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1. Introduction
Human immunodeficiency virus-1 (HIV-1) infection is a risk factor for cardiovascular
disease [1–3], hepatic fibrosis and non-alcoholic steatohepatitis [4] and neuropathological
co-morbidities such as HIV neurocognitive disorders, depression and psychosis [5–7]. In
these conditions, disturbed lipid metabolism associated with systemic expression of the viral
proteins is common. In antiretroviral-naive HIV-1-infected patients, lipid disturbances are
characterized by elevated plasma triglyceride and cholesterol concentrations, reduced
plasma lipoprotein clearance [4, 8–12] and altered plasma and liver fatty acid composition
[4, 13–17], suggesting a possible role of the viral proteins on lipid metabolism. These
disturbances in lipid metabolism have been linked to the development or progression of
cardiovascular, hepatic and neurocognitive disorders in HIV-infected patients, reflecting the
role of lipids in HIV-related co-morbidities [4, 18, 2, 19].

In vitro studies suggest that the effects of the virus on lipid metabolism can be caused by
direct induction of genes involved in lipogenesis and association of viral proteins with
membrane lipid rafts. In this regard, transfection of lymphocytes with HIV-1 was reported to
induce protein expression of lipogenic genes such as the lipoprotein receptor [20, 21], to
increase cholesterol concentrations in lipid rafts [22, 23], and to selectively increase
unsaturated fatty acid composition in lymphocyte membranes [24]. In cell culture, certain
elements of the retroviral protein (gag, pol, Env, Nef, gp120) were reported to associate with
membrane lipid rafts and to cause localized changes in membrane cholesterol and
sphingolipid concentrations [25–29]. The in vivo effect of the virus on lipid (including fatty
acid) concentrations is not known, except for one study that reported abnormal lipid
metabolism in a transgenic mouse model of the replicative (R) element of the HIV protein
[30].
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The HIV-1 Tg rat demonstrates pathological and behavioural abnormalities at 7–9 months of
age, and is a model at this age for human HIV-1 dementia, skeletal and cardiac muscle
myopathy and liver inflammation [31–36]. The virus in the non-infectious HIV-1 Tg rat
lacks gag and pol replicative genes, but contains other HIV-1 proteins including
glycoprotein 120 (gp120) and protein trans-activator of transcription (Tat), which can induce
peripheral and central cytokine production [37, 32, 19, 34, 35], and changes in plasma and
tissue lipid metabolism. In agreement with this suggestion, we recently reported an
increased plasma unesterified arachidonic acid (AA, 20:4n-6) concentration, and increased
brain AA metabolism, measured using quantitative autoradiography following the
intravenous infusion of radiolabeled AA, in unanesthetized 7–9 month old male HIV-1 Tg
compared with control rats [31].

In view of in vitro evidence of altered expression of genes involved in lipid metabolism and
fatty acid profiles of HIV-infected cells [24, 22, 23, 20, 21], of clinical evidence of disturbed
plasma and tissue lipid concentrations in antiretroviral-naive HIV-1-infected patients [4, 13,
8, 14, 15, 9, 10, 16, 12], and of an increased plasma unesterified AA concentration and brain
AA metabolism in 7–9 month old HIV-1 Tg rats [31], we hypothesized that lipid
concentrations in different organs and plasma will be altered in drug-free HIV-1 Tg rats
compared to wildtype controls. To test this hypothesis, in the present study we measured
concentrations of different lipids (including fatty acids) in liver, plasma, heart and brain of
7–9 month old wildtype and HIV-1 Tg rats fed a polyunsaturated fatty acid (PUFA)-
sufficient diet free of AA and docosahexaenoic acid (DHA, 22:6n-3) [31, 32]. We measured
concentrations in the different organs because of their interdependence on each other for
lipid synthesis, secretion or utilization. In this regard, the liver is the main site of long-chain
PUFA (AA and DHA) synthesis from their respective shorter-chain nutritionally essential
PUFAs, linoleic acid (LA, 18:2n-6) and α-linolenic acid (α-LNA, 18:3n-3) and their
secretion when esterified within lipoproteins into the plasma [38, 39], whereas brain and
heart PUFA synthesis is much less; these organs largely derive long-chain PUFAs (AA and
DHA) from plasma [40–42]. Understanding the potential impact of the HIV-1 virus on
organ and plasma lipid concentrations using the HIV-1 Tg rat model is clinically relevant for
i) determining whether a direct, isolated effect of the virus on in vivo lipid metabolism
exists, and ii) addressing fatty acid nutritional requirements of individuals with HIV-1
infection.

2. Materials and Methods
2.1. Materials

Fatty acid standards were purchased from NuChek Prep (Elysian, MN, USA) or Avanti®
Polar Lipids (Alabaster, AL, USA). Other chemicals and reagents were purchased from
Sigma-Aldrich, Fisher Scientific or Acros Organics.

2.2. Animals
Procedures were performed under an approved animal protocol (#09-027) in accordance
with the NIH Guidelines on the Care and Use of Laboratory Animals. Male HIV-1 Tg (7 to
9 months old) derived from Fischer 344/NHsd Sprague-Dawley rats, and age-matched
prenatal control inbred Fischer 344 rats, were housed under a constant 12-h dark-light cycle
with ad libitum access to water and the Teklad global 2018S (2018 sterilized) for control and
2918 (2018 irradiated) for HIV-1 Tg rats (Harlan Teklad, Madison, WI). The 2018 diet
contained 5% soybean oil as the source of fat, which consisted of 16.7% saturated, 21.8%
monounsaturated, 54.8% LA, 6.2% α-LNA, 0.03% AA, 0.02% eicosapentaenoic (EPA,
20:5n-3) and 0.06% DHA [31].
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Lipid concentrations were determined in liver, heart and brain of HIV-1 Tg and control rats
(n = 7 per group) following microwaving. The rats were anesthetized with Nembutal (50
mg/kg i.p.) and then subjected twice to high-energy microwave fixation, once at 5.5 kW
(Cober Electronics, Norwalk, CT, USA) for 4.4 s to stop brain fatty acid metabolism, and a
second time at 5.5 kW for 4.8 s to stop peripheral fatty acid metabolism [43]. Esterified
plasma fatty acids were quantified from frozen arterial plasma in another set of non-
microwaved HIV-1 Tg and control rats (n = 8 per group) that had been subjected to
radiotracer (14C-AA) infusion following surgical implantation of a catheter into the right
femoral artery and vein [31]. Unesterified plasma fatty acid concentrations have been
reported [31].

2.3. Plasma and tissue lipid extraction and separation of lipid classes
Total lipids were extracted from plasma, liver, heart and brain samples by the Folch method
[44], and were separated into neutral lipid cholesteryl esters, triacylglycerol, unesterified
fatty acids, and total phospholipids) or phospholipid subclasses (ethanolamine
glycerophospholipid (EtnGpl), phosphatidylinositol (PtdIns), phosphatidylserine (PtdSer)
and choline glycerophospholipid (ChoGpl)) using thin layer chromatography (TLC) on
silica gel-60 plates (EM Separation Technologies, Gibbstown, NJ, USA) [40]. The TLC
bands were scraped into test tubes and methylated with 1% H2SO4-methanol for 3 h at 70°C
after adding appropriate amounts of an internal standard (di-17:0 PC for phospholipids or
17:0 for unesterified fatty acids), and were quantified by gas-chromatography (GC) as
previously described [40].

2.4. Tissue and plasma phospholipid, triglyceride and cholesteryl ester concentrations
Liver, heart, brain and plasma phospholipids and triglycerides were determined by dividing
the sum of all fatty acids within each separated fraction by 2 and 3, the number of fatty acids
per molecule, respectively. The sum of all fatty acids within the separated cholesteryl ester
fraction was used calculate the cholesteryl ester concentration, which has one fatty acid per
molecule.

2.5. Cholesterol
Total cholesterol in liver, heart and brain was determined in the total lipid extract by GC
following saponification and trimethylsilylchloride derivatization as previously described
[45].

2.6. Statistical analysis
Data are presented as mean ± SD (n = 7–8 per group). Differences between means were
determined by an unpaired t-test and were considered significant at P < 0.05.

3. Results
3.1 Body and organ weights

HIV-1 Tg rats weighed significantly less (27%) than controls (307 ± 21 g vs. 426 ± 19 g, n =
7, P < 0.001), as reported [31, 32, 34]. The liver weight was significantly lower in HIV-1 Tg
rats than controls by 41% (8.2 ± 1.3 g vs. 14.1 ± 1.7 g, n = 6, P < 0.001), but did not differ
significantly when expressed as percent body weight (2.7 ± 0.5 % vs. 3.3 ± 0.5 %, P =
0.053). Heart weight was significantly lower (0.79 ± 0.06 g vs. 0.94 ± 0.15 g, n = 7, P <
0.05), but was higher significantly when expressed as percent of body weight (0.25 ± 0.01 %
vs. 0.22 ± 0.04 %, n = 7, P < 0.05), as reported [46]. Brain weight also was lower in HIV-1
Tg rats than controls (1.3 ± 0.2 g vs. 1.7 ± 0.1 g, n = 7, P < 0.01), but was not significantly
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changed when expressed as percent of body weight (0.43 ± 0.06 % vs. 0.39 ± 0.04 %, P =
0.14).

3.2. Concentration of lipid classes and individual phospholipids
As shown in Table 1, total phospholipid (nmol/g wet wt) was significantly reduced in the
heart of HIV-1 Tg rats. ChoGpl and EtnGpl concentrations were reduced in liver and heart
of HIV-1 Tg rats, respectively. Total cholesterol and cholesteryl ester concentrations (nmol/
g wet wt) were significantly higher (33%) in HIV-1 Tg liver, as were triglycerides, an effect
that approached statistical significance (P = 0.06). In plasma, total triglycerides were
significantly higher (33%) in HIV-1 Tg than control rats, but no significant difference in
plasma cholesteryl ester or phospholipid was seen.

3.3. Plasma fatty acid concentrations
The main changes in esterified fatty acids in plasma occurred within triglycerides, and
corresponded to the n-3 and n-6 PUFA changes seen in liver (Table 2). Concentrations of
monounsaturated fatty acids and n-3 and n-6 PUFAs were increased significantly by 24–
175% in HIV-1 Tg rats compared to controls. The greatest changes were seen in LA, n-6
docosapentaenoic acid (DPA), AA, EPA and DHA, whose concentrations were increased by
88%, 77%, 88%, 175% and 101%, respectively (P < 0.05). As reported elsewhere
(Supplementary Table 1) [31], only the plasma AA concentration differed significantly
between groups, being 33% higher in HIV-1 Tg than in control rats [31].

3.4. Liver fatty acid concentrations
In liver (Table 3-A), concentrations of several n-3 and n-6 PUFAs were increased in total
lipids and in triglyceride, cholesteryl ester and unesterified lipid fractions, but were
decreased in phospholipids, in HIV-1 Tg rats, whereas decreases and increases were
significant in minor saturated and monounsaturated fatty acids such as myristic (14:0),
arachidic (20:0), palmitoleic (16:1n-7) and eicosanoic (20:1n-9) acid. LA and AA
concentrations were significantly increased in total liver lipids, triglycerides, cholesteryl
esters and unesterified fatty acids of HIV-1 Tg rats. Other n-6 PUFA intermediates such as
docosatetraenoic acid (DTA, 22:4n-6) and docosapentaenoic acid (n-6 DPA, 22:5n-6) were
significantly higher in total lipids, triglycerides and cholesteryl esters. n-6 DPA, however,
was reduced by 2.6-fold in phospholipids of HIV-1 Tg rats, as was α-LNA (18:3n-6; 1.7
fold). n-3 PUFAs including α-LNA, n-3 DPA (22:5n-3) and DHA were significantly higher
in liver total lipids, triglycerides and cholesteryl esters of HIV-1 Tg rats than controls. EPA
also was significantly increased in total lipids and triglycerides, but was reduced in
phospholipids, whereas α-LNA and n-3 DPA were increased significantly in phospholipids
only. Significant changes in unesterified n-3 PUFA concentrations were not seen in the liver.

Fatty acid changes in liver phospholipid subfractions (EtnGpl, ChoGpl, PtdIns, PtdSer;
Table 3-B) corresponded to changes in total phospholipids, particularly for the PUFAs. The
n-6 PUFAs DTA and n-6 DPA were decreased in ChoGpl and PtdIns and in all subfractions,
respectively, consistent with the changes in total phospholipids (P < 0.05). α-LNA was
increased in EtnGpl, ChoGpl and PtdSer, whereas EPA was reduced in all subfractions of
HIV-1 Tg rats, also consistent with the changes in total phospholipids. Oleate was
significantly increased by 34% in ChoGpl.

3.5. Heart fatty acid concentrations
Fatty acid concentration changes in total lipids and esterified and unesterified lipid
subfractions of heart were similar to changes in liver and plasma. As shown in Table 4-A,
AA and n-3 DPA concentrations in total heart lipids were significantly higher in HIV-1 Tg
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rats than controls, whereas the n-6 DPA concentration was lower (P < 0.05). In
phospholipid, myristate, palmitate, oleate, LA, AA and n-6 DPA were significantly reduced,
whereas n-3 DPA was increased. AA, n-3 DPA and DHA were significantly increased in
heart triglycerides. AA and myristate were significantly increased in heart unesterified fatty
acids and cholesteryl esters, respectively.

The major fatty acid changes in heart phospholipid subfractions occurred within EtnGpl and
ChoGpl (Table 4-B). Stearate, AA and n-3 DPA were significantly reduced in EtnGpl, but
were increased in ChoGpl of HIV-1 Tg rats. Palmitoleate, oleate, vaccinate (18:1n-7) and
linoleate were consistently reduced in both fractions, whereas n-6 DPA was decreased in
EtnGpl only. DTA was significantly higher in ChoGpl of HIV-1 Tg rats than controls.

3.6. Brain fatty acid concentrations
In brain, changes occurred in minor fatty acids (Tables 5-A and 5-B). LA and n-3 DPA were
significantly higher by 5–28% in total lipids, phospholipids and triglycerides of HIV-1 Tg
rats (Table 5-A). Lignocerate (24:0), arachidate, erucate and LA concentrations were
increased significantly in some brain phospholipid subfractions of HIV-1 Tg rats (Table 5-
B).

4. DISCUSSION
Lipid concentrations in liver, heart, brain and plasma of wildtype 7–9 month old rats were
similar to previous reports in adult rats [40, 41, 47, 42]. In comparison, 7– 9 month old
HIV-1 Tg rats showed multiple disturbances in lipid concentrations, including increased
accumulation of total cholesterol and cholesteryl esters in liver and hypertriglyceridemia in
plasma. HIV-1 Tg rats also had increased n-3 and n-6 PUFA concentrations in triglyceride,
cholesteryl ester and unesterified fatty acids of liver, heart and plasma, but not of brain.
Concentrations of several fatty acids including PUFAs were decreased in liver and heart
total phospholipids, but increased or decreased within individual liver and heart
phospholipids (ChoGpl, EtnGpl, PtdIns and PtdSer), suggesting membrane phospholipid
remodeling. Overall, these findings suggest a profound change of peripheral but not brain
lipid metabolism, due to the presence of the transgenic HIV-1 virus (20–25 copies) in each
cell [35].

Previous studies have attributed HIV-1 related disturbances in lipid composition to the
replicate gag and pol elements of the virus, which associate with lipid rafts and cause
localized increases in membrane cholesterol concentrations that facilitate viral invasion of
host cells [25–27]. Because HIV-1 Tg rats lack these replicative elements, this study
demonstrates that non-replicative viral elements also profoundly change tissue lipid
concentrations as well as membrane phospholipid composition. This is in agreement with
studies that reported that the gp120, Env and nef non-replicative elements of the HIV-1
protein interact with plasma membranes, cause localized changes in lipid composition and
disrupt cell protein trafficking and signaling [26, 48, 49, 28, 29], consistent with in vitro
evidence of increased N-methyl-D-aspartate receptor clustering in lipid microdomains
caused by the gp-120 element of the virus [50]. Identifying and targeting non-replicative
viral elements that cause membrane lipid disruptions may improve the clinical efficacy of
antiretroviral drugs, particularly those that interfere with the membrane phospholipid
clustering assembly of the virus and its entry into the host cell [51].

Antiretroviral medications are reported to produce hyperlipidemia in humans by increasing
liver triglyceride secretion and reducing its clearance from plasma [11, 12]. The increases in
plasma triglyceride and liver cholesterol and cholesteryl ester concentrations in HIV-1 Tg
rats (Table 1) suggest a role for the virus alone in lipogenesis. HIV-1 transfection of T-
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lymphocytes induced protein expression of lipogenic genes and reduced expression of
proteins involved in lipid clearance, such as the high-density lipoprotein receptor [20, 21].
Mechanisms related to the induction of lipogenic enzymes by the HIV-1 proteins likely
operate at the transcriptional level, consistent with the reported activation of sterol
regulatory-element binding protein-2 transcription (SREBP-2) in HIV infected CD4+ T cells
[52].

The accumulation of triglycerides, cholesterol and cholesteryl esters in liver of HIV-1 Tg
rats (Table 1) suggests the presence of fatty liver syndrome, which has been reported in
humans with HIV-1 infection [4]. Increased liver and plasma lipids in patients have been
described in association with reduced clearance of circulating lipoproteins [4, 9, 11],
possibly due to insulin resistance [8, 53]. Unlike humans, however, HIV-1 Tg rats do not
show insulin resistance at 7 months of age [34], suggesting that the lipid changes observed
in this study were not secondary to insulin-related abnormalities.

Liver, heart and plasma concentrations within total lipids, phospholipid, triglyceride,
cholesteryl ester and unesterified fatty acid were altered in the HIV-1 Tg rats. These changes
were characterized mainly by increased n-3 and n-6 PUFA concentrations in total lipid,
triglyceride, cholesteryl ester and unesterified fatty acids, and a reduction in some PUFAs
within total phospholipids (Tables 2, 3-A and 4-A), suggesting disturbed PUFA metabolism.
Changes in saturated and monounsaturated fatty acids occurred only in minor fatty acids
such as myristate (14:0), eicosanoate (20:1n-9), behenate (22:0), and palmitoleate (16:1n-7).
The effects of the virus on liver and plasma triglyceride and cholesteryl ester long-chain
PUFA concentrations (AA, n-6 DPA, EPA and DHA) in particular, suggest changes in liver
enzymes involved in their synthesis (elongases and desaturases) and secretion (acyl
transferases) into plasma. Because rat heart synthesis of long-chain PUFAs is limited [42],
the increases in heart likely reflect uptake from plasma following increased liver secretion.
The reductions in liver and heart phospholipid PUFA concentrations were opposite to
changes seen in triglyceride, cholesteryl and unesterified fatty acids, and suggest
disturbances in enzymes regulating long-chain PUFA turnover within phospholipids
(phospholipases, acyl-CoA synthetases and acyl-CoA transferases [54]).

Notable changes in liver total lipids and several lipid compartments were the increases (> 2-
fold) in diet-derived α-LNA and LA concentrations in the HIV-1 Tg rats (Table 3-A). The
increases cannot be attributed to changes in dietary α-LNA and LA composition, because
both control and HIV-1 Tg rats received the same diets with the minimum recommended
amounts of α-LNA and LA for rodents [55]. Thus, the increases in liver α-LNA and LA
were likely due to adipose tissue mobilization. Adipose tissue hormone sensitive lipase
selectively hydrolyzes PUFAs including α-LNA and LA from triglycerides [56–59] when
stimulated by reduced food intake [58], which was reported in HIV-1 Tg rats [60, 34].
Increased long-chain n-3 and n-6 PUFA concentrations in liver may also be due to adipose
mobilization, in addition to increased synthesis-secretion by the liver and reduced plasma
clearance. The contribution of adipose tissue lipolysis and reduced food intake to the
changes in liver PUFA concentrations can be addressed in future studies with pair-feeding.

The changes in heart fatty acid concentrations (Table 4) may significantly affect cardiac
function, because fatty acids and their metabolites, particularly AA, EPA and DHA, have
been implicated in regulating cardiac excitability [61, 62]. Concentrations of AA were
increased in total lipids, phospholipids, triglycerides and unesterified fatty acids, whereas
EPA and DHA concentrations did not change. The preferential increase of AA over EPA
and DHA is consistent with the selective increase in plasma unesterified AA concentration,
from which the heart partly derives its AA, and with one report that suggested preferential
uptake of AA by heart over DHA [63]. An increase in AA plasma availability and heart
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concentration may be associated with increased pro-arrhythmic AA-metabolites [61] or
cardiac inflammation [34]. It is not known, however, whether such changes contribute to the
reported 61% increase in cardiovascular disease risk in drug-free HIV-infected patients
compared with age-matched controls [2].

There was no major difference in brain fatty acid concentrations between groups (Table 5),
despite reported upregulation of AA metabolism and of AA and DHA metabolizing
enzymes (i.e. cPLA2 and iPLA2) in association with neuroinflammatory markers [31, 64].
This demonstrates that under pathological conditions of inflammation and upregulated AA
and DHA metabolism, the brain remains resilient to changes in fatty acid composition,
consistent with what has been reported in postmortem frontal cortex of bipolar disorder and
schizophrenic patients [65–67].

One limitation of this study is that we did not measure the expression of enzymes involved
in lipid metabolism (e.g. desaturase, elongase, lipoprotein lipase, synthetase and transferase
enzymes) in the heart or liver, which limits our ability to derive possible mechanistic
pathways that account for the changes in tissue lipid concentrations. Enzyme expression was
not measured because the rats were subjected to head-focused and whole-body microwave
fixation to stop lipid metabolism by rapidly denaturing brain and tissue enzymes and other
proteins [43]. In brain, despite the limited change in lipid concentrations, the HIV-1 Tg rat
compared with control was reported to show significantly higher protein and mRNA levels
of the inflammatory cytokines IL1-β and TNFα, and of AA-selective cPLA2-IVA, sPLA2-
IIA, COX-2, membrane prostaglandin E2 synthase, 5-lipoxygenase (LOX), 15-LOX and
cytochrome p450 epoxygenase, and decreased levels of brain-derived neurotrophic factor
(BDNF) and drebrin, a marker of post-synaptic excitatory dendritic spines[64]. It would be
worthwhile to investigate in future studies, whether similar changes in lipid-metabolizing
enzymes occur in liver or heart, in which lipid concentrations were markedly altered (Tables
3 and 4).

In conclusion, 7–9 month old HIV-1 Tg rats demonstrated evidence of hyperlipidemia,
membrane remodeling and preferential changes in PUFA concentrations in liver, plasma and
heart, but not brain, in association with systemic expression of the non-replicative HIV-1
proteins. Since comparable changes may contribute to the reported lipodystrophy and
inflammation in humans with HIV-1 infection, future studies might explore drug or dietary
treatments with statins, mood stabilizers, low n-6 PUFA diets or n-3 long-chain PUFA
supplementation [68], which may reduce plasma and liver lipid accumulation, and target
central and peripheral inflammation associated with increased AA metabolism or tissue
concentrations.
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AA arachidonic acid

α-LNA alpha-linolenic acid
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COX cyclooxygenase

ChoGpl choline glycerophospholipid

cPLA2 cytosolic phospholipase A2

DHA docosahexaenoic acid

DPA docosapentaenoic acid

DTA docosatetraenoic acid

EtnGpl ethanolamine glycerophospholipid

EPA eicosapentaenoic acid

FAME fatty acid methyl ester

GC gas chromatography

gp-120 glycoprotein-120

iPLA2 calcium-independent phospholipase A2

LA linoleic acid

MUFAs monounsaturated fatty acids

PtdIns phosphatidylinositol

PtdSer phosphatidylserine

PUFA polyunsaturated fatty acid

SFAs saturated fatty acids

sn stereospecifically numbered

Tg transgenic

tat trans-activator of transcription protein

TLC thin layer chromatography
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