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Abstract
Adipose tissue inflammation in obesity is a major factor leading to cardiovascular disease and type
2 diabetes.12/15 lipoxygenases (ALOX) play an important role in the generation of inflammatory
mediators, insulin resistance and downstream immune activation in animal models of obesity.
However, the expression and roles of 12/15ALOX isoforms, and their cellular sources in human
subcutaneous (sc) and omental (om) fat in obesity is unknown. The objective of this study was to
examine the gene expression and localization of ALOX isoforms and relevant downstream
cytokines in subcutaneous (sc) and omental (om) adipose tissue in obese humans. Paired biopsies
of sc and om fat were obtained during bariatric surgeries from 24 morbidly obese patients. Gene
and protein expression for ALOX15a, ALOX15b and ALOX 12 were measured by real-time PCR
and western blotting in adipocytes and stromal vascular fractions (SVF) from om and sc adipose
tissue along with the mRNA expression of the downstream cytokines IL-12a, IL-12b, IL-6, IFNγ
and the chemokine CXCL10. In a paired analysis, all ALOX isoforms, IL-6, IL-12a and CXCL10
were significantly higher in om vs. sc fat. ALOX15a mRNA and protein expression was found
exclusively in om fat. All of the ALOX isoforms were expressed solely in the SVF. Further
fractionation of the SVF in CD34+ and CD34- cells indicated that ALOX15a is predominantly
expressed in the CD34+ fraction including vascular and progenitor cells, while ALOX15B is
mostly expressed in the CD34- cells containing various leucocytes and myeloid cells. This result
was confirmed by immunohistochemistry showing exclusive localization of ALOX15a in the om
fat and predominantly in the vasculature and non-adipocyte cells. Our finding is identifying
selective expression of ALOX15a in human om but not sc fat. This is a study showing a major
inflammatory gene exclusively expressed in visceral fat in humans.
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Introduction
Adipose tissue inflammation plays a central role in obesity-related metabolic and
cardiovascular complications. Obese individuals have at least six times the risk for having
type 2 diabetes, leading to increases in cardiovascular morbidity and mortality. Multiple
factors have been implicated, including inflammatory cytokines such as TNFα, IL-6, IL-12
and IFNγ [1]. In particular visceral (omental) fat in obesity is characterized by increased
inflammation and correlates with elevated systemic inflammation in obesity and type 2
diabetes in humans [1–3]. Lipoxygenases constitute a family of enzymes that catalyze the
oxygenation of cellular poly-unsaturated fatty acids into lipid mediators and are categorized
according to their positional specificity. 12/15 ALOX enzymes regulate the expression of
pro-inflammatory cytokines and chemokines in different tissues [4]. Important recent mouse
studies demonstrated the role of 12/15 ALOX pathway in the development of insulin
resistance, adipose tissue inflammation and atherosclerotic plaque formation [5–8]. In vivo
rodent studies have demonstrated that deletion of 12/15 ALOX reduces inflammatory
cytokine production and completely prevents insulin resistance in animals fed a western diet
[6,8]. In vitro studies show that direct addition of 12/15 ALOX lipid products( 12- and 15-
HETEs) to adipocytes induces inflammatory cytokine expression and impairs insulin action
[9]. In humans, ALOX12 was reported in endothelial and smooth muscle cells as well as in
monocytes[10]. In macrophages, ALOX12 lipid products increase synthesis of the pro-
inflammatory cytokines IL-12, TNFα, and IL-6, and also induce expression of inflammatory
genes such as monocyte chemoattractant 1 (MCP-1) and Cox2[11,12]. Two different human
ALOX15 have been described: an ubiquitous ALOX15a and a more restrictively expressed
ALOX15b [13,14]. Interestingly, expression of ALOX15a is induced by cytokines [15,16]
and ALOX15b was reported to be expressed in human macrophages in response to hypoxia
[17]. Also, macrophage ALOX15b overexpression stimulates the production of various
chemokines and cytokines including IL-12a and increases T cell migration [18].
Importantly, ALOX15 variants in humans are associated with induced expression of IL-6,
TNFα and IL-1b, indicating a broad role for the enzyme in systemic inflammation [19].
Existing data suggest an active interplay between the cytokine milieu and different
lipoxygenase isoform expression which is tissue dependent and potentially highly
pathogenic [4]. In this study we are showing the 12 and 15 ALOX expression, localization
and downstream cytokine expression in sc and om adipose tissue in human obesity.

Materials and Methods
Human subjects

Twenty four morbidly obese subjects (3 males and 21 females) qualifying for bariatric
surgery were included in this study. The average BMI was 42.13±5.94 kg/m2and the average
age was 47.8±9.6 years (Table 1). Nine of the patients had type 2 diabetes, that was well
controlled by established medications. Subjects were excluded for chronic auto-immune
conditions, active tobacco use, type 1 diabetes, active malignancy or infection, or if they
were on chronic immunosuppressive or anti-inflammatory medications. The protocol was
approved by the Institutional Review Board of Eastern Virginia Medical School.

Adipose tissue biopsies and preparation of adipocytes and stromal vascular fractions
(SVF)

Paired samples of sc and om fat were obtained during each subject’s bariatric surgical
procedure. Immediately after collection major blood clots and skin fragments were removed.
Adipose tissue digestion was conducted as described by Fried et al [20] using KHR buffer
supplemented with 1mg/mL collagenase type I (Sigma), 1% BSA and 50nM adenosine
(Sigma) for ~1 hour at 37°C. After filtration, floating adipocytes were collected from the top
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of the tube while the infranatant was spun at 500 x g. The resulting pellet contained the SVF.
Further fractionation of the SVF was performed for some of the samples by positive
immuno-selection using anti-human CD34 coated magnetic beads, according to
manufacturer’s instructions (StemCell Technologies Inc., Vancouver, Canada). The purity of
the sorted fractions was verified by flow cytometry using PE-antiCD34 human antibody
(BioLegend, San Diego, CA).

RNA isolation, reverse transcription and quantitative real-time PCR
These procedures were described in detail previously [12]. Briefly, total adipose tissue or
isolated adipocytes and SVF were lysed in Trizol (Invitrogen, Carlsbad, CA) and RNA
isolated using a RNeasy kit from Qiagen (Valencia, CA), according to manufacturer’s
instructions. cDNA was prepared using a protocol, enzymes, and reagents provided by the
Promega Reverse Transcription System (Promega Corporation, Madison, WI). Real-time
PCR was performed using Taqman probes from Applied Biosystems (Carlsbad, CA). cDNA
was amplified in an iCycler iQ Real-Time PCR Detection System (Bio-Rad laboratories,
Hercules, CA). Results were normalized to 18s RNA and γ-actin, used as housekeeping
genes. Data were calculated by the 2−ΔΔC

T method and presented as fold change compared
to a reference (defined as 1.0 fold).

Western blotting
Adipose tissue was powdered frozen and homogenized in RIPA buffer containing protease
and phosphatase inhibitors, following by gel electrophoresis and electroblotting, as
described in [21]. Incubation with primary antibodies (anti-human ALOX12, 1:500 dilution
(Santa Cruz, Santa Cruz, CA) and anti-human ALOX15a (1:500 dilution, [22])) was
performed overnight at 4°C. β-actin (Santa Cruz, 1:4,000 dilution) was used as a protein
loading control. Secondary biotinylated antibodies and the SuperSignal West Pico Enhancer
Solution were used for detection. Western blot quantifications were performed using Image
J software (NIH, Bethesda, MD).

Immunohistochemical staining of adipose tissue
Tissue biopsies were fixed in 10% buffered formalin overnight then embedded in paraffin
and following antigen retrieval were incubated for 2hrs with human anti-ALOX15 antibody
(Abnova, 1:100 dilution). Detection was performed using the avidin-biotin -peroxidase
method and slides were counterstained using Mayer’s hematoxylin. Sections incubated with
goat IgG (Pierce) instead of the primary antibody were used as method controls. All pictures
were captured with an Olympus microscope using 200x magnification.

Statistical analysis
Differences between gene and protein expression in the sc vs. om fat were determined using
paired Student’s t-test. Unpaired analysis was performed to compare gene expression in
different adipose tissue fractions. Data was represented as mean±SD. The null hypothesis
was rejected for a p-value <0.05. Statistical analysis was performed using GraphPad InStat
software (GraphPad Software Inc., La Jolla, CA).

Results
Expression of lipoxygenase isoforms in sc and om adipose tissue

The relevant clinical parameters of the subjects that are included in the study are
summarized in Table 1. Of great interest, we found mRNA expression of ALOX15a only in
the om tissue, while ALOX15b and ALOX12 were expressed in both sc and om fat (Figure
1A). Using paired analysis we found significantly higher expression for all of the ALOX
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isoforms in the om compared to sc adipose tissue (Figure 1A). Protein expression of
ALOX15a confirmed the real-time PCR results, showing selective expression in om adipose
tissue (Figure 1B). Also, ALOX12 protein expression was significantly increased in the om
vs. sc fat (Figure 1B). Importantly, ALOX15a and ALOX15b expression was not correlated
with BMI or HbA1C values (data not shown) indicating that selective increased expression
of both isoforms is an intrinsic property of the type of adipose depot in obese humans. Also,
ALOX12 was independent of BMI and a weak direct correlation with HbA1c (r2 = 0.460)
was found, suggesting a potential role of this isoform in type 2 diabetes.

Distribution of different ALOX isoforms in sc and om adipose tissue
We also measured ALOX expression in adipocytes and SVF from sc and om fat and have
found that all isoforms are solely present in the SVF (Figure 2A). Further, using
immunohistochemistry we confirmed expression of ALOX15a exclusively in the om
adipose tissue (Figure 2B). The strongest expression was detected in the adipose tissue
vasculature (upper right panel) and to a lesser extent in areas possibly containing immune
cells infiltrates (upper left panel). Next, we fractionated the SVF into CD34+ and CD34-
sub-fractions. The CD34+ fraction contains vascular cells (endothelial cells, smooth muscle
cells, pericytes) as well as progenitor cells and pre-adipocytes [23]; the CD34- fraction
potentially contains leucocytes and cells of myeloid origin (macrophages, dendritic cells).
Analysis of mRNA expression in the two SVF sub-fractions in the omental fat showed a 7.2-
fold increase in mRNA expression of ALOX15a in the CD34+ fraction compared to the
CD34- fraction (Figure 2C). This is consistent with previous reports showing ALOX15a
expression in vascular cells. ALOX 15B mRNA expression in both omental and
subcutaneous adipose tissue was ~5–6-fold increased in the CD34- fraction containing
immune cells compared to the CD34+ cells (Figure 2C). Out of the five samples that were
analyzed, none showed detectable expression for ALOX 12 in subcutaneous fat and 3 out of
4 samples showed borderline detectable expression in om fat.

Expression of pro-inflammatory cytokines
Inflammatory cytokines such as IL-12, IL-6, IFNγ and chemokines such as CXCL10 are
downstream of 12/15 ALOX activation. Paired analysis of cytokine expression showed
significantly higher levels in om vs. sc fat for IL-6, IL-12a and CXCL10 (Figure 3A).
Interestingly, IL-12b expression was not detectable in either depot and no significant
difference was measured for IFNγ expression between sc and om fat (data not shown). IL-6,
IFNγ and CXCL10 were expressed in both adipocytes and in SVF, while IL-12a expression
was detectable only in the SVF (Figure 3B). SVF expression for all of the cytokines tested
was on average 2.5–7-fold higher compared to expression in adipocytes (Figure 3B). This
distribution pattern closely follows the differential expression of the ALOX isoforms in the
SVF in both the om and sc fat.

Discussion
Lipoxygenases (ALOX) constitute a family of enzymes that are categorized according to
their positional specificity. ALOX 12 and 15 are implicated in the pathogenesis of insulin
resistance, inflammation in fat, and atherosclerosis in mammals. In this study we evaluated
the expression of the ALOX enzymes in om and sc adipose tissue in human obesity.

Our finding is identifying selective expression of ALOX15a in human om but not sc fat.
Expression and function of ALOX15a (15-LO-1) has been studied in vascular cells and
monocytes as well as atherosclerotic animal models, and has been shown to play active roles
in vascular reactivity and remodeling as well as in atherosclerosis [7,24]. Targeted deletion
of the mouse form of ALOX15a completely prevented insulin resistance, glucose

Dobrian et al. Page 4

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 December 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



intolerance and inflammation in visceral adipose tissue in mice fed high fat diet [8].
Therefore, ALOX15a selective expression in om adipose tissue in humans may play a key
pro-inflammatory role and may explain in part the mechanistic link between increased
visceral fat and cardiometabolic risk in human obesity. ALOX15a may also play a role as
modulator of angiogenesis in human om fat. A recent study demonstrated an anti-angiogenic
role of ALOX15a in skeletal muscle [25]. Interestingly, a mechanistic role of 12/15
lipoxygenase in tumor angiogenesis and vessel maturation was recently reported in a rodent
model [26]. Recent evidence indicate that visceral adipose tissue in obese humans is
characterized by inflammation and rarefaction without the expected angiogenic response
[27]. In this study we found the most abundant expression of ALOX15a in the CD34+ cells
separated from SVF of the om fat, that include endothelial cells, smooth muscle cells and
pericytes. The selective presence of ALOX15a in vascular cells of the visceral fat may
contribute to the inadequate angiogenesis in response to the distinctive adipose tissue
expansion of this fat depot in human obesity. Besides vascular cells, SVF contains pre-
adipocytes and progenitor-type cells. 12/15 lipoxygenases are involved in 3T3L1 adipocyte
differentiation [28,29] but there is no evidence yet on role of the lipoxygenase pathway in
human adipocyte differentiation. The presence of ALOX 15a and ALOX15b in the CD34+
fraction of human visceral fat raises the intriguing possibility that lipoxygenase pathway is
also involved in adipocyte differentiation in humans. Additional studies will be needed to
clarify the precise non-vascular source(s) of ALOX enzymes as well as their functional
significance. In this study we also showed increased ALOX12 and ALOX15b expression in
SVF of om vs. sc human fat. These ALOX isoforms have also been linked to diabetes
complications and carotid atherosclerosis [30]. As opposed to ALOX15a, we found the
ALOX15b isoform more abundantly expressed in the CD34- cells isolated from om and sc
SVF. This fraction contains myeloid cells and leukocytes. Human macrophages in carotid
plaques express ALOX15b and expression is increased by hypoxia via HIF-1α [17,30].
Human adipose tissue in obesity is characterized by reduced oxygenation [27] and, enhanced
macrophage content was reported in visceral compared to subcutaneous adipose tissue in
obesity[31]. The more abundant expression of ALOX15b in the CD34- fraction containing
macrophages as well as increased ALOX15b expression in om fat may reflect increased
ALOX15b production by macrophages in response to hypoxia in human adipose tissue in
obesity. Importantly, ALOX15b expression by macrophages induces chemokine production
and T cell migration [18] and may therefore contribute to inflammation in om adipose tissue
in human obesity.

Arachidonic acid metabolites generated from both the 15- and 12-ALOX are potent inducers
of the pro-inflammatory cytokines leading to Th1 lineage differentiation of T cells [11]. We
found significant increases in IL-12a, IL-6 and CXCL10 in om vs. sc fat. Consistent with
our findings, a recent report showed increased CXCL10 expression in om vs. sc fat in obese
humans [1]. Interestingly, IL-12b expression was not detectable suggesting a possible
predominant expression of IL-35 vs IL-12 in om fat in obese humans. This may represent an
adaptive response to limit inflammation in om fat in obesity. Our results suggest a complex
interplay between the 12/15ALOX pathway active in SVF and the production of pro-
inflammatory cytokines by both the adipocytes and cells of the SVF that act in concert to
contribute to adipose tissue inflammation and insulin resistance. This pathway emerges
therefore as a possible key link between obesity and associated cardiometabolic
complications. Development of selective ALOX inhibitors could provide a novel approach
to reduce the complications associated with increased visceral obesity and inflammation.

Research highlights

• ALOX15A is selectively expressed only in the omental adipose tissue in obese
humans
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• Expression of all 12/15 ALOX isoforms is increased in omental vs.
subcutaneous fat

• ALOX isoforms are detectable only in the fraction containing immune, vascular
and progenitor cells

• Relevant downstream cytokines are also increased in omental vs. subcutaneous
human fat
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Figure 1. mRNA and protein expression of ALOX isoforms in omental (OM) and subcutaneous
(SC) adipose tissue
Figure 1A: paired analysis of lipoxygenases in sc vs. om tissue from obese subjects (n=20)
by real-time PCR. Data was expressed as 1/ΔCt (target gene Ct value normalized to
housekeeping gene β-actin). Values on top of graphs represent mean±SD. The p-value was
calculated using a paired two-tailed Student’s t-test. Figure 1B: representative western blots
and semi-quantitative analysis of protein expression for ALOX15a and ALOX12 in paired
samples of subcutaneous and omental adipose tissue. Data represent mean±SD and the p-
value was calculated as in Figure 1A.
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Figure 2. Relative expression and adipose tissue distribution of 12/15 ALOX
Figure 1A: relative gene expression of 12/15ALOX in adipocytes and SVF was expressed as
2−ΔΔCt using the expression in total adipose tissue as reference (a 2−ΔΔCt value of 1). Ct
values of the target genes were normalized to 18 S rRNA expression. Values are expressed
as group means±SD of n=5 samples for each of om and sc; # represents non-detectable
values using a PCR threshold cycle of 50. Figure 1B. Representative immunohistochemistry
photomicrographs illustrating expression of ALOX15a in paired omental and subcutaneous
adipose tissue. Immunopositive staining was strongly and selectively present in the omental
vasculature and likely associated with the immune infiltrate (arrows); Magnification 200x;
insets represent selected magnified areas from each of the respective pictures. Figure 1C:
mRNA expression of ALOX15a and ALOX15b in stromal vascular fraction (SFV) sub-
fractions positively selected for CD34 (n=4–5); on left representative FACS plots illustrating
% of the CD34+cells out of the total cell population in the CD34+ and CD34- fractions in
omental fat; histograms represent fold change in gene expression and are shown as means
±SD; two-tailed, unpaired Student’s t-test was used for data analysis.
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Figure 3. mRNA expression of downstream cytokines in omental (OM) and subcutaneous (SC)
adipose tissue
Figure 3A: paired analysis of cytokines in sc vs. om tissue from obese subjects (n=20) by
real-time PCR. Data was expressed as 1/ΔCt (target gene Ct value normalized to
housekeeping gene β-actin). Values on top of graphs represent mean±SD. The p-value was
calculated using a paired two-tailed Student’s t-test. Figure 3B: relative gene expression of
12/15ALOX in adipocytes and SVF was expressed as 2−ΔΔCt using the expression in total
adipose tissue as reference (a 2−ΔΔCt value of 1). Ct values of the target genes were
normalized to 18 S rRNA expression. Values are expressed as group means±SD of n=5
samples for each of om and sc; # represents non-detectable values using a PCR threshold
cycle of 50.

Dobrian et al. Page 11

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 December 17.

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

Dobrian et al. Page 12

Table 1
Characteristics of obese subjects included in the study

Twenty-four obese subjects qualifying for bariatric surgery were enrolled in this pilot study. Anthropomorphic
measurements were obtained pre-operatively, including height and weight (to calculate body mass index,
BMI). Hemoglobin A1c (A1c) was measured prior to surgery. Subjects were excluded if they had chronic
autoimmune conditions, including type 1diabetes. Other exclusionary criteria included active tobacco use,
active malignancy or infection, and the use of chronic immunosuppressive or anti-inflammatory medications.
Values are expressed as mean ±SD.

Mean ±SEM

n 24

Gender (F/M) 21/3

Diabetic (% total) 9 subjects (38%)

Age (years) 46.3±2.1

BMI (kg/m2) 42.65±1.11

A1C (%) 6.58 ±0.26
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