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Hepatic Steatosis and Ectopic Fat
Are Associated With Differences in

Subcutaneous Adipose Tissue Gene

Expression in People With HIV

Curtis L. Gabriel,"? Fei Ye,® Run Fan,? Sangeeta Nair,4]ames G. Terry,4John Jeffrey Carr,* Heidi Silver,"” Paxton Baker,’
LaToya Hannah,” Celestine Wanjaﬂa,2’8 Mona Mashayekhi,7 Sam Bailin,® Morgan Lima,? Beverly Woodward,? Manhal Izzy .
Jane F. Ferguson,9 and John R. Koethe?**

Persons with human immunodeficiency virus (PWH) have subcutaneous adipose tissue (SAT) dysfunction related to
antiretroviral therapy and direct viral effects, which may contribute to a higher risk of nonalcoholic fatty liver disease
compared with human immunodeficiency virus—negative individuals. We assessed relationships between SAT expres-
sion of major adipocyte regulatory and lipid storage genes with hepatic and other ectopic lipid deposits in PWH. We
enrolled 97 PWH on long-term antiretroviral therapy with suppressed plasma viremia and performed computed to-
mography measurements of liver attenuation, a measure of hepatic steatosis, skeletal muscle (SM) attenuation, and the
volume of abdominal subcutaneous, visceral, and pericardial adipose tissue. Whole SAT gene expression was measured
using the Nanostring platform, and relationships with computed tomography imaging and fasting lipids were assessed
using multivariable linear regression and network mapping. The cohort had a mean age of 47 years, body mass index
of 33.4 kg/mz, and CD4 count of 492 cells/mm°. Lower liver attenuation, a marker of greater steatosis, was associated
with differences in SAT gene expression, including lower lipoprotein lipase and acyl-CoA dehydrogenase, and higher
phospholipid transfer protein. Lower liver attenuation clustered with lower visceral adipose tissue (VAT) attenuation
and greater VAT volume, pericardial fat volume and triglycerides, but no relationship was observed between liver at-
tenuation and SAT volume, SM attenuation, or low-density lipoprotein. Conclusion: Liver attenuation was associated
with altered SAT expression of genes regulating lipid metabolism and storage, suggesting that SAT dysfunction may
contribute to nonalcoholic fatty liver disease in PWH. SAT gene-expression relationships were similar for VAT vol-
ume and attenuation, but not SM, indicating that ectopic lipid deposition may involve multiple pathways. (Hepatology
Communications 2021;5:1224-1237).

iver discase has emerged as the second most United States.") The development of nonalcoholic
common cause of death in persons with human  fatty liver disease (NAFLD) and its sequelae com-

immunodeficiency virus (HIV) (PWH) in the prise a significant share of liver-related morbidity
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and mortality among PWH. The rising burden of
NAFLD is part of a growing increase in cardiometa-
bolic diseases, including hypertension, hyperlipidemia,
and type 2 diabetes in an aging HIV population that
is also becoming more overweight and obese.?”® The
global prevalence of NAFLD was estimated at 25%
in 2016, whereas the global prevalence of NAFLD
among PWH specifically was estimated at 35% in a
2017 meta-analysis./ NAFLD occurs at a lower body
mass index (BMI) and in the setting of greater phys-
ical activity in PWH compared with HIV-negative
persons,(g) and PWH with NAFLD develop steato-
hepatitis and hepatic fibrosis at higher rates.>

The increased prevalence of NAFLD among PWH
is multifactorial, but impaired subcutaneous adipose
tissue (SAT) lipid storage may contribute to the accu-
mulation of ectopic lipid deposits in liver, visceral
adipose tissue (VAT), the heart and skeletal muscle
(SM), and other organs. SAT constitutes the body’s
primary lipid storage depot, and research in the obe-
sity field has demonstrated the malleability of SAT
and the consequences of disrupted adipocyte cellular
regulation and energy storage for metabolic health.”’
Both HIV per se and antiretroviral medications can
affect adipose tissue quantity, distribution, and con-
tribution to metabolic homeostasis through effects on
adipocytes and stromal vascular cells."®? Fibrosis
and inflammation in the SAT of PWH impair normal
energy storage and promote a state of excess circulat-
ing lipids that accumulate in other compartments that
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are less susceptible to HIV-related dysregulation, such
as VAT.1?

Computed tomography (CT) imaging is a non-
invasive tool to estimate ectopic lipid deposition
in the liver and SM, and to assess the volume
and structure of adipose tissue depots. CT radia-
tion attenuation—measured in Hounsfield units
(HU)—is used to characterize the density of these
compartments. Lower liver and SM attenuation
correlates with higher tissue lipid content, and an
attenuation of 40 HU predicts approximately 30%
hepatic fat content, depending on the normalization
method used.>'¥ Furthermore, SAT attenuation
correlates with adipocyte size and lipid content, and
the volume of pericardial adipose tissue (PAT), SAT,
and VAT depots is associated with higher cardiovas-
cular disease (CVD), diabetes, and NAFLD risk in
HIV-negative persons.(ls_lg)

Although a link between lipoatrophic SAT and
NAFLD was recognized early in the antiretroviral
therapy (ART) era,"? the specific changes in SAT
gene expression accompanying hepatic steatosis
among PWH on modern treatment regimens are not
well understood. Furthermore, it is unclear whether
hepatic steatosis, VAT expansion, cardiac and SM
lipid deposition derive from similar changes in adi-
pocyte gene expression, or whether each reflects
unique perturbations. Relationships between ecto-
pic depots are not well characterized, and it is not
known whether hepatic lipid content is proportional
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to the volume and/or attenuation of other tissue
compartments in PWH. We hypothesized that VAT
volume and liver attenuation (as a marker of hepatic
lipid infiltration) reflected a common profile of
SAT dysfunction in PWH, which was not shared
by other tissues prone to fat accumulation. To this
end, we assessed the expression of multiple subcuta-
neous adipocyte regulatory and energy metabolism
and storage genes in relation to ectopic lipid depo-
sition in a cohort of PWH on long-term ART with

sustained viral suppression.

Materials and Methods

STUDY POPULATION AND DESIGN

Adult PWH were recruited from the Vanderbilt
Comprehensive Care Clinic between August 2017
and November 2019. Participants were on ART com-
bination therapy for 218 months, with a minimum of
12 months of sustained suppression of plasma vire-
mia at enrollment, and had no known inflammatory
or rheumatologic conditions. Exclusion criteria were
self-reported heavy alcohol use (>11 drinks/week),
known cirrhosis, active hepatitis B or C, cocaine or
amphetamine use, and use of corticosteroids or growth
hormones. Participants provided written, informed
consent, and the study was approved by the Vanderbilt
University Institutional Review Board (ClinicalTrials.
gov Identifier: NCT04451980).

ADIPOSE TISSUE BIOPSY

Abdominal adipose tissue biopsies were performed
in the morning in the fasted state. SAT was col-
lected about 3 c¢m to the right of the umbilicus using a
2.1-mm blunt side-ported liposuction catheter (Tulip
CellFriendly GEMS Miller Harvester, Tulip Medical
Products, San Diego, CA) after anesthetizing the
skin with lidocaine and infiltrating 40 mL of sterile
saline and lidocaine as tumescent fluid.*” Tissue was
aspirated into a 40-cc syringe, immediately placed in
40-50 cc of cold saline, and mixed to rinse. Visible
blood vessels or clots were removed, and the sample
was transferred to a 70-um mesh filter for repeated
saline rinses on ice with constant stirring. SAT was
aliquoted into 1-mL vials and snap-frozen in liquid
nitrogen.
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RNA EXPRESSION ANALYSIS

Total RNA was extracted after mechanical lysis
of the SAT aliquots with the Qiagen RNeasy Lipid
Tissue Kit (Germantown, MD). mRNA expres-
sion levels were measured using an nCounter Plex
(Nanostring, Seattle, WA) custom panel containing
probes for 77 genes specific to adipocyte cellular
regulation and lipid metabolism. mRNA expres-
sion was normalized to housekeeping genes and
controlled with 14 synthetic spike-ins. The coeffi-
cient of variation (CV) of the positive controls is
proportional to the technical variability introduced
by the nCounter platform. The CV for the house-
keeping controls is proportional to the confounding
biological variation due to sample input. The mean
endogenous CV shows the global noise of experi-
mentally observed genes. We developed a normal-
ization strategy based on CV wvalues that includes
the following steps. First, background count levels
were calculated using the mean of negative con-
trols and then subtracted from each sample. The
normalization factor for sample/RNA content was
then calculated using the geometric mean of a set
of prespecified annotated housekeeping genes. The
algorithm was normalized for sample or RNA con-
tent (“pipetting” fluctuations) using the geometric
mean of prespecified annotated housekeeping genes.
Finally, the count data were then divided by the
normalization factor to generate counts normalized
to the geometric mean of housekeeping genes.

CT IMAGING

All CT imaging was performed on a Siemens
Somatom Force multidetector scanner (Erlangen,
Germany). Separate noncontrast electrocardiogram-
gated thorax (top of the aortic arch through the lung
base) and abdominal (diaphragm to lumbosacral junc-
tion) scans were performed using a scanning proto-
col and image interpretation approach previously
described.?' Abdominal SAT and VAT volumes
were measured within a 10-mm block of images con-
sisting of eight images, 1.25-mm thick, at the L4-5
(21.23) using Osirix software.

Total abdominal SM (psoas, quadratus lumborum,
transversus abdominis, external and internal obliques,
and rectus abdominis) mass and radiodensity were
calculated at L4-L5 using an automated segmentation

vertebrae
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software developed at the University of Alberta.*

Tissue radiodensity was quantified using the HU
scale, in which water has a value of 0 HU and air has
a value of -1,000 HU. Shape modeling was used for
SM analysis to segment out SAT at -190 HU to -30
HU and VAT at -150 HU to -50 HU. The muscle,
SAT, and VAT regions were expanded to capture pix-
els near region borders. Final segmentation of each
region was performed by taking only pixels in the
valid HU range for each tissue. Images with abnor-
mal muscle shapes were corrected manually by trained
staft of the Vanderbilt Diet, Body Composition, and
Human Metabolism Core.

Liver fat was analyzed using open-source OsiriX
software custom-programmed subroutines.®” Images
at T12-L1 were used to identify the liver below the
right diaphragm corresponding to superior aspects of
the right and medial lobes or hepatic segments 4a, 7,
and 8 using the Couinaud system. Three regions of
interest were measured within homogenous portions
of the liver on each of three different CT slices, and
liver attenuation was averaged from the nine total
regions.

PAT volume was measured within a 45-mm block
of images spanning 15 mm above and 30 mm below
the superior extent of the left main coronary artery,
which includes the adipose tissue located around the
epicardial coronary arteries (left main coronary, left
anterior descending, right coronary, and circumflex
arteries) as well as the epicardial and PAT around

the coronary arteries, as previously described in
detail,?>20)

PLASMA LIPIDS

Fasting plasma high-density lipoprotein (HDL),
low-density lipoprotein (LDL), and triglycerides
were measured using the selective enzyme hydrolysis

method (Abbott, Chicago, IL).

STATISTICS AND DATA
VISUALIZATION

Spearman correlation coefficients () were calcu-
lated for tissue lipid depots and fasting plasma lip-
ids using SPSS statistical software, and heatmaps
were created using the “ComplexHeatmap” R pack-
age. All genes were assessed in a multivariable setting.
Linear regression models were used to estimate the
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association between SAT gene expression to plasma
lipid levels or tissue characteristics on CT. Models
were adjusted for age, sex, race, BMI, diabetes status,
CD4" T-cell count at clinic enrollment or ART ini-
tiation, duration of ART, prior exposure to thymidine
analogues (i.e., azidothymidine [AZT] or stavudine
[d4T]), ART regimen class, and analysis batch. Gene-
expression data were log,-transformed to improve
normality before model fitting. False discovery rate
(FDR)—adjusted P values were reported to account for
multiple testing and were derived from the total 77
gene probes included in the assay, as opposed to the
number of measured genes in specific pathways (as
many pathways overlap).

A network diagram between gene expression and
lipid variables, as well as CT scan variables, was
created with Cytoscape software™” to visualize the
multidimensional interaction network. Genes with a
nominal P value < 0.05 were included in the dia-
gram to visualize the network. Nodes with smaller
betweenness centrality have smaller sizes and
brighter color. Edge size was based on statistical sig-
nificance of the association between each CT/lipid
variable and gene estimated in the linear regression
models, adjusted for demographic variables, clinic
variables, and batch effect. The edges are darker
and larger for more significant results. A heatmap
correlates gene expression with fasting lipids and
CT characteristics of tissue lipid depots based on
Spearman’s correlations. Hierarchal clustering was
used for row characteristics.

Results

COHORT CLINICAL
DEMOGRAPHICS

Of the 97 participants, 75 (77%) were male and
52 (54%) were Caucasian (Table 1). The mean age
was 47 years and mean BMI was 33.4 + 6.3 kg/m’.
Female participants had higher BMI (P = 0.02),
greater SAT volume (P < 0.005), lower SM attenua-
tion (P < 0.005), and higher HDL levels (P = 0.004).
There were no significant differences between males
and females by age, CD4" T-cell count, duration of
ART, LDL-cholesterol, triglycerides, liver attenuation,
VAT volume, VAT attenuation, PAT volume, or SAT

attenuation.
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TABLE 1. DEMOGRAPHIC CHARACTERISTICS OF PATIENT COHORT

Female (n = 22) Male (n=75) Combined (n=97)

Demographics and clinical characteristics
Age, years 46 +10 47 £12 47 £ 11
Race

African American, % (n) 55% (12) 36% (27) 40% (39)

Caucasian, % (n) 36% (8) 59% (44) 54% (52)

Other, % (n) 9% (2) 5% (4) 6% (6)
BMI, (kg/m?) 36.1+8.7 32.6*+5.3 334263
CD4 count at start of ART or clinic enroliment, cells/mm® 547 + 362 476 + 235 492 + 269
Duration of ART, years 8.3+5.1 9071 8.8+6.7
Recorded exposure to AZT or d4T

Yes (n) 23% (5) 13% (10) 15% (15)

No (n) 77% (17) 87% (65) 85% (82)

ART regimen at time of study enroliment

NNRTI and NRTI 5% (1) 19% (14) 15% (15)

Integrase inhibitor and NRTI 64% (14) 55% (41) 57% (55)

Integrase inhibitor and protease inhibitor 5% (1) 4% (3) 4% (4)

Protease inhibitor and NRTI 14% (3) 11% (8) 1% (11)

Other 14% (3) 12% (9) 12% (12)
Diabetes status

Insulin sensitive (n) 32% (7) 40% (30) 38% (37)

Prediabetic (n) 36% (8) 35% (26) 35% (34)

Diabetic (n) 32% (7) 25% (19) 27% (26)
Lipids and lipoproteins
Fasting triglyceride, mg/dL 154.7 £96.3 180 +152.5 1743 +141.6
Fasting HDL, mg/dL 548"+ 18.0 43.3"+£155 459+16.7
Fasting LDL, mg/dL 107.6 £25.6 101.6 +37.4 103.0+ 35
Adipose tissue, muscle and liver volume, and attenuation
Visceral fat volume, cm® 155.1+£81.5 184.3+98.3 177.9+95.3
Pericardial fat volume, cm® 73.6 +62.9 73.8+49.2 73.7 +52.2
Subcutaneous fat volume, cm® 4917+ 168 323"+ 124 360 + 151
Subcutaneous fat attenuation, HU -100.4 £ 5.5 -98.5+6.6 98964
SM atfenuation, HU 332+ 6.4 409'+5.4 39.2+6.5
Visceral fat attenuation, HU -97.8+5.3 —97.6+6.3 -97.7+6.0
Liver attenuation, HU 61.6+9.1 60.6+9.9 60.8+9.7

Note: Student # test was used to measure lab values and lipid depots of male and female participants. Diabetes status was defined as fol-
lows: insulin sensitive, HbAlc < 5.7 or FBG < 100 mg/dL; prediabetic, HbAlc 5.7%-6.4% and/or FBG 100-126 mg/dL, HbAlc > 6.4%,

and/or FBG 2 126 mg/dL and on diabetes medications.
*P < 0.05.
P <0.005.

Abbreviations: FBG, fasting blood glucose; HbAlc, hemoglobin Alc; NNRTI, non-nucleoside reverse transcriptase inhibitors; NRTT,

nucleoside analog reverse-transcriptase inhibitors.

RELATIONSHIPS AMONG BM]I,
FASTING LIPIDS, ADIPOSE
DEPOT VOLUMES, AND TISSUE
ATTENUATION

Relationships among plasma lipids, adipose tissue
depot size, and tissue density are shown in Fig. 1.
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Lower liver attenuation was associated with greater
VAT volume (7, = -0.48), PAT volume (r, = -0.29),
triglycerides (r, = -0.35), and BMI (r, = -0.40). Higher
liver attenuation was associated with higher VAT
attenuation (r, = 0.434), and HDL level (r, = 0.395).
There were no significant associations between liver
attenuation and SAT volume, SAT attenuation, or
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FIG. 1. Relationships among BMI, fasting lipids, and adipose tissue depot size and density. Spearman correlation coefficients between
tissue density (HU), tissue volume, fasting plasma lipids, and BMI in 97 PWH. <P < 0.05, **P < 0.01. Abbreviation: TG, triglyceride.

SM attenuation. However, VAT attenuation positively
correlated with SAT attenuation (r, = 0.472) and
negatively correlated with VAT volume (r, = -0.539).
VAT volume was positively associated with PAT vol-
ume (7, = 0.689) and triglycerides (7, = 0.429).

SAT GENE-EXPRESSION PATTERNS
RELATED TO ECTOPIC LIPID
DEPOTS AND PLASMA LIPIDS

Relationships of SAT genes specific to adipocyte
regulation and lipid metabolism with tissue lipid
depots are shown in Fig. 2. Liver attenuation, VAT
attenuation, and HDL were associated with similar
SAT gene-expression profiles.

Genes with nominal P values of < 0.05 are ranked
for tissues and plasma lipids in Tables 2 and 3, respec-
tively. These tables also include FDR-adjusted P val-
ues based on the total of 77 gene probes included in
the assay, rather than the number of measured genes

in specific pathways. There were significant associa-
tions, based on nominal P values, between SAT gene
expression and SAT attenuation, VAT attenuation,
VAT volume, liver attenuation, and plasma lipids.
Lower liver attenuation was associated with higher
expression of phospholipid transfer protein (PLTP),
but lower expression of acyl-coenzyme A dehydro-
genase medium (ACADM), adiponectin (4DIPOQ),
and lipoprotein lipase (LPL). Lower VAT attenu-
ation was also associated with lower expression of
ADIPOQ, LPL and ACADM, and higher expres-
sion of leptin (LEP) and oxidized LDL receptor 1
(OLR1). Greater VAT volume was associated with
higher SAT expression of PLTP, and lower LPL
and peroxisome proliferator activated receptor delta
(PPARD) expression.

Higher circulating triglycerides and lower HDL
were both associated with lower SAT expression of
ACADM, ADIPOQ, and fatty acid synthase (F4SN)

expression. Finally, higher LDL levels were associated
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FIG.2. Correlation of SAT gene expression with fasting lipids, adipose tissue depot size, or tissue density. Heatmap showing relationships
between whole adipose tissue gene expression (columns) with fasting lipids and CT characteristics of tissue depots (rows) using adjusted
Spearman correlations. Models were adjusted for age, sex, race, BMI, diabetes status, CD4 count at clinic enrollment, duration of ART,
exposure to AZT or d4T antiviral therapy, and batch effect (see Supplementary Material).

with lower SAT expression of PRARD, insulin recep-
tor, glucose transporter type 4 (SLC2A4), fatty acid
binding protein 5 (FABP5), 3-phosphoinositide
dependent protein kinase 1, and phosphoenolpyruvate
carboxykinase 2.

LIVER ATTENUATION AND
VISCERAL FAT ATTENUATION ARE
CLOSELY RELATED ON NETWORK
ANALYSIS

A network diagram of tissue compartments and
plasma lipids, linked by genes with a nominal P
value < 0.05, is shown in Fig. 3. Liver attenuation
closely clustered with VAT attenuation, plasma tri-
glycerides, and HDL based on shared expression of
FASN, ADIPOQ, and ACADM,; the positioning of
SAT volume is principally due to shared ADIPOQ
expression. There were no strong linkages among
SAT attenuation, PAT volume, VAT volume, fasting
LDL, or SM attenuation with liver attenuation or
VAT attenuation.

Discussion

Over 1.1 million people in the United States are
living with HIV,?® and as these individuals survive
decades on effective ART they are at higher risk of
developing NAFLD and other metabolic diseases
compared with the general population."® PWH
with hepatic steatosis also develop steatohepatitis and
hepatic fibrosis at higher rates than HIV-negative

1230

persons with NAFLD,(S’G) which further increases
morbidity and mortality through the complications
of cirrhosis and hepatocellular carcinoma. In this
study, we used CT imaging to quantify the volume
and attenuation of adipose tissue and attenuation of
SM and liver in a cohort of PWH with long-term
plasma viral suppression on modern ART regimens.
These CT-derived characteristics were associated
with differences in SAT adipose gene expression.
Impaired adipose tissue energy storage and regu-
lation plays a key role in the pathogenesis of the
metabolic syndrome and NAFLD in HIV-negative

persons,(29) and this effect can be potentiated in

PWH®? due to HIV and ART-related changes in
adipose tissue distribution, cellular composition, and
adipocyte function. PWH are prone to developing
lipodystrophy characterized by lipoatrophy of SAT
and lipohypertrophy of VAT,®" and there is emerg-
ing evidence that adipose tissue attenuation in dif-
ferent depots can provide information on adipocyte
size and adipose tissue structure—features that are
associated with the risk of cardiovascular comorbid-
ities. Specifically, Lee et al. showed that VAT and
SAT attenuation had differing relationships with
circulating markers of CVD risk in HIV-negative
persons. %33

SAT is an important HIV reservoir, and latently
infected CD4" T cells and macrophages release viral
proteins that decrease adipocyte expression of major
transcription factors critical to cellular function,
such as peroxisome proliferator-activated receptor y
(PPARG).®? Alteration in critical transcription factors
results in reduced expression of lipid storage genes,
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TABLE 2. SIGNIFICANT SAT GENES ASSOCIATED WITH ECTOPIC LIPID DEPOT SIZE AND DENSITY

Gene Name or Alias Function PValue  p,y Value  Estimate
Visceral fat volume
PLTP Phospholipid transfer protein Lipid transport <0.001 0.013 0.0053
LPL Lipoprotein lipase Triglyceride mefabolism 0.006 0.17 —0.0028
HMGCS2 3-hydroxy-3-methylglutaryl-CoA synthase 2 Cholesterol synthesis and ketogenesis 0.006 0.17 -0.0211
ACSL6 Acyl-CoA synthetase long-chain family Fatty acid synthesis 0.001 0.19 -0.0117
member 6
APOC3 Apolipoprotfein C3 Triglyceride mefabolism 0.02 0.24 -0.0156
FABP7 Fatty acid binding protein 7 Fatty acid transport 0.02 0.24 -0.0173
SCD5 Stearoyl-CoA desaturase 5 Fatty acid metabolism 0.04 0.35 0.0097
SCL27A5 Solute carrier family 27 member 5 Bile acid metabolism and fatty acid 0.04 0.35 -0.0173
synthesis
PPARD Peroxisome proliferator activated receptor Fatty acid metabolism 0.04 0.35 0.0142
delta
PLINT Perilipin 1 Adipocyte lipid metabolism 0.049 0.35 -0.0018
Pericardial fat volume
SERPINET Serpin family E member 1 Plasminogen activator 0.001 0.33 0.0285
CPTIC Carnitine palmitoyltransferase 1C Fatty acid oxidation 0.01 0.33 0.0322
OLRT Oxidized low-density lipoprotein receptor 1 Lipid metabolism 0.02 0.33 0.035
ME1 Malic enzyme 1 Fatty acid synthesis 0.02 0.33 0.0267
FABP6 Fatty acid binding protein 6 Fatty acid transport 0.03 0.39 0.0216
SLC27A4 Solute carrier family 27 member 4 Fatty acid transport 0.04 0.39 0.0236
MMP1 Matrix metallopeptidase 1 Collagen cleavage 0.04 0.39 —0.0253
RXRB Retinoid X receptor beta Retinoic acid, thyroid hormone and vitamin 0.04 0.39 0.0224
D signaling
ACSL4 Acyl-CoA synthetase long chain family Fatty acid metabolism 0.046 0.39 0.0225
member 4
Subcutaneous fat
volume
CYP8BI1 Cytochrome P450 family 8 subfamily B Lipid synthesis 0.006 0.31 0.0128
member 1
ACAAT Acetyl-CoA acyltransferase 1 Fatty acid oxidation 0.008 0.31 —0.002
CPTIC Carnitine palmitoyltransferase 1C Lipid metfabolism 0.02 0.31 0.0130
DBI Diazepam binding inhibitor, acyl-CoA binding  Lipid metabolism 0.02 0.31 -0.0022
protein
CYP4AT1 Cytochrome P450 family 4 subfamily A Fatty acid metabolism 0.02 0.31 0.0141
member 11
FABP7 Fatty acid binding protein 7 Fatty acid fransport 0.03 0.31 0.0113
ADIPOQ Adiponectin, C1Q, and collagen domain Energy homeostasis 0.04 0.31 -0.0011
confaining
LEP Leptin Energy homeostasis 0.04 0.31 0.002
FABP2 Fatty acid binding protein 2 Fatty acid transport 0.04 0.31 0.0122
FABP1 Fatty acid binding protein 1 Fatty acid transport 0.04 0.31 0.0083
SCD5 Stearoyl-CoA desaturase 5 Fatty acid metabolism 0.04 0.31 —0.0065
Subcutaneous fat
attenuation
LEP Leptin Energy balance <0.001 0.03 —0.0488
OLR1 Oxidized low-density lipoprofein receptor 1 Lipid metabolism 0.004 0.14 -0.2612
Gk2 Glycerol kinase 2 Glycerol synthesis 0.01 0.26 0.2137
SLC27A5 Solute carrier family 27 member 5 Bile acid metabolism and fatty acid 0.04 0.63 0.1877
synthesis
GLPIR Glucagon like peptide 1 receptor Insulin secretion, adipose tissue 0.04 0.63 0.1775

metabolism
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TABLE 2. Continued

Gene Name or Alias Function PValue  pyy Value  Estimate
SM attenuation
SCD Stearoyl-CoA desaturase Fatty acid synthesis 0.02 0.45 -0.1625
SLC27A6 Fatty acid transport protein 6 Fatty acid fransport 0.03 0.45 -0.2276
RXRB Retinoid X receptor beta Retinoic acid, thyroid hormone and vitamin 0.03 0.45 -0.230
D signaling
SLC27A2 Very long-chain acyl-CoA synthetase Fatty acid synthesis 0.04 0.45 -0.2984
FABP1 Fatty acid binding protein 1 Fatty acid transport 0.049 0.45 -0.1876
Visceral fat attenuation
LEP Leptin Energy homeostasis <0.001 <0.001 —-0.0703
ADIPOQ adiponectin, ¢1q, and collagen domain Energy homeostasis <0.001 0.005 0.0321
confaining
OLR1 oxidized low density lipoprotein receptor 1 Lipid metabolism 0.001 0.04 -0.3198
ACADM Acyl-CoA dehydrogenase medium chain Fatty acid oxidation 0.002 0.04 0.0272
FASN Fatfty acid synthase Fatty acid synthesis 0.009 0.12 0.0626
SLC27A2 Very long-chain acyl-CoA synthetase Fatty acid synthesis 0.009 0.12 0.280
FABPS Fafty acid binding protein 5 Fatty acid transport 0.01 0.14 0.0246
LPL Lipoprotein lipase Triglyceride mefabolism 0.02 0.15 0.0295
PLTP Phospholipid transfer protein Lipid fransport 0.02 0.19 -0.039
APOC3 Apolipoprotein C3 Triglyceride metabolism 0.04 0.30 0.159
Liver attenuation
PLTP Phospholipid fransfer protein Lipid fransport <0.001 0.008 —0.0388
ACADM Acyl-CoA dehydrogenase medium chain Fatty acid oxidation 0.001 0.02 0.0178
LPL Lipoprotein lipase Triglyceride metabolism 0.001 0.02 0.0247
APOC3 Apolipoprotein C3 Triglyceride metfabolism 0.005 0.09 0.130
ADIPOQ Adiponectin, C1Q, and collagen domain Energy homeostasis 0.009 0.10 0.0137
confaining
FABP7 Fatty acid binding protein 7 Fatty acid transport 0.009 0.10 0.137
FASN Fatty acid synthase Fatty acid synthesis 0.009 0.10 0.0377
SLC27A5 Solute carrier family 27 member 5 Bile acid metabolism and fafty acid 0.01 0.13 0.149
synthesis
CYP7AT Cytochrome P450 family 7 subfamily A Lipid synthesis 0.03 0.21 0.118
member 1
PLINT Perilipin 1 Adipocyte lipid metabolism 0.03 0.21 0.0147
ACSLIT Acyl-CoA synthetase long chain family Fatty acid oxidation 0.03 0.24 0.0183
member 1
UBC Ubiquitin C Cellular homeostasis 0.04 0.27 0.0917
FABP1 Fatty acid binding protein 1 Fatty acid transport 0.048 0.28 0.085

Note: Genes with nominal P value < 0.05 were included in the table. Gene name and general function are listed. Models were adjusted
for age, sex, race, BMI, diabetes status, CD4+ T-cell count at clinic enrollment or ART initiation, duration of ART, prior exposure to
thymidine analogue (i.e., AZT or d4T), ART regimen class, and assay batch. FDR-adjusted P values are based on the total 77 gene probes
included in the assay rather than the number of measured genes in specific pathways.

reduced expression of adipokines important for insu-
lin sensitization, and other endocrine functions, and
increased expression of pro-inflammatory cytokines.*”
HIV proteins also promote increased production of
extracellular matrix components (e.g., collagen I, VI,
and fibronectin) by adipocytes and their precursors.(%)

Exposure to antiretroviral agents further impairs
subcutaneous adipocyte function. Although many
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studies are from the era of prevalent ART-induced
peripheral lipoatrophy,(37’38) a more recent study of
modern agents found varying degrees of toxicity, even
in those without clinically apparent lipoatrophy.®”
Major features of lipoatrophic SAT are decreased
expression of transcription factors PPARG, CCAAT-
enhancer-binding protein-a, sterol regulatory element-
binding protein-1, and target genes regulating fatty
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TABLE 3. SIGNIFICANT SAT GENES ASSOCIATED WITH FASTING PLASMA LIPIDS

Gene Name or Alias Function PValue  p Value  Estimate
Fasting triglycerides
ACSL1 Acyl-CoA synthetase long chain family member 1 Fatty acid oxidation 0.002 0.14 —-0.002
LPL Lipoprotein lipase Triglyceride metabolism 0.01 0.40 -0.0014
FASN Fatty acid synthase Fatty acid synthesis 0.02 0.40 —-0.0025
ACADM Acyl-CoA dehydrogenase medium chain Fatty acid oxidation 0.02 0.40 —0.0009
ADIPOQ Adiponectin, C1@Q, and collagen domain containing Energy homeostasis 0.04 0.58 —0.0008
Fasting HDL
ACADM Acyl-CoA dehydrogenase medium chain Fatty acid oxidation <0.001 0.003 0.0127
ACSL]T Acyl-CoA synthetase long chain family member 1 Fatty acid oxidation <0.001 0.01 0.0176
FASN Fatty acid synthase Fafty acid synthesis <0.001 0.01 0.0295
ADIPOQ adiponectin, C1Q, and collagen domain containing Energy Homeostasis 0.002 0.04 0.0096
SLC2A4 Glucose transporter type 4 Glucose transport 0.007 0.10 0.0534
SLC27A6 Fatty acid transport protein 6 Fatty acid transport 0.008 0.10 0.0751
SLC27A2 Very long-chain acyl-CoA synthetase Fatty acid synthesis 0.046 0.51 0.0776
Fasting LDL
PDPK1 3-phosphoinositide dependent protein kinase 1 Energy homeostasis <0.001 <0.001 -0.0275
INSR Insulin receptor Insulin signaling <0.001 0.001 -0.026
SLC2A4 Glucose transporter type 4 Glucose transport <0.001 0.002 —0.0342
FABP5 Fatty acid binding protein 5 Fafty acid transport 0.001 0.03 —0.0049
PCK2 Phosphoenolpyruvate carboxykinase 2, mitochondrial Glucose metabolism 0.003 0.049 —-0.0307
RXRG Retinoid X receptor gamma Retinoic acid signaling 0.004 0.05 -0.037
NRTH3 Nuclear receptor subfamily 1T group H member 3 Retinoic acid signaling 0.006 0.06 —0.0243
PLINT Perilipin 1 Adipocyte lipid metabolism 0.006 0.06 0.00480
ACSL3 Acyl-CoA synthetase long chain family member 3 Fatty acid synthesis 0.02 0.14 -0.0289
CPTIB Carnitine palmitoyltransferase 1B Fatty acid oxidation 0.02 0.16 -0.0317
PPARD Peroxisome proliferator activated receptor delta Fatty acid metabolism 0.04 0.29 -0.0273
SLC27A4 Solute carrier family 27 member 4 Fatty acid transport 0.046 0.29 —0.0265

Note: Genes with nominal P value < 0.05 were included in this table. Gene name and general gene function are listed. Models were ad-
justed for age, sex, race, BMI, diabetes status, CD4" T-cell count at clinic enrollment or ART initiation, duration of ART, prior exposure to
thymidine analogue (i.e., AZT or d4T), ART regimen class and assay batch. FDR-adjusted P values are based on the total 77 gene probes
included in the assay rather than the number of measured genes in specific pathways.

acid and glucose metabolism (e.g., LPL, glucose
transporter type 4).“” More recently, SAT and VAT
from PWH on integrase strand transfer inhibitor—
based ART were found to have greater tissue fibro-
sis compared with persons on non-nucleoside reverse
transcriptase-based ART.®”

Although most studies in HIV-negative persons
rely on adipose tissue volume or area, attenuation may
be a better indicator of tissue quality and function in
people with clinically apparent or subclinical lipodys-
trophy, including PWH. Lower SAT attenuation was
shown to be reflective of increased adipocyte size in
PWH,(41) and lower attenuation was associated with
prior exposure to ART regimens containing thymi-
dine analogues.*” The clinical significance of adipose
tissue density in PWH has not been clearly defined,

but may reflect fibrosis or local inflammation. Lake
et al. showed that greater SAT and VAT attenua-
tion was associated with higher levels of circulatin
inflammatory cytokines, independent of tissue area.®
Conversely, another group showed that lower SAT and
VAT attenuation was associated with higher levels of
plasma inflammatory cytokines.*” Unfortunately, our
Nanostring panel did not include markers of inflam-
mation, and we are unable to relate indices of VAT
and SAT density to tissue inflammation.

CT imaging has previously been used to delineate
relationships between VAT and SAT attenuation and
volume with the risk of CVD, hypertension, diabe-
tes, and NAFLD in HIV-negative persons.(ls_lg)
However, there are limited data relating adipose tissue
characteristics and metabolic disease in PWH, and to
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our knowledge, none that relate these characteristics
to adipose gene expression. We found that lower liver
attenuation (a surrogate marker of higher hepatic ste-
atosis) was most closely correlated with greater VAT
volume and lower VAT attenuation in our cohort of
PWH on long-term ART. However, there was no
significant relationship between liver attenuation and
SAT attenuation or volume. Although SAT char-
acteristics derived from CT did not correlate with
liver attenuation, we identified a specific SAT gene-
expression profile that was associated with a greater
degree of hepatic steatosis, as measured by liver atten-
uation. Increased expression of LPL and ACADM was
associated with higher liver attenuation (less steatosis)

1234

after FDR adjustment, whereas PLTP expression was
inversely associated with liver attenuation. Higher
FASN and ADIPOQ expression were also associated
with higher liver attenuation, but not after FDR
adjustment. However, it should be noted that the
FDR-adjusted P values were derived using the total
77 gene probes included in the assay, as opposed to
the number of measured genes in specific pathways
(given that many of the pathways overlap).
Adiponectin suppresses adipocyte lipolysis and
stimulates hepatic fatty acid oxidation, which pro-
motes lipid homeostasis through lipid storage in the
adipocyte and fatty acid disposal in the liver.* Gelpi
et al. showed that higher plasma adiponectin levels
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in PWH were associated with higher VAT density—
independent of VAT area. Reduced levels of LPL, an
enzyme necessary for cellular lipid uptake of fatty
acids from the bloodstream, is associated with hyper-
triglyceridemia, obesity, and metabolic syndrome.®
FASN, a key component of the de mowvo lipogenesis
pathway, further promotes the storage of lipids in
adipose tissue.*” We hypothesize that this gene-
expression profile contributes to a lipid “spillover”
from the SAT to the liver, in which triglyceride stor-
age in SAT is impaired through lower activity of LPL
and increased lipolysis. Overall, these results empha-
size the role of SAT function in the pathogenesis of
NAFLD in PWH.

Our analysis highlighted several genes that have
previously been associated with metabolic disease
or lipodystrophy in PWH. Polymorphisms in LPL
were shown to be protective against dyslipidemia in
PWH,(48) whereas HDL-associated PLTP protein
levels were shown to be positively correlated with
viral load and neégatively correlated with CD4"™ T-cell
counts in PWH.® Finally, HIV infection was previ-
ously shown to increase FASN levels in cell culture®?,
however, the relationship between adipose FASN and
hepatic steatosis has not previously been explored in
PWH.

Our study has several limitations. Liver attenua-
tion, as measured by HU on CT imaging, was used
as a surrogate marker of hepatic steatosis and SM
lipid content. Although this approach is used in sev-
eral studies, other methodologies including biopsy
and magnetic resonance imaging—proton density
fat fraction may provide better estimates of lipid
content compared with CT imaging. Furthermore,
we do not have direct measures of steatohepatitis
or fibrosis. Inclusion of NAFLD staging in future
analyses may reveal other unique associations that
were not apparent with our focus on liver attenu-
ation. Our Nanostring panel probed a prespecified
set of adipocyte-related genes, which limited our
analysis to these targets. Specifically, the panel did
not include genes related to SAT inflammation or
fibrosis. Future studies in our cohort will use next-
generation sequencing to obtain an unbiased land-
scape of the adipose tissue transcriptome. The mean
BMI of the cohort was 33.4, and although BMI was
included as a covariate in our analysis, the number
of participants with class 2 and class 3 obesity may
limit the generalizability of our study. Finally, this

GABRIEL ET AL.

was a cross-sectional analysis of prevalent hepatic
steatosis that focused on PWH. Therefore, we do
not know whether these results are generalizable
to HIV-negative persons, and we cannot define a
temporal relationship between changes in SAT gene
expression and the development of hepatic steato-
sis. Future studies will include HIV-negative per-
sons as well as an additional imaging time point
that will allow us to overcome this limitation. We
used a stringent FDR-adjusted significance cutoff
in our analysis based on the total number of gene
probes in the assay, which may have underestimated
the strength of relationships between gene expres-
sion and ectopic lipid measures. Additional studies
are needed for confirmation of our results and to
determine the biological relevance of genes that did
not reach FDR-adjusted significance.

In conclusion, we show that changes in expression
of SAT lipid homeostasis genes, including 4CADM,
LPL and PLTP, were associated with increased hepatic
steatosis. The pattern of SAT gene expression associ-
ated with higher levels of hepatic steatosis was similar
in those with lower fasting HDL and decreased visceral
fat attenuation, but not with PAT attenuation or SM
attenuation. Decreased VAT attenuation and increased
VAT volume on CT scan were associated with
decreased liver attenuation, but we did not find a sig-
nificant association between liver attenuation and SAT
attenuation or volume. This indicates that the relation-
ships between SAT function and ectopic fat deposition
are not uniform across lipid depots. Future studies will
evaluate relationships between the plasma lipidome
and NAFLD in PWH and HIV-negative persons, and
will determine whether strategies to improve adipose
tissue health (e.g., changes in ART therapy, pharma-
cotherapy, or management of metabolic comorbidities)
can improve liver-related outcomes in this population

disproportionately affected by NAFLD.
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