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Abstract
Inflammation and insulin resistance associated with visceral obesity are important risk factors for
the development of type 2 diabetes, atherosclerosis, and the metabolic syndrome. The 12/15-
lipoxygenase (12/15-LO) enzyme has been linked to inflammatory changes in blood vessels that
precede the development of atherosclerosis. The expression and role of 12/15-LO in adipocytes have
not been evaluated. We found that 12/15-LO mRNA was dramatically upregulated in white
epididymal adipocytes of high-fat fed mice. 12/15-LO was poorly expressed in 3T3-L1 fibroblasts
and was upregulated during differentiation into adipocytes. Interestingly, the saturated fatty acid
palmitate, a major component of high fat diets, augmented expression of 12/15-LO in vitro. When
3T3-L1 adipocytes were treated with the 12/15-LO products, 12-hydroxyeicosatetranoic acid (12(S)-
HETE) and 12-hydroperoxyeicosatetraenoic acid (12(S)-HPETE), expression of proinflammatory
cytokine genes, including tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein 1
(MCP-1), interleukin 6 (IL-6), and IL-12p40, was upregulated whereas anti-inflammatory
adiponectin gene expression was downregulated. 12/15-LO products also augmented c-Jun N-
terminal kinase 1 (JNK-1) phosphorylation, a known negative regulator of insulin signaling.
Consistent with impaired insulin signaling, we found that insulin-stimulated 3T3-L1 adipocytes
exhibited decreased IRS-1(Tyr) phosphorylation, increased IRS-1(Ser) phosphorylation, and
impaired Akt phosphorylation when treated with 12/15-LO product. Taken together, our data suggest
that 12/15-LO products create a proinflammatory state and impair insulin signaling in 3T3-L1
adipocytes. Because 12/15-LO expression is upregulated in visceral adipocytes by high-fat feeding
in vivo and also by addition of palmitic acid in vitro, we propose that 12/15-LO plays a role in
promoting inflammation and insulin resistance associated with obesity.

INTRODUCTION
Obesity is associated with inflammation and insulin resistance which in turn promote the
development of type 2 diabetes and cardiovascular disease. The chronic inflammatory state in
obese individuals is characterized by increased production of proinflammatory cytokines by
the adipose tissue, including tumor necrosis factor-α (TNF-α), monocyte chemoattractant
protein 1 (MCP-1), interleukin 6 (IL-6), and IL-12 (1). These cytokines act locally in the
adipose tissue, but also systemically as their levels in the circulation are increased and affect
whole body insulin sensitivity (2–4). MCP-1 released by adipocytes contributes to macrophage
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infiltration into adipose tissue (5). Macrophage accumulation augments the production of
proinflammatory cytokines by adipose tissue and thereby contributes to the pathophysiological
consequences of obesity (6). IL-12 is associated with atherosclerosis, type 1 diabetes, and
insulin resistance in rodent models (7–10). IL-12 mediates its effect by STAT4 activation, and
inhibition of STAT4 activation protects nonobese diabetic mice from autoimmune diabetes
(11) and reduces inflammation in the Zucker obese fatty rat (12). TNF-α and IL-6 can promote
insulin resistance through several mechanisms. They increase lipolysis in adipocytes (13) and
thereby increase serum fatty acid levels. In addition, they have both been linked to
hypertriglyceridemia associated with adiposity (13,14). Lower levels of adiponecti are often
observed in insulin-resistant patients, and intervention therapy with adiponectin reverses
insulin resistance associated with both lipoatrophy and obesity (15).

12-Lipoxygenases (12-LO), including leukocyte-12/15-LO, epidermal-12-LO, and
platelet-12-LO, convert arachidonic acid by oxygenation to form the lipid inflammatory
mediator 12-hydroperoxyeicosatetraenoic acid (12(S)-HPETE) which subsequently is
converted to the more stable product 12-hydroxyeicosatetranoic acid (12(S)-HETE) (Figure
1a). Arachidonic acid can also be oxygenated by other enzymes leading to the generation of
additional eicosanoids (Figure 1a) that, with the exception of lipoxins, all act as
proinflammatory mediators.

Leukocyte-12/15-LO (Alox 15), from now on referred to as 12/15-LO, has been implicated to
play a key role in the progression of type 1 diabetes and atherosclerosis (16–20). Preliminary
studies indicate 12/15-LO expression is elevated in adipocytes isolated from insulin-resistant
obese Zucker rats when compared to lean rats (21). Furthermore, 12/15-LO deficiency in
macrophages leads to defective IL-12 synthesis (22). These data suggest a correlation between
12/15-LO activation and an increased inflammatory response. To examine whether 12/15-LO
products have a role in increased production of proinflammatory cytokines by adipocytes (free
from macrophage contamination), we tested the direct effect of 12/15-LO products on 3T3-L1
adipocytes. We show that 12/15-LO products not only upregulate proinflammatory cytokines,
but also impair insulin signaling as well. This is the first report demonstrating a direct effect
of 12/15-LO products on the production of proinflammatory cytokines and impairment of
insulin signaling in 3T3-L1 adipocytes.

METHODS AND PROCEDURES
Reagents

3T3-L1 cells were kindly provided by the late Dr John C. Lawrence Jr (University of Virginia,
Charlottesville, VA). Dulbecco’s modified Eagle’s medium (DMEM), penicillin/
streptomycin, and trypsin were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum
was purchased from Zen-Bio (Research Triangle Park, NC). Dexamethasone,
isobutylmethylxanthine, protease inhibitors and palmitic acid were purchased from Sigma-
Aldrich (St Louis, MO). 12(S)-HETE, 12(S)-HPETE, and 12(R)-HETE were from BIOMOL
(Plymouth Meeting, PA). The PCR oligonucleotides were purchased from Operon
Biotechnologies (Huntsville, AL). Antibodies were obtained as following: Akt, phospho-Akt
(Ser473), IRS-1, phospho-IRS-1 (Ser307), and phospho-SAPK/JNK (Thr183/Tyr185) (Cell
Signaling Technology, Danvers, MA); phospho-IRS-1 (Tyr896) (Invitrogen).

Animal study
Male C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were
placed on a chow or a high-fat “western-type” diet beginning at 6–8 weeks of age. The chow
and western diet foods were purchased from Harlan Teklad (Madison, WI); the western diet
consisted of 42% of calories from fat, 15.3% of calories from protein, and 42.7% of calories
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from carbohydrate, primarily sucrose (TD#88137). All mice were placed on the diet for 8
weeks. Mice were housed in a pathogen-free facility at the Centers for Comparative Medicine
at the University of Virginia and Eastern Virginia Medical School. All experiments were
performed in accordance with an animal study protocol approved by the Institutional Animal
Care and Use Committees of University of Virginia and Eastern Virginia Medical School.

Isolation of white epididymal adipocytes
Isolation of white epididymal adipocytes was based on a protocol previously described (11).
Briefly, mice were killed by CO2 asphyxiation. Epididymal fat pads were removed and the
tissues were finely minced and digested with collagenase in Krebs Ringer Hepes (KRH)–
bovine serum albumin (BSA) buffer for 60 min at 37°C in a shaking water bath. Once digestion
was complete, samples were passed through a nylon mesh (400 µm). The cells were washed
by adding KRH–BSA 10 times the volume of the cell suspension. Adipocytes were allowed
to float. Floating cells were collected and washed with 10 times the volume of KRH–BSA for
two more times. After the final wash, the adipocytes were suspended in five times the volume
of KRH–BSA and centrifuged at 200g for 1 min at room temperature. Two-milliliter Trizol
(Invitrogen) was added per 1 ml of cell suspension and lysates prepared by passing the cells
through an 18-gauge needle. Cell lysates were stored at −80°C until processing for RNA
extraction.

3T3-L1 cell culture and differentiation
3T3-L1 preadipocytes were grown to confluence at 37 °C in 100-mm culture dishes in DMEM,
containing 10% fetal bovine serum in an incubator equilibrated with 9% CO2. At 2 days
postconfluence (day 0), differentiation was induced with isobutylmethylxanthine (0.5 mmol/
l), dexamethasone (0.25 µmol/l), and insulin (1 µg/ml) in DMEM containing 10% fetal bovine
serum as described in ref. 11. After 2 days, the isobutylmethylxanthine and dexamethasone
were removed and insulin was maintained for two additional days. On day 4, and thereafter,
medium was replaced with DMEM (without insulin supplementation) plus 10% fetal bovine
serum every 2 days. Cells were used for experiments on day 8 of differentiation. Before each
experiment, cells were kept in DMEM containing 1% serum overnight. Cells were then washed
with DMEM containing 0.2% BSA and incubated in the same medium for 2 h before treatment
with 12(S)-HETE, 12(S)-HPETE, or ethanol (EtOH) (solvent control) for an additional 2 or 4
h. Palmitic acid treatment was performed in DMEM containing 0.25% serum. The palmitic
acid–BSA complex (3:1) used for the treatments was prepared as described in ref. 23.

RNA extraction and real-time PCR
RNA was prepared using the Ribo-Pure Kit (Ambion, Foster City, CA) for 3T3-L1 cells and
Trizol (Invitrogen) for mouse white adipocytes. cDNA was made from 5 µg of total RNA using
Moloney murine leukemia virus reverse transcriptase (Invitrogen) in 20 µl reaction volume
using random hexamers (Invitrogen). For quantitative measurement of PCR products, a double-
stranded DNA dye, SYBR Green I (Molecular Probes, Carlsbad, CA), was used with Jump
StartTaq Polymerase (Sigma-Aldrich). A volume of 3 µl of the cDNA reaction (fivefold
diluted) was used as template for PCR in a reaction volume of 25 µl for PCR (24). Thermal
cycling was performed using the iCycler (Bio-Rad, Hercules, CA). Cycling parameters for
amplification of cytokines and adiponectin were 95 °C for 30 s, 57 °C for 30 s, and 72 °C for
30 s for 40 cycles (25). For the amplification of 12/15-LO, the cycling conditions were 95 °C
for 30 s, 62 °C for 30 s, and 72 °C for 30 s followed by 81 °C for 15 s. The 12/15-LO PCR
product was subcloned into the T/A cloning vector TOPO (Invitrogen), and three to four clones
from each PCR were sequenced to confirm the identity of the amplified fragment. Primer
sequences are presented in Table 1. All reactions were performed in triplicate and the data were
normalized to a housekeeping gene, GAPDH or actin, and evaluated using the 2−ΔΔCT method
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(24). Expression levels are presented as fold induction/downregulation of transcripts of
respective genes relative to control.

Cytokine release measurements using enzyme-linked immunosorbent assay
Cytokine protein concentrations, IL-6 and IL-12p40, in 3T3-L1 adipocyte supernatants were
measured following the manufacturer’s instructions by enzyme-linked immunosorbent assay
using a kit from R&D System (Minneapolis, MN) and a Procarta Assay (Panomics, Fremont,
CA). The treatment was done in the same way as described under “3T3-L1 cell culture and
differentiation” except that 3T3-L1 adipocytes were supplemented with 12/15-LO products
every 8 h and supernatants were collected after 48 h of incubation with the 12/15-LO products.

Western blotting
Differentiated 3T3-L1 adipocytes grown in six-well plates were harvested in 250 µl/well
sodium dodecyl sulfate gel loading buffer containing trypsin inhibitor (10 µg/ml), leupeptin
(5 µg/ml), aprotinin (5 µg/ml), phenylmethanesulphonylfluoride (1 mmol/l), sodium
orthovanadate (1 mmol/l), benzamidine (1 mmol/l), sodium fluoride (50 mmol/l), and
dithiothreitol (25 mmol/l). The lysates were sheared by passing through a 23-gauge needle.
Protein determination was done by the Lowry method (DC Protein Assay; Bio-Rad) and as
described in ref. 26. Of the total protein, 50 µg was loaded in each lane of a 7.5% sodium
dodecyl sulfate–polyacrylamide gel, transferred to polyvinylidene fluoride (Millipore,
Bedford, MA) membrane using a semidry apparatus (Bio-Rad), immunoblotted with phospho-
IRS-1, total IRS-1, phospho-Akt, and total-Akt antibodies. Detection was performed with
secondary horseradish peroxidase–conjugated antibodies and ECL plus (GE Healthcare,
Piscataway, NJ) according to manufacturer’s instructions. Western blot quantitation was
performed using NIH ImageJ software and band intensity values are represented as fold change
of phosphorylated band intensity normalized to control.

Data analysis
Data are presented as the means ± s.e.m. Student’s t-test was used to establish statistically
significant differences between samples. Data were considered statistically significantly
different at P < 0.05.

RESULTS
12/15-LO is expressed in white mouse adipocytes and 3T3-L1 adipocytes

Obesity is associated with inflammation of adipose tissue. To evaluate whether 12/15-LO could
play a role in the inflammatory response of the adipose tissue, we first tested whether high-fat
diet feeding of mice alters the expression of 12/15-LO. As shown in Figure 1b, 12/15-LO
mRNA expression was upregulated 5.2-fold in white epididymal adipocytes after 8 weeks of
high-fat feeding of mice when compared to chow-fed mice. As it is difficult to evaluate a direct
role of 12/15-LO and its products in adipose tissue inflammation in vivo, we used the well-
established 3T3-L1 adipocytes in culture. We first established 12/15-LO expression in these
cells. When comparing undifferentiated preadipocytes and fully differentiated adipocytes, we
found that 12/15-LO mRNA expression was upregulated sevenfold in fully differentiated
adipocytes (Figure 1c). On the other hand, we saw no discernible expression or upregulation
of the other forms of 12-LO mRNA, epidermal-, or platelet-12-LO, in 3T3-LI adipocytes (data
not shown), suggesting that 12/15-LO products are primarily generated by leukocyte-12/15-
LO in fat cells.
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12/15-LO products modify the expression and production of proinflammatory cytokines and
adiponectin in 3T3-L1 adipocytes

We next examined whether addition of 12/15-LO products directly to 3T3-L1 adipocytes alters
mRNA expression levels of proinflammatory cytokines. Cells were serum-starved and treated
with physiological concentrations of the active 12/15-LO products, 12(S)-HETE at 0.1 and 10
nmol/l, or 12(S)-HPETE at 1 pmol/l and 0.1 nmol/l for 2 or 4 h. Early time points were chosen
to assess direct effects of 12/15-LO products on 3T3-L1 adipocytes and 2 h is the earliest time
point at which a proinflammatory response was observed (25). Results for maximal effects are
shown in Figure 2a. All the cytokines evaluated, TNF-α, MCP-1, IL-6, and IL-12p40, were
increased in response to 12(S)-HETE and 12(S)-HPETE. Maximal stimulation of TNF-α
mRNA expression, 5.5- and 7.8-fold, respectively, was obtained with 12(S)-HETE at 10 nmol/
l and 12(S)-HPETE at 1 pmol/l after 4 h (Figure 2a). MCP-1 mRNA expression was induced
1.6–1.7-fold in 4 h by both 12(S)-HETE at 10 nmol/l and 12(S)-HPETE at 0.1 nmol/l (Figure
2a). For IL-6 mRNA, the maximal fold stimulation (2–2.5) was detected after 4 h with 12(S)-
HETE and 12(S)-HPETE at 0.1 nmol/l (Figure 2a). Clear increases in mRNA expression (3.5-
fold) were also observed for IL-12p40 after 4-h treatment with both 12(S)-HETE and 12(S)-
HPETE at 0.1 nmol/l (Figure 2a). In contrast, when treating cells with the inactive 12-LO
analogue, 12(R)-HETE, we did not see noticeable changes in gene expression (data not shown).
Addition of 12/15-LO products to undifferentiated 3T3-L1 cells resulted in no significant
change in the expression of the genes analyzed (data not shown).

Adiponectin is a key anti-inflammatory adipokine. When testing the effect of the 12/15-LO
products on adiponectin mRNA in 3T3-L1 adipocytes, we found that both 12(S)-HETE at 10
nmol/l and 12(S)-HPETE at 0.1 nmol/l significantly decreased adiponectin gene expression by
40% in 4 and 2 h, respectively (Figure 2a). These results indicate that 12/15-LO products have
differential effects on proinflammatory cytokine and anti-inflammatory cytokine adiponectin
expression in adipocytes.

To test whether the changes in inflammatory cytokines observed at the mRNA level could also
be observed at the protein level, we evaluated cytokine protein concentration in media of 3T3-
L1 adipocytes treated with 12(S)-HETE. As shown in Figure 3, IL-6 and IL-12p40 increased
2- and 1.7-fold, respectively, after 48 h of incubation with 10 nmol/l 12(S)-HETE. Similar
results were observed with MCP-1 protein (data not shown).

Palmitic acid upregulates 12/15-LO and modifies expression of proinflammatory cytokines
and adiponectin in 3T3-L1 adipocytes

We tested whether addition of palmitic acid to 3T3-L1 adipocytes altered 12/15-LO expression.
3T3-L1 adipocytes were treated with 0.125, 0.25, and 0.5 mmol/l palmitic acid. Concentration
of 0.25 mmol/l palmitic acid consistently produced maximal gene expression changes; at higher
concentrations gene induction decreased (Figure 2b; data not shown). As shown in Figure 2b,
addition of palmitic acid (0.25 mmol/l) for 4 h upregulated 12/15-LO expression by 1.9-fold.
We also looked at simultaneous gene expression changes of two proinflammatory cytokines,
TNF-α and IL-6, and the anti-inflammatory adiponectin. As shown in Figure 2b, both TNF-
α and IL-6 expression were upregulated 2.4- and 2.9-fold, respectively, with 0.25 mmol/l
palmitic acid. This is similar to previously reported observations (27). Furthermore,
adiponectin expression was reduced by 0.7-fold with 0.25 mmol/l palmitic acid.

12(S)-HETE impairs insulin signaling
Given that obesity is associated with inflammation and insulin resistance (28), we examined
whether 12(S)-HETE also impaired insulin signaling in 3T3-L1 adipocytes. Insulin signaling
was studied in differentiated 3T3-L1 adipocytes after incubation with 10 nmol/l 12(S)-HETE
for 4 h. We observed that IRS-1(Ser) phosphorylation increased (1.41-fold) and IRS-1(Tyr)
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phosphorylation decreased (0.81-fold) in 12(S)-HETE-treated vs. control cells stimulated with
insulin for 10 min (Figure 4a). These changes were followed by impairment of downstream
Akt phosphorylation (0.53-fold) after 15 min of insulin stimulation (Figure 4b).
Simultaneously, we found that 12(S)-HETE treatment increased c-Jun N-terminal kinase 1
(JNK-1) phosphorylation (2.04-fold) (Figure 4c). Increased JNK-1 phosphorylation has been
shown to be associated with impaired insulin signaling (29). 12(S) HETE treatment could thus
through activation of JNK-1 lead to the observed increased IRS-1(Ser) phosphorylation and
consequent impaired IRS-1(Tyr) and Akt phosphorylation. Taken together, these suggest that
12(S)-HETE reduces insulin signal transduction in 3T3-LI adipocytes.

DISCUSSION
Visceral obesity is associated with inflammation of visceral adipose tissue that is marked by
macrophage infiltration and increased production of proinflammatory cytokines (30). The
proinflammatory cytokines in turn cause insulin resistance at the local (adipocyte) and systemic
level. The 12/15-LO products, 12(S)-HETE and 12(S)-HPETE, have been recognized as potent
inflammatory compounds (31). Our studies focus on the leukocyte form of 12-LO, one of the
three forms of mammalian 12-LO which produces 12(S)-HETE and 15(S)-HETE at a ratio of
3:1. 12(S)-products can be generated from other forms of 12-LO, e.g., platelet- and
epidermal-12-LO. However, we observed very low mRNA expression of platelet-12-LO and
epidermal-12-LO by quantitative PCR in 3T3-L1 adipocytes (data not shown). This suggests
that the majority of 12(S)-products in differentiated 3T3-L1 adipocytes is derived from 12/15-
LO activity. 12/15-LO can react with other saturated fatty acids and generate other metabolites,
such as 15(S)-HETE/15(S)-HPETE, HODEs (hydroxyoctadeca-10E, 12Z-dienoic acid),
lipoxins (32), and hepoxilins (33) (Figure 1a). Furthermore, there are other pathways of ara-
chidonic acid metabolism, such as the cyclooxygenase and cytochrome P-450 pathways. It is
not clear whether these pathways are functional in adipocytes. Current studies in our lab are
investigating the contribution of these products to the proinflammatory response and impaired
insulin signaling.

We had previously reported that 12/15-LO products, when added to cultured macrophages,
cause inflammation by upregulating the expression of TNF-α and MCP-1 (25). In this study,
we show that the addition of 12/15-LO products directly to 3T3-LI adipocytes significantly
upregulates the expression of key proinflammatory genes, TNF-α, MCP-1, IL-6, and IL-12p40,
and downregulates an important anti-inflammatory gene, adiponectin. The upregulation of
these proinflammatory cytokines and downregulation of adiponectin are associated with
visceral adiposity, insulin resistance, atherosclerosis, and diabetes (7–15). As we started
investigating the signal transduction mechanisms by which 12/15-LO products could mediate
the increase in inflammatory gene expression and reduction of adiponectin expression, we
found that 12(S)-HETE increases the activation of JNK-1 in 3T3-L1 adipocytes suggesting
that signaling through mitogen-activated protein kinase pathways may be involved. JNK-1 has
been clearly associated with reduced insulin signaling by increasing serine phosphorylation of
IRS-1 (29). In the current study, 12(S)-HETE-mediated induction of JNK-1 may be one
mechanism for reduced insulin action in 3T3-LI adipocytes.

Furthermore, insulin-stimulated activation of Akt is necessary for normal glucose metabolism
in muscle and fat cells (34). Consistent with the data presented in this study, we have found
that in vivo 12/15-LO deletion improves glucose metabolism in mice fed a high-fat diet (35).
As we also show in this study, 12/15-LO mRNA expression is elevated in white epididymal
adipocytes of high-fat fed mice, consistent with a possible role of 12/15-LO in obesity-related
inflammation. In the current study, we have now provided mechanistic evidence suggesting
that fatty acids such as palmitic acid can increase 12/15-LO expression. Support for the in
vivo role of 12/15-LO is provided by our earlier study showing that mice deficient for 12/15-
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LO are protected against a proinflammatory response and consequent metabolic defects
induced by a high-fat diet (35).

In conclusion, we provide evidence for two important responses to the treatment of 3T3-L1
adipocytes with 12/15-LO products: the induction of an inflammatory response and impairment
of insulin signaling. We are aware that this study has been performed in murine adipocytes and
mice and thus has to be confirmed in humans. Further mechanisms of how 12/15-LO products
mediate these responses are currently being investigated. Intervention with anti-inflammatory
agents may help to dissect the sequence of events. Because 12/15-LO mRNA expression is
upregulated in white epididymal adipocytes isolated from mice on a high-fat diet, blockade of
the 12/15-LO pathway may provide a new therapeutic approach to reduce inflammation and
improve insulin sensitivity, thereby reducing the complications associated with adiposity.
Further studies will aim at understanding how 12/15-LO induction affects glucose metabolism
and insulin sensitivity in 3T3-LI adipocytes. Identification of immediate upstream factors of
the 12/15-LO gene regulated, for example, by saturated fatty acids, such as palmitate, will be
useful in determining early intervention targets in blocking 12/15-LO-mediated effects as
observed in this study.
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Figure 1.
12/15-Lipoxygenase (12/15-LO) is upregulated in white epididymal adipocytes isolated from
mice on a high-fat diet and in fully differentiated 3T3-L1 adipocytes. (a) A simplified schematic
diagram depicting metabolism of arachidonic acid by cyclooxygenase 1 and 2, LO, and
cytochrome P-450 epoxygenase enzymes to bioactive eicosanoids. All eicosanoids depicted,
except the lipoxins, act as proinflammatory lipid mediators. Certain LOs can convert other
fatty acid substrates, like linoleic acid, to produce additional products. 12/15-LO mRNA
expression in epididymal adipocytes isolated from mice fed for 8 weeks with the (b) chow or
high-fat diet and (c) in preadipocytes and differentiated 3T3-L1 adipocytes was determined by
real-time RT-PCR using gene-specific primers and SYBR Green I. The data were normalized
to total actin and fold differences were calculated using the 2−ΔΔCT method. Data represent
means ± s.e.m. for adipocytes from six to eight mice (b) and three independent experiments
(c). *Values are statistically significantly different (P < 0.01) when compared to chow-fed
mice (b) or undifferentiated 3T3-L1 cells (c).
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Figure 2.
Addition of 12/15-lipoxygenase (12/15-LO) products and activation of endogenous 12/15-LO
by palmitic acid upregulate proinflammatory cytokine and downregulate anti-inflammatory
adiponectin mRNA expression. 3T3-L1 adipocytes were treated with 12-
hydroxyeicosatetranoic acid (12(S)-HETE) and 12-hydroperoxyeicosatetraenoic acid (12(S)-
HPETE) at (a) concentrations and for times indicated, and (b) with 0.25 mmol/l palmitic acid
for 4 h. The mRNA measurements were done by real-time RT-PCR using gene-specific primers
and SYBR Green I. Ethanol (EtOH) was used as a control. The data were normalized to total
actin. The fold changes in expression were calculated relative to ethanol control. All data
represent the means ± s.e.m. from three independent experiments, and asterisks indicate that
values are statistically significantly different (P < 0.001–0.05) when compared to ethanol
control. Shown are effects of 12(S)-HETE and 12(S)-HPETE on mRNA expression of tumor
necrosis factor-α (TNF-α), monocyte chemoattractant protein 1 (MCP-1), interleukin 6 (IL-6),
IL-12p40, and adiponectin (a), as well as palmitic acid on mRNA expression of 12/15-LO,
TNF-α, IL-6, and adiponectin (b).
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Figure 3.
12-Hydroxyeicosatetranoic acid (12(S)-HETE) increases cytokine protein secretion. 3T3-LI
adipocytes were treated with 10 nmol/l 12(S)-HETE every 8 h for 48 h, and interleukin 6 (IL-6)
and IL-12p40 concentrations in the culture medium were measured by enzyme-linked
immunosorbent assay. All data represent the means ± s.e.m. and asterisks indicate that values
are statistically significantly different (P < 0.05) when compared to ethanol control (EtOH).
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Figure 4.
12-Hydroxyeicosatetranoic acid (12(S)-HETE) impairs insulin signaling. 3T3-LI adipocytes
were treated with ethanol (EtOH) or 10 nmol/l 12(S)-HETE for 4 h. Cells were either stimulated
with (a) 10 nmol/l insulin for 10 min, (b) the indicated time periods, (c) or unstimulated. Total
cell lysates were immunoblotted with phospho-IRS-1 and total IRS-1 (a), phospho-Akt and
total Akt (b), or phospho-JNK (c) antibodies. Data are representative of two to three
independent experiments. P = phospho. The fold changes in phosphorylation were calculated
relative to control.

Chakrabarti et al. Page 13

Obesity (Silver Spring). Author manuscript; available in PMC 2010 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chakrabarti et al. Page 14

Table 1

Primer sequences used in real-time RT-PCR amplification of cDNA prepared from white epididymal adipocytes
of chow vs. high-fat fed mice as well as preadipocytes vs. differentiated 3T3-L1 adipocytes

Mouse genes Forward primer (5′→3′) Reverse primer (5′→3′)

Leukocyte type 12/15-LO ctctcaaggcctgttcagga gtccattgtccccagaacct

IL-6 gaggataccactcccaacagacc aagtgcatcatcgttgttcataca

IL-12p40 ggaagcacggcagcagaata aacttgagggagaagtaggaatgg

MCP-1 cttctgggcctgctgttca ccagcctactcattgggatca

TNF-α catcttctcaaaattcgactcacaa tgggagtagacaaggtacaaccc

Adiponectin gttgcaagctctcctgttcc atccaacctgcacaagttcc

GAPDH tcaccaccatggagaaggc gctaagcagttggtggtgca

Actin aggtcatcactattggcaacga ccctccatgatggaattgaatgtagtt

12/15-LO, 12/15-lipoxygenase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IL-6, interleukin 6; MCP-1, monocyte chemoattractant protein
1; TNF-α, tumor necrosis factor-α.
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