were higher in the B-less cells
than in the WT cells, suggesting Vpr supplants (3-adrener-
gic signaling to upregulate the expression of these pro-
teins. These changes were not observed with lentiviral
expression of the control (rtta) vector in the respective
cell types. In contrast, but consistent with our previous
observations (13), Vpr expression reduced adiponectin
(ADIPOQ) protein levels in a B-adrenergic receptor-de-
pendent way (Fig. 6J).

DISCUSSION

Our findings demonstrate profound and unique HIV-1
Vpr-induced dysregulation of AT energy balance and ther-
mogenesis, along with structural and functional changes
in subcutaneous WAT that mirror those observed in
PLWH (5-9). Subcutaneous WAT in PLWH and, selec-
tively, iWAT of Vpr mice both demonstrate increased
UCP1 expression to similar extents compared with con-
trols, together with histological transformation of adipo-
cytes in these depots to a “beige” phenotype. Whereas
beiging of WAT usually improves metabolic efficiency and
insulin sensitivity (23-31), in the Vpr mice it is associated
with metabolic inefficiency and insulin resistance (12,13).
A similar paradox occurs in PLWH (6-8,11). In treated
HIV, viral persistence may drive these metabolic perturba-
tions independent of ART effects.

We have shown AT is a reservoir for HIV (32-34), and
Vpr causes differentiation defects in preadipocytes and
excessive lipolysis in adipocytes (13). Adipocyte differenti-
ation must engage lipogenesis and appropriately balance
lipolysis to sustain responsiveness to insulin and maintain
proper endocrine function. However, WAT from Vpr mice
does not respond to insulin appropriately to restrain lipol-
ysis and permit lipogenesis as needed to meet energy
demands (13). Recent studies indicate lipogenesis supplies
the fatty acid substrates required for UCP1-driven
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thermogenesis (35). Without this metabolic coupling, and
in the setting of hyper-lipolytic Vpr-affected adipocytes
(13), beige or brown AT do not perform thermogenesis
physiologically despite direct upregulation of UCP1
expression by Vpr. This phenomenon is most clearly
observed after cold exposure, when the Vpr mouse dis-
plays 1) increased fatty acid and lipid release; 2) inability
to maintain core body temperature; and 3) an almost
complete depletion of AT stores.

The current data explain the mechanism underlying
this paradox with regard to energy balance and thermo-
genesis. Recruitment of UCP1-positive cells in subcu-
taneous WAT increases VO, and energy expenditure in
rodents (10). At RT, Vpr mice demonstrate decreased VO,
compared with controls, despite increased physical activ-
ity during the light phase. When exposed to cold tempera-
ture, the Vpr mice increase VO, significantly less than the
control mice, a defect associated with a marked inability
to maintain core body temperature. The apparent discrep-
ancy between high UCP1 but not elevated thermogenesis
concurs with recent reports (36-38) that demonstrate the
presence of UCP1 may not uniformly support elevated
energy expenditure or exert therapeutic benefits (38).

Mammals engage an adaptive thermogenic response
through coordinated central and sympathetic nervous sys-
tem outflow to AT to generate heat from stored fatty acid
substrates and maintain body temperature. To this end,
AT nerve fibers supply catecholamines for activation of
B-adrenergic receptors and consequent UCP1 induction
for heat generation in beige adipocytes and BAT. Our
models suggest that Vpr expression increases sympathetic
tone and constitutively elevates lipolysis independent of
B-adrenergic receptor activity. Subcutaneous WAT of Vpr
mice shows unique and exclusive heightened Ucpl expres-
sion, but not of other canonical mRNA targets of brow-
ning, including Dio2 and Ptgs2. This phenomenon likely
reflects dissociated [-adrenergic receptor activity from
other known stimuli of browning, including thyroid hor-
mone (36).

Acute (3-adrenergic receptor activity stimulates the inter-
feron/Statl pathway and accumulates myeloid responses in
subcutaneous WAT of rodents (38). Along these lines,
hypermetabolic responses in PLWH and Vpr mouse models
couple aberrant lipolysis with myeloid immune cell infiltra-
tion (13). Chronic inflammation in WAT, as occurs in
PLWH (39-42), frequently causes insensitivity to catechol-
amines (39,43). Hence, we propose Vpr (and perhaps other
factors released by HIV-1) provokes a confluence of chronic
maladaptive thermogenesis and inflammatory responses in
WAT (13) that results in dyslipidemia and insulin resis-
tance in PLWH.

Our UCP1 data in PLWH differ somewhat from other
studies (6,8). Srinivasa et al. (8) described decreased UCP1
expression in 18 subcutaneous abdominal punch biopsy
specimens from PLWH being associated with longer ART
duration, particularly use of integrase strand transfer
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inhibitors (INSTIs), which are known to penetrate into AT
(44). A potential explanation for the difference may be
that whereas punch biopsy specimens procure superficial
WAT, our samples obtained by surgical excision were com-
posed of WAT from a deeper abdominal subcutaneous AT
layer. Deep subcutaneous AT has been associated with
greater metabolic and inflammatory activity than superfi-
cial subcutaneous AT (45). Our participants also differed
from those studied by Srinivasa et al. (8) in mean age, sex
distribution, and race/ethnicity. We do not have informa-
tion on ART use and duration of HIV from the PLWH
who provided our human samples. These differences pre-
clude direct comparison between the two studies.
Although our human control subjects were not matched
for sex with our PLWH participants, it is notable that the
predominately female control subjects would be expected
to have higher UCP1 levels in subcutaneous AT than the
predominantly male PLWH participants based on reported
sex differences in WAT UCP1 expression (46,47), yet
UCP1 levels in the AT of the PLWH were significantly and
quantitatively higher.

We previously established that Vpr mice develop a
striking fatty liver phenotype, driven by upregulation of
the enzymatic machinery that regulates de novo lipogene-
sis in the liver (12). Upregulated hepatic lipogenesis in
the face of excessive adipocyte lipolysis and inadequate
AT energy sequestration is a common feature of many
forms of lipodystrophy, including HIV-associated lipodys-
trophy (48,49). We have demonstrated that Vpr promis-
cuously activates transcription factors that regulate
lipolysis and lipogenesis in the periphery (12,13). The pre-
sent data support the concept that Vpr expression might
stimulate ATF2 and the CREB axis to permit constitutive
UCP1 expression in the face of persistent adrenergic
stress (50). Our results reinforce the model that Vpr
exerts multiple impacts on transcription factor networks
that ultimately couple maladaptive AT function to fatty
liver, dyslipidemia, and diabetes in PLWH.
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