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Human immunodeficiency virus (HIV) infection is associated with insulin resistance. HIV type 1 Nef

downregulates cell surface protein expression, alters signal transduction, and interacts with the cytoskeleton

and proteins involved in actin polymerization. These functions are required for glucose uptake by insulin-

stimulated adipocytes. We sought to determine whether Nef alters adipocyte glucose homeostasis. Using

radiolabeled glucose, we found that adipocytes exposed to recombinant Nef took in 42% less glucose after

insulin stimulation than did control cells. This reduction resulted from a Nef-dependent inhibition of glucose

transporter 4 (GLUT4) trafficking, as assessed by means of immunofluorescence microscopy. Immunoblot

analysis revealed a decrease in phosphorylation of signal transducing proteins after Nef treatment, and

fluorescence microscopy showed a dramatic alteration in cortical actin organization. We conclude that Nef

interferes with insulin-stimulated processes in adipocytes. We have identified HIV Nef, which is detectable and

antigenic in serum samples from HIV-infected people, as a novel contributor to the development of insulin

resistance.

Human immunodeficiency virus (HIV)-infected pa-

tients receiving antiretroviral therapy (ART) frequently

develop metabolic abnormalities. These include dysli-

pidemia with increased risks of atherosclerosis and

coronary artery disease, lipodystrophy syndromes, and

failure of glucose homeostasis, including insulin

resistance and Type II (non–insulin-dependent) di-

abetes mellitus.

The correlation between ART and metabolic abnor-

malities is well established, but HIV type 1 (HIV-1)

drives these abnormalities as well. Alterations in blood

lipid levels, lipogenesis, and triglyceride clearance were

documented before the ART era [1, 2]. Giralt et al found

that gene expression in primary subcutaneous adipose

tissue is substantially altered, and El-Sadr et al found less

evidence of insulin resistance with higher CD4 counts,

but no relationship with HIV RNA level, in ART-naive

HIV-1–infected patients [3, 4]. An in vitro HIV-1 in-

fection model of T cells showed that protein expression

is altered along pathways involved in lipid synthesis,

transport, and metabolism [5]. Bergersen et al report

a trend toward insulin resistance in ART-naive HIV-

infected individuals, and a recent cross-sectional study

showed that HIV viral load is an independent predictor

for metabolic syndrome [6]. Additional work in vitro

implicates the viral accessory proteins Vpr and Nef in

the development of insulin resistance, changes in cho-

lesterol synthesis and storage, and adipogenesis [7–9].

Pancreatic b-cells release insulin in response to

hyperglycemia, stimulating muscle and adipose tissue to

store sugar and blocking the liver from releasing glucose

into circulation. Insulin resistance occurs when glucose

uptake is insufficiently stimulated and hepatic glucose

release is permitted. Persistent hyperglycemia results,
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with the eventual development of Type II diabetes mellitus. The

estimated incidence of glucose metabolism disorders in the

HIV-infected population is between 2% and 25% [10], with

a 2.2-fold increase in the relative risk of Type II diabetes mellitus

[11]. An earlier report, however, described an increased rate

of insulin clearance and sensitivity in a small group of HIV-

infected men [12]. Although HIV clearly affects lipid metabo-

lism, its effects on glucose homeostasis, independent of ART,

remain unresolved.

HIV-1 Nef is a 27 kDa nonstructural protein essential for HIV

replication and propagation that also has a role in the virus’s

evasion of host immune responses. It contributes substantially

to HIV pathogenesis [13, 14]. Nef has no known enzymatic

activity but modulates a variety of cell processes through

protein-protein interactions. It downregulates the cell surface

expression of several proteins, including CD4 and major histo-

compatibility complex class I (MHCI) molecules [15–18]. It also

alters signal transduction pathways [19–28] and interacts with

components of the actin cytoskeleton and proteins involved in

actin polymerization [29–33]. Each of these cell processes is

essential for adipocyte function with regard to insulin action and

glucose homeostasis. Nef is secreted into the extracellular envi-

ronment and can influence cell function even in cells not

competent for HIV-1 infection [20, 27, 31, 34–37]. Taken

together, we hypothesized that HIV-1, via Nef, alters adipocyte

function so that glucose homeostasis is perturbed.

Methods

Cell Culture Conditions
3T3L1 pre-adipocytes (ATCC) were cultured in Dulbecco’s

Modified Eagle’s medium (DMEM) containing 25 mM glucose

and 10% bovine calf serum at 37�C with 5% CO2. Two days past

confluence, cells were differentiated into adipocytes with

DMEM containing 10% fetal bovine serum (FBS), 1 lg/mL

insulin (Sigma-Aldrich), 1 lMdexamethasone (Sigma-Aldrich),

and 0.5 mM isobutyl-1-methylxanthine (Sigma-Aldrich). Media

were replaced with DMEM containing 10% FBS and 1 lg/mL

insulin on the fourth day of differentiation. Before experiments,

cells were treated overnight with 0.1 lg/mL recombinant myr-

istoylated HIV-1 Nef (Jena Biosciences) or nonmyristoylated

Nef (National Institutes of Health AIDS Reference and Reagent

Repository) unless noted otherwise. Cells were serum-starved in

DMEM for 2–3 h before continuing.

Glucose Uptake Assay
Adipocytes were inoculated onto 24-well culture plates and

treated overnight with 0.005, 0.01, 0.05, and 0.1 lg/mL re-

combinant myristoylated HIV-1 Nef. Cells were serum-starved,

washed twice with Krebs–Ringer bicarbonate buffer containing

30 mM HEPES, pH 7.4, and 0.1% bovine seroalbumin

(BSA) (Krebs–Ringer bicarbonate/HEPES [KRBH]/BSA) and

incubated in KRBH/BSA for 30 min. Two wells per treatment

were incubated in KRBH/BSA/0.4 mM Cytochalasin B (Sigma-

Aldrich) to determine nonspecific glucose uptake. Cells were left

unstimulated or stimulated with 10 nM insulin for 20 min. The

assay was initiated by addition of 2-deoxyglucose-D-[1-3H]

glucose (1 lCi per well; Amersham Biosciences) and 0.1 mM

2-deoxyglucose. The assay was terminated after 10 min with

phosphate-buffered saline (PBS) containing 10 mM glucose and

0.2 mM Cytochalasin B. Cells were washed 3 times with ice-cold

PBS/10mM glucose. Cell lysates were collected in 0.05 NNaOH/

1% Triton X-100. Protein concentrations were determined by

means of BCA protein assay (Pierce). Cell-associated radioac-

tivity (disintegrations per minute) was normalized to the protein

concentration.

Transient GLUT4 Transfection and Immunofluorescence Studies
Adipocytes were transfected with a Myc-GLUT4–green fluo-

rescent protein (GFP) construct described elsewhere [38] with

Gene Pulser II (Bio-Rad) using 0.16 kV and 950 lF. Following
electroporation, cells were inoculated onto glass coverslips and

allowed to recover for 12–16 h. Cells were treated with Nef as

described, then stimulated with either 10 or 100 nM insulin for

20 min or left unstimulated. Adipocytes were fixed for 10 min in

4% paraformaldehyde and blocked in 5% donkey serum

(Sigma-Aldrich) containing 1% BSA (Sigma-Aldrich) for 1 h at

room temperature. Cells were probed with c-Myc 9E10 mono-

clonal antibody (Santa Cruz Biotechnology) and stained with

Texas-Red conjugated donkey anti-mouse IgG antibody (Jack-

son Immunoresearch Laboratories) prior to mounting with

Vectashield (Vector Labs). Fluorescence images were acquired

by confocal fluorescence microscopy, and fluorescence intensity

measurements were performed using Zeiss LSM510 software.

The degree of GLUT4 fusion with the plasma membrane was

quantified by measuring Texas Red fluorescence at the plasma

membrane and normalizing to the GFP signal of the whole cell.

The degree of GLUT4 translocation to the plasmamembrane was

quantified similarly: GFP signal at the plasma membrane was

normalized to total GFP signal of the cell. Twenty-five cells were

analyzed per condition.

Actin Polymerization Assay
Adipocytes were inoculated onto coverslips and treated as de-

scribed, except for 1 group in which 20 lM Latrunculin B (LatB;

Sigma-Aldrich) was added during serum starvation. Cells were

stimulated with 10 nM insulin for 20 min. Cells were fixed as

above and stained with rhodamine-conjugated phalloidin (In-

vitrogen). Coverslips were mounted on glass slides with Vecta-

shield containing 4#,6-diamidino-2-phenylindole (Vector Labs).

Fluorescent images were obtained as above. Fifty rhodamine-

stained cells per condition were scored positive or negative on

the basis of the morphology of the circumferential filamentous

(F)-actin ring. Cells with discontinuous fluorescence rims were
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scored positive, whereas cells with smooth rims were scored

negative.

Immunoblotting
Adipocytes were stimulated with 0, 10, or 100 nM insulin for 7

min. Cells were washed with PBS and collected in radio-

immunoprecipitation assay buffer containing Protease Inhibitor

Cocktail and Phosphatase Inhibitor Cocktail 3 (Sigma-Aldrich).

After rotation at 4� for 10 min, lysates were clarified at 15,000

rpm for 15 min at 4�C. Protein concentrations were quantified

by BCA protein assay. Equal amounts of protein from each

sample were resolved by sodium dodecyl sulfate–polyacrylamide

gel electrophoresis. Gels were immunoblotted with monoclonal

phospho-Akt (Ser-473) antibody (Cell Signal Technology),

polyclonal phospho-AS160 (Thr-642) antibody (Millipore),

polyclonal phospho–neural Wiskott-Aldrich syndrome protein

(N-WASP) (Tyr-256) antibody (ECM Biosciences), or poly-

clonal phospho–N-WASP (Ser 484/485) antibody where in-

dicated and visualized with SuperSignal West chemiluminescent

substrate (Pierce). Membranes were stripped and reprobed with

polyclonal rabbit antibodies to total Akt (Cell Signaling

Technology), total AS-160 (Millipore), or total N-WASP

(ECM Biosciences), where indicated. Semiquantitative anal-

ysis was performed using ImageJ software (National Institute

of Health). The optical density of the phosphorylated protein

was divided by the optical density of the total protein minus

background.

Data Analysis
Experiments were independently performed $ 3 times. Signif-

icance values of all experiments were calculated by means of

a 2-tailed paired-samples t test using SPSS version 12.0.

RESULTS

Nef Inhibits Insulin-Stimulated Glucose Uptake in 3T3L1
Cultured Adipocytes
Insulin-stimulated glucose uptake in skeletal muscle and adi-

pocytes is required for maintaining postprandial blood glucose

homeostasis. We measured glucose uptake in response to 10 nM

insulin in differentiated 3T3L1 adipocytes treated with HIV Nef.

In the absence of insulin stimulation, there was no difference in

the mean basal glucose uptake between control and myristoy-

lated Nef–treated cells at any Nef concentration (Figure 1A),

indicating that exposure to Nef did not affect basal metabolic

processes. Upon stimulation with 10 nM insulin, control adi-

pocytes displayed an approximate 5-fold increase in glucose

uptake after insulin stimulation, compared with unstimulated

cells (Figure 1A and B). In contrast, Nef treatment significantly

reduced the mean rate of insulin-stimulated glucose uptake in

a dose-dependent manner, compared with control cells. Glucose

uptake was reduced by 42% in cells treated with 0.1 lg/mL Nef

(P 5 .005), by 29% with 0.05 lg/mL Nef (P 5 .016), and by

22% with 0.01 lg/mL Nef (P 5 .028) relative to control cells

(Figure 1A and B). Treatment with 0.005 lg/mL Nef also

reduced glucose uptake relative to control cells by approximately

13%, although statistical significance was not achieved

(Figure 1A and B). There was also no difference in the mean

basal glucose uptake between control cells and cells treated

with 0.1 lg/mL nonmyristoylated Nef (P 5 .16), whereas the

mean rate of glucose uptake by nonmyristoylated Nef–treated

cells stimulated with 10 nM insulin was significantly reduced

(P5 .014). Thus, Nef treatment resulted in a significant dose-

dependent reduction of insulin-stimulated glucose uptake.

To ensure Nef specificity, cells were also treated overnight

with a mixture of 0.1 lg/mL Nef plus excess polyclonal anti-HIV

Nef antibody. There was no significant difference in glucose

uptake between control and Nef/anti-Nef–treated adipocytes

(Figure 1A, P 5 .07; Figure 1B, P 5 .72). Exposure to Nef did

not affect the viability of the adipocytes, because the proportions

of viable control cells and Nef-treated cells were the same (80%)

as determined by Trypan Blue exclusion.

Nef Inhibits GLUT4 Fusion With the Plasma Membrane in
Insulin-Stimulated Adipocytes
GLUT4 is the primary insulin-responsive glucose transporter in

adipocytes. In unstimulated cells, GLUT4 accumulates in in-

tracellular compartments but is rapidly translocated to the

Figure 1. Glucose uptake by control and myristoylated Nef (myr-Nef)–
treated adipocytes expressed as (A) the mean rate of [3H]-2-deoxyglucose
(2-DG) uptake and (B ) the fold glucose uptake over basal uptake. Values
represent the mean 6 standard deviation of triplicate determinations.
Asterisk, P , .05 ; double asterisk, P , .02; triple asterisk, P , .005.
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plasma membrane upon insulin stimulation. Subsequent

integration with the plasma membrane allows for glucose influx.

Since Nef is associated with alterations in cell surface protein

expression, we sought to determine whether the decrease in

glucose uptake by Nef-treated cells was due to a decrease in

GLUT4 surface expression. Differentiated adipocytes were

transiently transfected with a Myc-GLUT4-GFP plasmid and

stimulated with insulin as described above. Staining the exofacial

myc tag of unpermeabilized cells permits sensitive and quanti-

tative measurements of the amount of GLUT4 integration into

the plasma membrane after insulin stimulation. Little or no

GLUT4 was inserted into the plasma membranes of un-

stimulated control cells or cells exposed to 0.1 lg/mL myr-

istoylated Nef, as evidenced by the lack of red fluorescence at the

plasma membrane (Figure 2A, left and right panels,

respectively). There was no significant difference in themean red

fluorescence intensity between unstimulated control and

Nef-treated cells (Figure 2B; P 5 .09).

After stimulation of control adipocytes with 10 or 100 nM

insulin, there was dose-responsive integration of GLUT4 with

the plasma membrane (Figure 2C, panels 1 and 7). In contrast,

adipocytes treated with 0.1 lg/mL Nef appeared markedly dif-

ferent from control cells stimulated with the same insulin con-

centrations. GLUT4 integration into the plasma membranes of

Nef-treated cells was substantially less and appeared punctate

(Figure 2C, panel 4 vs 1 and panel 10 vs 7). Accordingly, there

was a significant reduction in the mean fluorescence intensity at

the plasma membranes of Nef-treated, insulin-stimulated cells.

After 10 nM insulin stimulation, Nef-treated cells displayed an

approximately 31% reduction relative to control cells (Figure

2B, P 5 .045), and after 100 nM insulin, they displayed an

approximately 36% reduction relative to control cells (Figure

2B, P 5 .029). These data indicate that Nef inhibits insulin-

induced GLUT4 fusion with the plasma membrane.

Nonmyristoylated Nef also decreased insulin-stimulated

GLUT4 fusion relative to control cells. With no insulin stimu-

lation, there was no significant reduction in the mean fluores-

cence intensity at the plasma membranes of Nef-treated cells,

compared with control cells, but there was a significant decrease

after stimulation with 10 nM insulin (P 5 .046) and after

stimulation with 100 nM insulin (P 5 .029). Treatment with

nonmyristoylated Nef decreased fluorescence intensity by 32%

relative to control cells after 10 nM insulin stimulation and by

64% relative to control cells after 100 nM insulin stimulation.

Because Nef was added directly to adipocyte culture media,

we wanted to ensure that Nef did not interfere with binding of

the myc antibody to its epitope, generating a false reduction in

fluorescence intensity. To address this, stimulated control cells

were probed with a mixture of the myc antibody and 0.1 lg/mL

Nef. There was no significant difference in the fluorescence in-

tensity between control cells and cells probed with the myc

antibody/Nef mixture (P 5 .27), indicating that exogenous Nef

did not interfere with antibody recognition of the myc epitope.

A decrease in the insertion of GLUT4 into the plasma

membrane when Nef is present may be due to a decrease in the

amount of GLUT4 translocated to the plasma membrane from

Figure 2. Glucose transporter 4 (GLUT4) fusion and translocation in insulin-stimulated control and myristoylated Nef–treated adipocytes. A,C,
Immunofluorescence analysis of Myc–GLUT4–green fluorescence protein (GFP)–transfected control and Nef-treated adipocytes with no insulin
stimulation (A), and 10 or 100 nM insulin stimulation (C ), stained with mouse monoclonal antibody to c-Myc followed by Texas Red–conjugated rabbit
anti–mouse IgG. Original magnification, 363. C, The yellow fluorescence in panels 3, 6, 9, and 12 confirms that the red and green fluorescence
represents the same, insulin-responsive protein. (B ) The red fluorescence intensity of Myc-GLUT4-GFP transfected control and Nef-treated cells with no
insulin or 10 or 100 nM insulin stimulation. Values represent the mean 6 standard deviation of 3 independent experiments. *P , .05.
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intracellular storage sites after insulin stimulation. The GFP tag

on the GLUT4 molecule was utilized to quantify GLUT4

translocation after insulin stimulation. As expected, there was

little GLUT4 translocation to the plasma membrane without

insulin stimulation, with most GLUT4 occupying a perinuclear

space (Figure 2A, left panel). Unstimulated Nef-exposed adi-

pocytes appeared similar with little to no translocation (Figure

2A, right panel). There was no significant difference in the mean

green fluorescence intensity between control and Nef-treated

cells without insulin stimulation (P 5 .44). After 10 nM insulin

stimulation, there was a difference in the degree of GLUT4

translocation between control and Nef-treated cells (Figure 2C,

panels 2 and 5, respectively) and also a difference between

control and Nef-treated cells after 100 nM insulin stimulation

(Figure 2C, panels 8 and 11, respectively). The yellow fluores-

cence in panels 3, 6, 9, and 12 of Figure 2C confirms that the red

and green fluorescence represents the same, insulin-responsive

protein. Quantitative analysis confirmed a significant difference

in mean green fluorescence intensity between Nef-treated and

control cells after 10 nM insulin stimulation (P5 .004) and after

100 nM insulin stimulation (P 5 .009). These data suggest that

Nef affects the trafficking of GLUT4 to the plasma membrane.

Nef Alters the Proximal Signal Transduction Pathway of Insulin
Activation of Akt via phosphorylation is required for insulin-

stimulated GLUT4 mobilization [39]. To determine whether the

decrease in GLUT4 trafficking observed in Nef-treated cells was

due to disruption of the proximal insulin signal transduction

cascade, we performed immunoblot analysis of Akt phosphory-

lation. Without insulin stimulation, cell lysates revealed minimal

phosphorylation of Akt in either control or Nef-treated cells

(Figure 3A). The degree of phosphorylation increased dose-

dependently with insulin concentration in control cells. However,

there was considerably less Akt phosphorylation in Nef-treated

lysates relative to control lysates at either 10 nM insulin (11% of

control Akt phosphorylation) and 100 nM insulin (32% of control

Akt phosphorylation) (Figure 3B).

To substantiate the downstream consequences of this proximal

effect of Nef, we analyzed the phosphorylation of AS160. Phos-

phorylation patterns of AS160 in Nef-treated, insulin-stimulated

adipocytes were similar to those of Akt, with considerably less

phosphorylation relative to control lysates at either insulin con-

centration (Figure 3A and B). These data indicate that Nef in-

fluences insulin-stimulated signaling cascades in adipocytes.

Nef Disrupts F-Actin at the Cortical Actin Ring
Dynamic changes of adipocyte cortical actin meshwork are re-

quired for GLUT4 translocation and fusion with the plasma

membrane [40, 41]. To determine whether the decrease in GLUT4

fusion in cells treated with nonmyristoylated Nef was attrib-

utable to disruption of actin polymerization dynamics, we

examined actin organization in control, Nef-treated, and LatB-

treated cells. As expected, control cells had very smooth, intact

cortical actin without and with 10 nM insulin stimulation

(Figure 4A, panels 1 and 4, respectively), while LatB-treated

cells revealed substantial cortical actin perturbations (Figure

4A, panels 3 and 6, respectively). Nef-treated cells were mor-

phologically intermediate, with perturbation of the actin rings

under basal and insulin-stimulated conditions, although not to

the degree seen in LatB-treated cells (Figure 4A, panels 2 and 5,

respectively). This qualitative assessment was confirmed

quantitatively as described above. Only a small number of

control cells were positive for disrupted F-actin (8.7%; Figure

4B), whereas a high proportion of LatB-treated cells had dis-

rupted cortical actin polymers (89.3%; Figure 4B). Nef-treated

cells had a result between those of control and LatB-treated

cells, with 56.7% showing perturbed cortical F-actin (Figure

4B). Compared with control cells, there was a significant dif-

ference in the proportion of Nef-treated cells with disrupted

cortical actin, both unstimulated and stimulated (P5 .019 and

.047, respectively). These data indicate that actin dynamics are

disrupted in adipocytes exposed to Nef.

Insulin induces cortical ring localization of N-WASP, a re-

quirement for actin filament rearrangement in adipocytes [42].

N-WASP phosphorylation stabilizes the ‘‘open’’ confirmation,

enhancing its activity toward the Arp2/3 complex. We per-

formed immunoblot analysis of N-WASP phosphorylation to

Figure 3. Akt and AS160 phosphorylation in control and myristoylated
Nef–treated adipocytes stimulated with 10 or 100 nM insulin. A,
Immunoblot of Akt and AS160 phosphorylation. B, Quantitation of
immunoblots for Akt and AS160 phosphorylation. Values shown are,
respectively, the average ratio 6 standard deviation of phospho-Akt or
phospho-AS160 to total Akt or total AS160, expressed as optical density
minus background from at least 2 independent immunoblots.
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determine whether the cortical actin perturbations caused by

Nef were due to alterations in N-WASP phosphorylation. There

was no difference between control and nonmyristoylated Nef-

treated cells in the degree of phosphorylation at Tyr-256 whether

stimulated with 10 or 100 nM insulin or not (Figure 4C).

N-WASP is constitutively phosphorylated at Ser-484 and

Ser-485. We detected no difference between control and

Nef-exposed adipocytes in phosphorylation rates at these

residues (Figure 4C).

DISCUSSION

Although there are important links between ART and insulin

resistance in HIV infection, HIV also causes metabolic dis-

turbances directly. We provide new insights into how HIV-1

affects adipocyte function in glucose homeostasis. We show that

HIV-1 Nef significantly reduces glucose uptake in insulin-

stimulated adipocytes by inhibiting GLUT4 surface expression.

Nef also inhibits insulin-induced signal transduction and

cortical actin dynamics prohibiting GLUT4 translocation and

fusion with the plasma membrane.

Pancreatic b-cells release insulin when the blood level of

glucose increases. Insulin binds its receptor on adipocytes, in-

ducing events that culminate in glucose uptake. Vesicles con-

taining GLUT4 are mobilized from the insulin-responsive

compartment and translocated to the plasma membrane where

fusion initiates glucose influx. We found that after exposure to

Nef, insulin-stimulated adipocytes took in less glucose than

control adipocytes in a dose-dependent manner (Figure 1). This

effect was Nef-specific, as glucose uptake by cells treated

simultaneously with Nef and anti-Nef antibody was similar to

that of control cells. Nef caused no detectable cytotoxicity, as

basal glucose uptake and viability were similar between control

and Nef-treated cells.

Decreased glucose uptake is attributable to a Nef-dependent

reduction in surface expression of GLUT4 molecules (Figure

2B), a finding consistent with the known ability of exogenous

Nef to change expression of cell surface proteins [36, 37]. The

mechanism by which Nef inhibits GLUT4 translocation and

fusion after stimulation is not fully understood. Our data sug-

gest that Nef affects multiple cell processes. First, insulin acti-

vates a number of signaling cascades, some involving Akt. In

Nef-exposed adipocytes stimulated with insulin, phosphoryla-

tion of Akt and its effector AS160 was considerably less than in

control cells (Figure 3). That Nef alters signal transduction in

our model is consistent with published reports that signal

transduction changes in the presence of exogenous Nef [23, 24,

26, 34]. Thus, Nef-induced inhibition of GLUT4 translocation

likely occurs because Akt and AS-160 are inadequately activated.

Second, insulin-stimulated rearrangements within the cortical

actin meshwork induce docked GLUT4 vesicles to fuse with the

plasma membrane [40]. Nef disrupts actin-remodeling pro-

cesses and alters cytoskeletal structure [29–33]. Our data are

consistent with these published reports, as atypical cortical

actin was noted in Nef-treated adipocytes (Figure 4).

Although N-WASP phosphorylation is decreased in T cells

expressing Nef [30], it was not decreased in the adipocytes

that we studied (Figure 4C). This suggests that the cortical

actin ring defect is not due to decreased N-WASP activity per

se. Hence, the mechanism by which Nef alters adipocyte

cortical actin rings remains undefined. These results cannot

rule out the possibility that Nef interferes with secretory

Figure 4. Cortical actin rings of control, Nef-treated, and Latrunculin B–treated adipocytes. A, Fluorescence microscopy of control, Nef-treated, and
Latrunculin B–treated adipocytes without and with 10 nM insulin stimulation. Cells were stained with rhodamine-conjugated phalloidin. The arrows
(panels 2 and 5) designate areas of disrupted F-actin. B, The percent of control, Nef-treated, and Latrunculin B–treated cells with perturbed cortical actin,
without and with 10 nM insulin stimulation. Values are the mean percent of cells positive for disrupted actin 6 the standard deviation from 3
independent experiments. *P , .05. C, Neural Wiskott-Aldrich syndrome protein (N-WASP) phosphorylation in control and Nef-treated adipocytes
unstimulated or stimulated with 10 or 100 nM insulin.
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trafficking proteins analogously to CD4 and MHCI molecules

[15–18]. Nef likely acts at several points along the insulin-

stimulated GLUT4 trafficking pathway, which would be

consistent with its ability to bind a plethora of proteins and

influence numerous cellular processes.

Native Nef is cotranslationally myristoylated, a modification

critical to many Nef activities. However, myristoylation is not an

absolute requirement. Several reports document attenuation,

rather than abolition, of Nef activity, and others report Nef

activities occurring without myristoylation [34, 43–46]. Because

the Nef in certain experiments described here was non-

myristoylated, our measurements may underestimate the degree

to which native Nef alters adipocyte function.

Nef lacks the canonical secretory signal sequence, yet is

released extracellularly and is detectable in the serum samples of

HIV-infected people in amounts up to 50 ng/mL ([27]; L.

Cheney, unpublished data). There is increasing evidence that

exogenous Nef induces signaling effects in cell culture [19–28].

Recombinant Nef also accumulates within primary human

monocyte-derived macrophages, B cells, and dendritic cells in

vitro, and native Nef is detected in uninfected primary lymphoid

B cells ex vivo [20, 31, 34, 36, 37]. Adipocytes can support viral

entry, as they do express all the necessary HIV receptors, and

replication can occur at least to a small degree in adipocytes

[47]. Therefore, it seems likely that adipocytes are exposed to

Nef, although it remains unknown whether Nef acts on adipo-

cytes in an intra- or extracellular manner, or both. Nevertheless,

we hypothesize that adipocytes that are chronically exposed to

Nef in vivo, as modeled in the experiments described, are im-

paired sufficiently to lower the threshold for development of

insulin resistance in HIV-infected individuals.

Our findings implicate Nef in the development of HIV-

associated insulin resistance and Type II diabetes mellitus, an

important finding in light of the prolonged life expectancy that

ART affords HIV-infected individuals. The HIV-infected pop-

ulation will be subject to the same forces that drive insulin re-

sistance in the general population as it ages, with the added risks

of HIV-associated factors, such as Nef. Further exploration of

the role that HIV plays in the development of insulin resistance

is vital for enhancing the clinical management of HIV disease.
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