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Summary

Endothelial lipase (EL),a member of the triglyceride lipase gene family, has been shown to be a key player in HDL metabolism.
Northern blots revealed that EL was highly expressed in endothelium, thyroid, lung, placenta, liver, and testis. In liver and
adrenal gland, EL protein was localized with vascular endothelial cells but not parenchymal cells. EL was shown to be
upregulated in tissues such as atherosclerotic plaque where it was located in macrophages, endothelial cells, and medial
smooth muscle cells. The purpose of this study was to investigate the cellular localization of EL in thyroid and other tissues
where EL is known to be expressed. Besides its presence in vascular endothelial and smooth muscle cells, EL protein was
detected in the epithelial cells that line the follicles within the thyroid gland. EL-specific immunostaining was also found near
the cell surface as well as in the cytoplasm of adipocytes. Using immunoblots, EL expression was confirmed in cultured
human omental and subcutaneous adipocytes. EL expression, however, was not found in preadipocytes. These findings
suggest that EL plays a role in thyroid and adipocyte biology in addition to its well-known role in endothelial function and
HDL metabolism. (J Histochem Cytochem 60:694-705, 2012)
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Endothelial lipase (EL) is a member of the triglyceride
lipase gene family that includes hepatic lipase (HL) and
lipoprotein lipase (LPL). The most well-defined role for EL
is in HDL metabolism (Brown et al. 2009; DeSantis et al.
2008; Edmondson et al. 2011; Huang et al. 2010; Yasuda
etal. 2010; Zhang et al. 2012). High plasma levels of EL have
been shown to correlate with low plasma levels of HDL,
and human genome—-wide association studies have shown
several EL polymorphisms that are highly associated with
plasma HDL cholesterol (HDL-C) concentrations (Bauer et
al. 2011; Edmondson et al. 2011; Edmondson et al. 2009).
EL mRNA has been detected in endothelial cells as well as
in the thyroid, lung, placenta, liver, and testis (Hirata et al.
1999; Ishida et al. 2003; Jaye et al. 1999). EL mRNA and
protein expression has also been noted in brain capillary
endothelial cells composing the blood-brain barrier (Sovic
et al. 2005). In the liver and adrenal gland, EL protein was
colocalized with vascular endothelial cells but not

parenchymal cells (Yu et al. 2004). In fact, EL appears to be
abundantly expressed in tissues that have elevated meta-
bolic rates and are highly vascularized (Choi et al. 2002).
EL has been shown to be upregulated in tissues under path-
ological conditions, such as inflammation, where it may
facilitate delivery of fatty acids to maintain an elevated
metabolic state. Unfortunately, under some circumstances,
high levels of EL may in fact contribute to pathologies asso-
ciated with chronic inflammation.

Several observations have led to a fairly strong case that
EL plays a role in atherosclerosis and cardiovascular dis-
ease in rodents and humans (Brown and Rader 2007;
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DeSantis et al. 2008; Huang et al. 2010; Ishida et al. 2004a;
Riederer et al. 2011; Riederer et al. 2012; Yasuda et al.
2010). EL mRNA expression was increased fourfold in
HUVECs and HCAECs following exposure to TNFa and
IL-1B and in the lung epithelium of lipopolysaccharide-
treated mice (Hirata et al. 2000). Expression of EL message
was also augmented in the heart and aorta of rats exposed to
angiotension II or shear stress caused by elevated blood
pressure (Shimokawa et al. 2005). Similar to LPL, EL on
the surface of the endothelium has been shown to induce
macrophage activation and monocyte adhesion (Kojma et
al. 2004; Li and Renier 2007). Furthermore, atherosclerotic
plaques contain elevated EL mRNA and protein expression,
and EL was located in the plaque macrophages (foam cells),
as well as the endothelial and medial smooth muscle cells
(Azumi et al. 2003; Bartels et al. 2007; Brown and Rader
2007; Wu et al. 2009). Serum EL levels were significantly
higher, and HDL levels lower, in dialysis patients with low
serum albumin and/or high sensitive C-Reactive Protein
(hsCRP) levels (Fujii et al. 2008). Therefore, the authors
suggested that EL may play an important role in atherogen-
esis in dialysis patients.

Besides vascular pathology, overexpression of EL has
been linked to other disease states, including asthma, diabe-
tes, and stroke. EL protein was found to be overexpressed in
epithelial cells, alveolar type II cells, and endothelial cells
in the lung during inflammation (Otera et al. 2009).
Inactivation of EL in mice was associated with an increase
in plasma HDL and an attenuation of allergic inflammation
in the lung, leading the authors to conclude that EL may
modulate the progression of allergic asthma (Otera et al.
2009). Metabolic inflammation, as measured by high leptin
levels and increased TNFa concentrations at the fetal—
placental interface, was associated with an upregulation of
placental EL mRNA expression in obese women with ges-
tational diabetes mellitus (Gauster et al. 2011). EL protein
expression was enhanced in podocytes 1 to 2 weeks after
high glucose exposure and glomeruli from diabetic nephrop-
athy patients (Jain et al. 2010). These results provide evi-
dence that EL may potentiate hyperglycemic podocyte
stress and possibly the pathogenesis of diabetic glomeru-
lopathy in humans. Low-level EL mRNA expression was
reported in CA3 pyramidal neurons of the hippocampus,
ependymal cells in the ventral part of the third ventricle, and
some cortical cell layers in mice (Paradis et al. 2004), and
expression increased following kainate-induced neurode-
generation or occlusion of the middle cerebral artery.
Moreover, high plasma levels of EL were correlated with
central nervous system injury (e.g., stroke) (Paradis et al.
2004). Despite the fact that EL expression may normally be
protective, overexpression of EL may lead to an exacerba-
tion of the pathological response.

Thus, given the growing body of evidence for the expres-
sion and potential function of EL outside the vasculature in

both normal and pathologic states, we used immunohisto-
chemistry to investigate the localization of EL in several tis-
sues. Besides its well-characterized expression in vascular
smooth muscle and endothelial cells that line blood vessels,
the data revealed that EL was expressed in the epithelial cells
that line the follicles within the thyroid. EL was also expressed
near the cell surface as well as in the cytoplasm of adipo-
cytes. Using immunoblots, EL expression was confirmed in
cultured human omental and subcutaneous adipocytes but
not in preadipocytes. These findings provide further evidence
that EL, in addition to its well-known role in endothelial
function and HDL metabolism, may play an additional, more
direct role in thyroid and adipocyte biology.

Materials and Methods
Reagents

Four polyclonal antibodies were used in this study: EL19—
32 antibody directed against amino acids 19-32 from
human EL (Cayman Chemicals, Ann Arbor, MI); EL442—
456 antibody directed against mouse amino acids 442—456;
EL1-500 antibody directed against purified full-length,
flag-tagged mouse EL protein; and ELAAV antibody
directed against human EL expressed in rabbits via AAV
viral infection (generously provided by Dr. Daniel J.
Rader). EL442-456 and EL1-500 antibodies were pro-
duced in rabbits and affinity purified by New England
Peptide (Gardner, MA). Both of these antibodies were
found to cross-react with mouse and human EL but not
human HL or LPL on immunoblots as well as in immuno-
histochemistry (IHC) experiments (data not shown) using
HEK293 cells stably expressing either mouse EL or human
EL, HL or LPL (Darrow et al. 2010). Notably, EL1-500
showed higher cross-reactivity and darker staining with
mouse EL than human. Human thyroid tissue lysate was
purchased from ProSci, Inc. (Poway, CA). Human-cultured
subcutaneous preadipocyte and adipocyte total cell extracts,
as well as extracts from omental adipocytes cultured from
both normal and diabetic patients, were purchased from
Zen-Bio, Inc. (Research Triangle Park, NC).

Immunohistochemistry

Tissues for IHC were routinely fixed in 10% neutral buff-
ered formalin, transferred into phosphate-buffered saline
(PBS), and then routinely processed and embedded in par-
affin for sectioning (5 pum) onto SuperFrost Plus micro-
scopic slides. Slides were deparaffinized, hydrated, and
processed for routine IHC as previously described
(D’Andrea et al. 2005; D’Andrea et al. 2000). Briefly,
slides were microwaved in Target buffer (Dako, Carpinteria,
CA), cooled, placed in distilled HZO, and then treated with
3.0% HZO2 for 10 min. Afterward, the slides were rinsed in
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Figure |. Endothelial lipase (EL) protein expression was localized to syncytiotrophoblasts and endothelial cells in the placenta as
evidenced by dark brown punctate staining with anti-EL antibodies: (A) EL442—456, (B) EL19-32,and (C) EL1-500. EL immunostaining is

indicated by black arrows. Bar = 50 ym (A-C).

PBS (pH 7.4) and then placed in PBS. All subsequent
reagent incubations and washes were performed at room
temperature. Normal blocking serum (Vector Laboratories,
Burlingame, CA) was placed on all slides for 10 min. After
briefly rinsing in PBS, primary antibodies (EL19-32 1:
250, EL442-456 1:400, EL1-500 1:25 for human tissues or
EL1-500 1:100 for mouse tissues) were placed on slides for
30 min. The slides were washed and biotinylated secondary
antibodies, goat anti-rabbit (polyclonal antibodies) were
placed on the tissue sections for 30 min (Vector Laboratories).
After rinsing in PBS, the horseradish peroxidase conjugated
avidin-biotin complex reagent (HRP-ABC, Vector
Laboratories) was added for 30 min. Slides were washed
and treated with the chromogen DAB (Dako) twice for 5
min each, then rinsed in deionized H2O and counterstained
with hematoxylin. A monoclonal antibody to vimentin,
(V6630, Sigma, St. Louis, MO) the widely conserved ubiq-
uitous, intracellular filament protein, was utilized as a posi-
tive control to demonstrate tissue antigenicity and control
reagent quality. The negative controls included replacement
of the primary antibody with preimmune serum.

Immunoblot Analysis

Equal amounts of tissue lysates (20-pg protein) were sepa-
rated on 8% SDS-PAGE gels and blotted onto iBlot gel
transfer nitrocellulose membranes (Invitrogen, Life
Technologies Corp., Grand Island, NY). Proteins were
detected using either 1:200 dilution of EL19-32 primary
antibody or 1:1000 dilution of ELAAV primary antibody fol-
lowed by 1:5000 dilution horseradish peroxidase—conjugated
anti-rabbit secondary antibody (Santa Cruz Biotechnology,

Santa Cruz, CA) and enhanced chemiluminesence (ECL)
Western blotting substrate (Pierce, Thermo Fisher Scientific,
Rockford, IL).

Results

EL Localization in Human Placenta, Prostate,
Testes, Spleen, Brain, Skeletal Muscle

Because EL has been shown to be expressed in placental
tissue via Northern blots, immunoblots, and IHC, human
placental samples were used as positive controls for EL
protein expression using three different antibodies directed
against EL (Lindegaard et al. 2006; Lindegaard et al. 2005).
Similar to previous reports of EL protein localization in
placental tissue, all three EL-specific antibodies (EL442—
456, EL19-32, and EL1-500) immunolabeled the syncytio-
trophoblasts and endothelial cells as evidenced by brown
punctate staining (black arrows, Fig. 1A—C). In the prostate
gland (Fig. 2A, B) and seminal vesicles of the testes (Fig.
2C), EL immunostaining was observed in the smooth
muscle cells (black arrows). Little to no EL immunoreactiv-
ity, however, was detected in the epithelial cells in these
tissues (open arrows, Fig. 2A—C). In the spleen, EL-specific
immunolabeling was localized to vascular smooth muscle
and endothelial cells (black arrows, Fig. 2D) but not to the
leukocytes (open arrow, Fig. 2D). In the brain, the majority
of the immunostaining was again localized to vascular
smooth muscle and endothelial cells (black arrow, Fig. 2E),
and little to no staining was noted in the neurons (open
arrow, Fig. 2E). Similarly, in the skeletal muscle, the major-
ity of EL immunostaining was localized to vascular smooth



EL Localization in Thyroid and Adipocytes

i ~
S SIS AeYAT
N ETRRRE

e

g T Ve
B RO D

e

s "y? oty - 3 - y
i S R CRVRT L R N S o

o,

°

Figure 2. Endothelial lipase (EL) protein was localized to endothelial and smooth muscle cells in human prostate (A and B), testes (C),
spleen (D), brain (E), and skeletal muscle (F). EL protein expression was revealed by brown punctate staining with anti-EL antibodies: (A
and B) EL442-456 showed EL expression in smooth muscle cells (black arrows) but not the glandular epithelium in the prostate gland
(open arrow); (C) EL442—-456 showed EL expression in smooth muscle cells (black arrow) but not the epithelial lining (open arrow) of
the seminal vesicles; (D) EL442—456 showed EL expression in endothelial and vascular smooth muscle cells (black arrows) of the blood
vessels but not the immunocytes (open arrow) within the spleen; (E) EL19-32 showed EL expression in endothelial cells (black arrow)
but not the neurons (open arrow) in the brain; and (F) ELI-500 showed EL expression in the endothelial and smooth muscle cells of
arterioles (black arrow, top vessel) and venules (black arrow, bottom vessel) but not the myocytes (open arrow) in skeletal muscle. Bar

= 100 pm (A, C, D), 200 um (B, E, F).

muscle and endothelial cells of the arterioles (top arrow,
Fig. 2F) and venules (bottom arrow, Fig. 2F), and little to
no staining was observed in the myocytes (open arrow, Fig.
2F). Other than some differential labeling in the medial
smooth muscle cells within the various tissues studied, the
labeling patterns were generally similar among the three EL
antibodies. In addition, the expression patterns were consis-
tent with previously published data depicting EL localiza-
tion. Note that we did not observe any detectable brown
immunolabeling in the negative controls (data not shown).
Also, vimentin-positive immunolabeling was observed in
all tissues assayed (data not shown).

EL Locdlization in Human Thyroid Gland

The thyroid gland comprises numerous follicles (Fig. 3).
The lumens of these follicles are filled with colloid, an
acidophilic substance that consists of thyroglobulin, the
storage form of the thyroid hormones. The most prominent
cell types of the thyroid follicle are the epithelial cells that
encase the colloid material. The function of the epithelial
follicular cells is to synthesize and secrete the iodine

containing hormones T3 and T4. The follicles of actively
secreting thyroid glands tend to be small with little colloid,
and the follicular epithelial cells that line each follicle are
tall and cuboidal, reflecting active hormone synthesis and
secretion. Conversely, the follicles of less active thyroid
glands are larger, filled with colloid and lined with epithe-
lial cells that appear flattened against the follicular base-
ment membrane.

There was moderate to strong, punctate EL immunola-
beling in the follicular epithelial cells that was observed
with all three EL antibodies (EL442-456, EL19-32, and
EL1-500) (black arrows, Fig. 3A—D). Higher magnification
indicated that the cytoplasmic labeling, in many of the epi-
thelial cells, tended to be denser at the apical (luminal) side
than the basal side (black arrows, top right Fig. 3A). In
addition, there was a periodicity to the labeling pattern
along many of the cells that was interrupted by the nuclei,
as the thickness of these cells is not much thicker than that
of the nuclei in many cases. Thus, the labeling is located
close to the nuclei on either side (lower left arrow, Fig. 3A,
and black arrows, Fig. 3D), areas where the Golgi apparatus
is often prominent, suggesting active EL synthesis in these
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Figure 3. Distribution of endothelial lipase (EL) protein in the follicles of the human thyroid gland. EL protein expression was visualized by
dark brown punctate staining (black arrows) in the cuboidal epithelial cells that line the lumen of each follicle within the thyroid. (A) EL442—456
antibody, (B) EL19-32 antibody, (C) ELI-500 antibody, (D) EL19-32 antibody (magnification %x200), and (E) EL19-32 antibody (magnification
x1000). Many of the follicles within the thyroid gland were filled with colloid, some showing inclusions (open arrows),and the follicular epithelium
often appeared flat, presumably due to low glandular activity. Bar = 25 pm (A), 50 pm (B, C), 100 um (D), 25 pm (E).



EL Localization in Thyroid and Adipocytes

699

78

Figure 4. Endothelial lipase (EL) immunoreactivity was localized in the blood vessels but not the parafollicular cells of the human thyroid.
EL protein, indicated by brown punctate staining, was found to be expressed in the endothelial (black arrows) and smooth muscle cells
(open arrows) of the vasculature within the thyroid gland using: (A) EL442—456 antibody, (B, C) EL19-32 antibody, and (D) EL1-500
antibody. However, little to no EL-specific immunostaining was noted within the parafollicular cells (black arrows) within the thyroid gland
using (E) EL442—456 antibody and (F) EL19-32 antibody. Bar = 100 pm (A-D, F), 50 pm (E).

cells and not just cell surface attachment. Of particular note
was the fact that even within the same follicle, not all fol-
licular epithelial cells appeared to express the same levels
of EL: some with high levels, some with low, and even a
few without detectable EL (Fig. 3A-E). Generally, there
were many more follicular epithelial cells with EL immuno-
labeling than without. Moreover, many follicles within the
thyroid gland were filled with colloid, some showing inclu-
sions or “globules” comprising dense thyroglobulin (open
arrows, Fig. 3B, D). These types of inclusions are observed
in follicles of older humans and rodents, and are often indic-
ative of decreased thyroid activity and a reduced ability of
the follicular epithelial cells to reabsorb old and resecrete
newly synthesized thyroglobulin (Gerard et al. 2004; Salabe
2001). The fact that the follicular epithelial cells are flat in
appearance and the follicles are filled with colloid also sug-
gests that the thyroid samples were from older individuals
with somewhat inactive thyroid follicles. Given that these

inclusions are typically made up of thyroglobulin, the
apparent EL immunostaining in these inclusions is probably
an artifact due to entrapment of the antibodies in the regions
of dense, almost insoluble protein material in spite of the
fact that we did not observe immunolabeling in our negative
controls.

The thyroid gland is highly vascularized, and it was not
unexpected to find EL protein immunostaining in the endo-
thelial and smooth muscle cells of the blood vessels. All
three antibodies immunolabeled the endothelial cells mod-
erately (black arrows, Fig. 4A-D); however, there was dif-
ferential EL labeling in the surrounding smooth muscle
cells. Whereas EL442-456 labeled the medial smooth mus-
cle cells moderately to intensely (open arrow, Fig. 4A), the
other two antibodies, EL19-32 and EL1-500, produced
much lighter smooth muscle staining (open arrows, Fig.
4B-D) within the thyroid. The reason for this particular dif-
ference between the antibody staining is not clear.
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Figure 5. Endothelial lipase (EL) protein expression in human adipose tissue. EL-specific immunostaining was noted in the adipocytes
(black arrows) within the tissue that surrounds the thyroid gland. This expression was evident with all three antibodies: (A) EL442-456
antibody, (B) EL19-32 antibody, and (C) ELI-500 antibody. EL protein was also detected on immunoblots of lysates from human omental
adipocytes cultured from normal (lane 1) and diabetic (lane 2) patients and from human subcutaneous preadipocytes (lane 3) and
differentiated adipocytes (lane 4); these levels were compared with either purified mouse EL protein (lane 5, D; EL19-32 antibody) or
human thyroid gland tissue lysates (lane 5, E; ELAAV antibody). Bar = 50 um (A-C).

The parafollicular cell is another cell type in the thyroid
that resides outside of the follicles. These cells are known to
synthesize and secrete the hormone calcitonin, which low-
ers blood calcium levels in the body by reducing the num-
ber and activity of osteoblasts in bones, thereby lowering
bone resorption and calcium release. They appear as single
cells or as clumps on the periphery of the follicles. The
parafollicular cells tended to express minimal to no levels
of EL protein (black arrows, Fig. 4E, F). This relative
expression is consistent with EL’s primary role in the fol-
licular epithelial cells as compared with the parafollicular
cells.

EL Localization in Human Adipose Tissue

Fortuitously, there was adipose tissue present in the thyroid
gland tissue samples. While the localization in the thyroid

was analyzed, it was noted that all three antibodies
(EL442-456, ELL19-32, and EL1-500) presented moderate
EL labeling in the adipocytes (black arrows, Fig. SA-C).
The labeling appeared to be diffuse throughout the minimal
amount of cytoplasm found in adipocytes. There were some
areas of the adipose tissue that had little to no immunostain-
ing. However, the majority of adipocytes exhibited brown
labeling indicating EL immunoreactivity.

Because EL expression in adipose tissue was previously
reported using only Northern blots and PCR (Kratky et al.
2005; Paradis et al. 2006; Villaret et al. 2010), immunoblots
were used to confirm EL protein expression in adipocytes.
Lysates from human omental adipocytes (isolated from both
normal and diabetic patients) as well as preadipocytes and dif-
ferentiated adipocytes (from subcutaneous tissue) were elec-
trophoresed and immunoblotted with the well-characterized,
commercially available EL antibody EL19-32. The results
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Figure 6. Distribution of EL protein in the follicles of the mouse thyroid gland. EL protein expression was visualized by dark brown
punctate staining (black arrows) in the cuboidal epithelial cells that line the lumen of each follicle within the thyroid: (A) EL442-456
antibody, (B) EL19-32 antibody, and (C) ELI-500 antibody (magnification %x200). Bar = 75 ym (A-C).

indicated that while EL was not expressed in subcutaneous
preadipocytes (lane 3, Fig. 5D), it was expressed in omental
adipocytes from both normal (lane 1, Fig. 5D) and diabetic
(lane 2, Fig. 5D) patients, as well as in differentiated subcuta-
neous adipocytes (lane 4, Fig. 5D). This observation was con-
firmed with another well-characterized antibody that has been
used frequently for ELISA detection of circulating plasma EL,
ELAAV (Fig. 5E). Either purified mouse EL protein (lane 5,
Fig. 5D) or human thyroid tissue lysate (lane 5, Fig. SE) was
used as a positive control.

Note that the banding pattern on the immunoblots is dif-
ferent between the two antibodies. These differences are
due to the portion of EL that was used to generate the anti-
bodies (a peptide corresponding to amino acids 19-32 from
the amino terminal end of EL versus the full-length EL pro-
tein expressed in an adenoviral vector in rabbits) and the
fact that EL is proteolytically cleaved to smaller forms. The
predominant protein bands corresponding to EL protein
were similar to those previously reported: 37, 40, and 57
kDa. Of further note is the fact that full-length mouse EL
protein was expressed with a flag tag at the C-terminal end
and purified using an anti-flag M2 affinity column. The
resulting bands on a Coomassie Blue—stained gel were
sequenced, and the bands around 57 and 40 kDa contained
the N-terminal sequence of EL after the signal sequence
was cleaved. Therefore, it appears that the 40-kDa band of
EL detected with the EL19-32 antibody is a splice variant
containing the N-terminal end of the natural mouse EL pro-
tein and the C-terminal flag tag that was generated during
baculovirus expression in the insect cells. It is interesting

that the antibody identified a protein of similar size in the
adipose tissue sample. This 40-kDa band only shows up in
some, but not all, of the tissues that were analyzed via
immunoblotting using the EL19-32 antibody (e.g., kidney
and adipose tissue but not adrenal gland or liver; data not
shown). Additionally, the major full-length 57-kDa band of
EL appears to be in lower abundance in adipose tissue when
the ELAAV polyclonal antibody was used for detection.
This antibody was made to the full-length human protein
expressed in its native state (in rabbits via adenovirus
expression). Therefore, the ELAAV antibody may recog-
nize the full-length 57-kDa EL protein very well when it is
in its native conformation (e.g., plasma ELISA) and might
not interact well with the denatured form on an immunob-
lot. These subtle antibody detection issues led us to use
multiple antibodies to confirm the results of these
experiments.

EL Localization in Mouse Thyroid Gland and
Adipose Tissue

To explore whether EL was also expressed in the mouse
thyroid gland and adipocytes, tissue samples from thyroid
as well as subcutaneous adipose tissue from mice on a high-
fat diet were obtained and processed for IHC. After stain-
ing, there was moderate to strong, punctate EL
immunolabeling in the follicular epithelial cells that was
observed with all three EL antibodies (EL442-456, EL19—
32, and EL1-500) (black arrows, Fig. 6A—C). Notably, the
mouse follicular epithelial cells were more cuboidal in
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Figure 7. Endothelial lipase (EL) protein expression in mouse adipose tissue.The presence of EL immunoreactivity (black arrows) was
detected in subcutaneous adipocytes and the macrophages of the crownlike structures (open arrows) of mice fed a high-fat diet: (A)
EL442—456 antibody and (B) EL19-32 antibody. (C) EL19-32 antibody, EL immunoreactivity was also present in the endothelial cells
(black arrow) and vascular smooth muscle cells (open arrow) in the adipose tissue vasculature. Bar = 50 ym (A), 100 pm (B),200 pm (C).

shape than the follicular epithelial cells found in human
thyroid tissue. Additionally, the EL-specific staining was
more uniform, as was the size and shape of the follicles. As
for the mouse adipose tissue, there were areas of strong,
dark brown punctate staining in the adipocytes (black
arrows, Fig. 7A, B). As previously noted in the human adi-
pose tissue samples, there were areas of the mouse adipose
tissue sections that had significantly less EL-specific stain-
ing. In other words, there were areas of little staining and
areas of very dark staining that appeared to be areas that
were rich in macrophages. These areas were more numer-
ous in adipose from mice that were fed a high-fat diet (Fig.
7A, B) than those fed chow (data not shown). This may be
related to the higher amount of tissue inflammation that has
been described in adipose from mice fed a high-fat diet
(Sun et al. 2011). This is particularly evidenced by the pres-
ence of crownlike structures composed of macrophages
(open arrows, Fig. 7A, B) that are typically found in meta-
bolically active, inflammation-enriched adipose tissue
(Murano et al. 2008). These areas of high inflammation
revealed EL staining in both the adipocytes and what appear
to be the macrophages. As expected, EL immunoreactivity

was also present in the endothelial cells (black arrows) and
vascular smooth muscle cells (open arrow) within the adi-
pose tissue vasculature.

Discussion

Initially, EL was thought to be predominantly expressed in
and secreted from endothelial cells. Similar to HL, secreted
EL protein was reported to be associated with heparan sul-
fate proteoglycans on the cell surface (Fuki et al. 2003).
Evidence supports the fact that EL is also expressed in a
variety of other tissues and cell types and can be found
intracellularly as well as associated with the cell surface
(Ishida et al. 2004b; Nielsen et al. 2009). Similar to the
expression pattern of EL in the lung, where EL protein was
found to be expressed in epithelial cells, alveolar type II
cells, and endothelial cells (Otera et al. 2009), EL expres-
sion in the thyroid gland was found in follicular epithelial
cells as well as in the endothelial and smooth muscle cells
of the blood vessels. EL labeling in the follicular epithelial
cells showed possible membrane labeling that was more
prominent on the luminal, apical surfaces of these epithelial
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cells. Significant levels of EL expression were not detected
in the parafollicular cells.

The most compelling finding from our study was the
detection of intense EL-positive immunolabeling in human
and mouse adipose tissue. Similar to the follicular epithelial
cells, there appeared to be both cell surface and intracellular
EL immunostaining in the adipocytes. There have been
reports of cytoplasmic expression of isoforms of EL that are
expressed in most cell types (Ishida et al. 2004b). Some of
the bands detected by ELAAV antibody appear to be similar
in size to the non-secreted isoforms of EL that have been
reported. In addition, it may be that EL is being actively
synthesized and processed by the thyrocytes and adipo-
cytes, producing what appears to be cytoplasmic localiza-
tion. Paradis et al. demonstrated that plasma EL levels were
positively correlated with body mass index and a proathero-
genic lipid profile (Paradis et al. 2006). Moreover, the
authors showed that EL mRNA levels were similar in sub-
cutaneous and omental adipose tissue and that EL message
levels were much lower than LPL message levels in these
tissues. However, because the levels of EL message were
very low, much lower than those of LPL, they concluded
that the correlation between elevated plasma EL levels
and increased visceral adiposity was significant but unlikely
to be causal (Paradis et al. 2006). Our data suggest that
while EL mRNA may be low in human adipose tissue, EL
protein levels are fairly high and may contribute to plasma
circulating EL in patients that are obese and/or categorized
as having metabolic syndrome. Furthermore, EL protein
expression in mouse adipose tissue appeared to be higher in
areas of the adipose tissue that had a higher number of mac-
rophages and dead adipocytes (i.e., crownlike structures).
EL immunoreactivity was also detected in what appear to be
the macrophages. Notably, areas dense with macrophages or
crownlike structures were not observed in the human adi-
pose tissue samples that were investigated for this study.
These regions of high inflammation were also not observed
when adipose tissue samples were obtained from patients
that were obese or diagnosed with metabolic syndrome. EL
expression patterns may differ somewhat in human adipose
tissue samples that reflect a high inflammatory state.

It has been hypothesized that EL is highly expressed in
tissues that have high metabolic rates and are highly vascu-
larized (Choi et al. 2002). Since the thyroid gland and lung
are metabolically active and are unable to store fatty acids,
these organs may use exogenous fatty acids hydrolyzed via
EL’s phospholipase activity to maintain their high rates of
metabolism (Choi et al. 2002). EL expression in adipocytes
may also be related to the level of inflammation in the par-
ticular adipose tissue depot. EL appears to be expressed in
several adipose tissue depots: subcutaneous, omental, as
well as adipose tissue surrounding the thyroid gland.
Despite the fact that EL expression may be protective under
some conditions, it is clear that overexpression of EL can

lead to an exacerbation of the pathological response. EL
presence in the arterial wall is clearly one of these cases
where overexpression of EL has been strongly associated
with increased monocyte adhesion and increased athero-
genesis. Similarly, in adipose tissue, EL overexpression
leads to or is a consequence of a higher inflammatory state,
which may result in enhanced secretion of EL into the cir-
culation. Increased plasma EL is associated with decreased
HDL. Therefore, understanding EL function, in follicular
epithelial cells of the thyroid, adipocytes, and macrophages
in inflamed adipose tissue, may be key to understanding the
potential role that EL plays in the dyslipidemia that is asso-
ciated with metabolic diseases, such as metabolic syn-
drome, obesity, and type II diabetes.

Acknowledgments

We thank the Rader laboratory for generously providing the anti-
human EL antibody, Thomas Garrabrant for coordinating devel-
opment of EL antibodies at New England Peptide, Sharon L.
Burke for characterization of the EL antibodies, and Danielle
Lawrence and Michael Alicknavich for the IHC. We also kindly
acknowledge Andrew L. Darrow for his intellectual input and
overall support of the EL project.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: All
authors were employees of Janssen Research and Development
during the conduct of these studies.

References

Azumi H, Hirata K, Ishida T, Kojima Y, Rikitake Y, Takeuchi S,
Inoue N, Kawashima S, Hayashi Y, Itoh H, et al. 2003. Immu-
nohistochemical localization of endothelial cell-derived lipase
in atherosclerotic human coronary arteries. Cardiovasc Res.
58:647-654.

Bartels ED, Nielsen JE, Lindegaard ML, Hulten LM, Schroeder
TV, Nielsen LB. 2007. Endothelial lipase is highly expressed
in macrophages in advanced human atherosclerotic lesions.
Atherosclerosis. 195:e42—e49.

Bauer RC, Stylianou IM, Rader DJ. 2011. Functional validation of
new pathways in lipoprotein metabolism identified by human
genetics. Curr Opin Lipidol. 22:123-128.

Brown RJ, Edmondson AC, Griffon N, Hill TB, Fuki IV, Badel-
lino KO, Li M, Wolfe ML, Reilly MP, Rader DJ. 2009. A
naturally occurring variant of endothelial lipase associated
with elevated HDL exhibits impaired synthesis. J Lipid Res.
50:1910-1916.

Brown RJ, Rader DJ. 2007. Lipases as modulators of atherosclero-
sis in murine models. Curr Drug Targets. 8:1307-1319.



704

Connelly et al.

Choi SY, Hirata K, Ishida T, Quertermous T, Cooper AD. 2002. Endo-
thelial lipase: a new lipase on the block. J Lipid Res. 43:1763-1769.

D’Andrea MR, Qiu Y, Haynes-Johnson D, Bhattacharjee S, Kraft P,
Lundeen S. 2005. Expression of PDE11A in normal and malig-
nant human tissues. J] Histochem Cytochem. 53:895-903.

D’Andrea MR, Rogahn CJ, Andrade-Gordon P. 2000. Localiza-
tion of protease-activated receptors-1 and -2 in human mast
cells: indications for an amplified mast cell degranulation cas-
cade. Biotech Histochem. 75:85-90.

Darrow AL, Olson MW, Xin H, Burke SL, Smith C, Schalk-Hihi
C, Williams R, Bayoumy SS, Deckman IC, Todd MJ, et al.
2010. A novel fluorogenic substrate for the measurement of
endothelial lipase activity. J Lipid Res. 52:374-382.

DeSantis P, Coleman T, Schiekofer S, Nawroth PP, Schlimmer P,
Schneider JG. 2008. Endothelial Lipase: a key player in HDL
metabolism modulates inflammation and atherosclerotic risk.
Mini Rev Med Chem. 8:619-627.

Edmondson AC, Braund PS, Stylianou IM, Khera AV, Nelson CP,
Wolfe ML, Derohannessian SL, Keating BJ, Qu L, He J, et al.
2011. Dense genotyping of candidate gene loci identifies vari-
ants associated with high-density lipoprotein cholesterol. Circ
Cardiovasc Genet. 4:145-155.

Edmondson AC, Brown RJ, Kathiresan S, Cupples LA, Demissie
S, Manning AK, Jensen MK, Rimm EB, Wang J, Rodrigues A,
et al. 2009. Loss-of-function variants in endothelial lipase are
a cause of elevated HDL cholesterol in humans. J Clin Invest.
119:1042-1050.

Fujii H, Fukuda A, Tanaka M, Kojima Y, Ishida T, Hirata K,
Fukagawa M. 2008. Putative role of endothelial lipase in dial-
ysis patients with hypoalbuminemia and inflammation. Am J
Nephrol. 28:974-981.

Fuki IV, Blanchard N, Jin W, Marchadier DH, Millar JS, Glick JM,
Rader DJ. 2003. Endogenously produced endothelial lipase
enhances binding and cellular processing of plasma lipopro-
teins via heparan sulfate proteoglycan-mediated pathway. J
Biol Chem. 278:34331-34338.

Gauster M, Hiden U, van Poppel M, Frank S, Wadsack C,
Hauguel-de Mouzon S, Desoye G. 2011. Dysregulation of
placental endothelial lipase in obese women with gestational
diabetes mellitus. Diabetes. 60:2457-2464.

Gerard AC, Denef JF, Colin IM, van den Hove MF. 2004. Evi-
dence for processing of compact insoluble thyroglobulin glob-
ules in relation with follicular cell functional activity in the
human and the mouse thyroid. Eur J Endocrinol. 150:73-80.

Hirata K, Dichek HL, Cioffi JA, Choi SY, Leeper NJ, Quintana L,
Kronmal GS, Cooper AD, Quertermous T. 1999. Cloning of
a unique lipase from endothelial cells extends the lipase gene
family. J Biol Chem. 274:14170-14175.

Hirata K, Ishida T, Matsushita H, Tsao PS, Quertermous T. 2000.
Regulated expression of endothelial cell-derived lipase. Bio-
chem Biophys Res Commun. 272:90-93.

Huang J, Qian HY, Li ZZ, Zhang JM, Wang S, Tao Y, Gao YL, Yin
CQ, Que B, Sun T, et al. 2010. Role of endothelial lipase in
atherosclerosis. Transl Res. 156:1-6.

Ishida T, Choi S, Kundu RK, Hirata K, Rubin EM, Cooper AD,
Quertermous T. 2003. Endothelial lipase is a major determi-
nant of HDL level. J Clin Invest. 111:347-355.

Ishida T, Choi SY, Kundu RK, Spin J, Yamashita T, Hirata K,
Kojima Y, Yokoyama M, Cooper AD, Quertermous T. 2004a.
Endothelial lipase modulates susceptibility to atherosclerosis
in apolipoprotein-E-deficient mice. J Biol Chem. 279:45085—
45092.

Ishida T, Zheng Z, Dichek HL, Wang H, Moreno I, Yang E, Kundu
RK, Talbi S, Hirata K, Leung LL, et al. 2004b. Molecular
cloning of nonsecreted endothelial cell-derived lipase iso-
forms. Genomics. 83:24-33.

Jain S, De Petris L, Hoshi M, Akilesh S, Chatterjee R, Liapis H.
2010. Expression profiles of podocytes exposed to high glu-
cose reveal new insights into early diabetic glomerulopathy.
Lab Invest. 91:488—498.

Jaye M, Lynch KJ, Krawiec J, Marchadier D, Maugeais C, Doan
K, South V, Amin D, Perrone M, Rader DJ. 1999. A novel
endothelial-derived lipase that modulates HDL metabolism.
Nat Genet. 21:424-428.

Kojma Y, Hirata K, Ishida T, Shimokawa Y, Inoue N, Kawashima
S, Quertermous T, Yokoyama M. 2004. Endothelial lipase
modulates monocyte adhesion to the vessel wall: a potential
role in inflammation. J Biol Chem. 279:54032-54038.

Kratky D, Zimmermann R, Wagner EM, Strauss JG, Jin W, Kost-
ner GM, Haemmerle G, Rader DJ, Zechner R. 2005. Endo-
thelial lipase provides an alternative pathway for FFA uptake
in lipoprotein lipase-deficient mouse adipose tissue. J Clin
Invest. 115:161-167.

Li L, Renier G. 2007. Adipocyte-derived lipoprotein lipase
induces macrophage activation and monocyte adhesion: role
of fatty acids. Obesity (Silver Spring). 15:2595-2604.

Lindegaard ML, Damm P, Mathiesen ER, Nielsen LB. 2006. Pla-
cental triglyceride accumulation in maternal type 1 diabetes is
associated with increased lipase gene expression. J Lipid Res.
47:2581-2588.

Lindegaard ML, Olivecrona G, Christoffersen C, Kratky D,
Hannibal J, Petersen BL, Zechner R, Damm P, Nielsen LB.
2005. Endothelial and lipoprotein lipases in human and mouse
placenta. J Lipid Res. 46:2339-2346.

Murano I, Barbatelli G, Parisani V, Latini C, Muzzonigro G,
Castellucci M, Cinti S. 2008. Dead adipocytes, detected as
crown-like structures, are prevalent in visceral fat depots of
genetically obese mice. J Lipid Res. 49:1562—1568.

Nielsen JE, Lindegaard ML, Friis-Hansen L, Almstrup K, Leffers
H, Nielsen LB, Rajpert-De Meyts E. 2009. Lipoprotein lipase
and endothelial lipase in human testis and in germ cell neo-
plasms. Int J Androl. 33:e207-215.

Otera H, Ishida T, Nishiuma T, Kobayashi K, Kotani Y, Yasuda T,
Kundu RK, Quertermous T, Hirata K, Nishimura Y. 2009. Tar-
geted inactivation of endothelial lipase attenuates lung allergic
inflammation through raising plasma HDL level and inhibiting
eosinophil infiltration. Am J Physiol Lung Cell Mol Physiol.
296:1594-602.



EL Localization in Thyroid and Adipocytes

705

Paradis E, Clavel S, Julien P, Murthy MR, de Bilbao F, Arsenijevic
D, Giannakopoulos P, Vallet P, Richard D. 2004. Lipopro-
tein lipase and endothelial lipase expression in mouse brain:
regional distribution and selective induction following kainic
acid-induced lesion and focal cerebral ischemia. Neurobiol
Dis. 15:312-325.

Paradis ME, Badellino KO, Rader DJ, Tchernof A, Richard C,
Luu-The V, Deshaies Y, Bergeron J, Archer WR, Couture P,
et al. 2006. Visceral adiposity and endothelial lipase. J Clin
Endocrinol Metab. 91:3538-3543.

Riederer M, Lechleitner M, Hrzenjak A, Koefeler H, Desoye G,
Heinemann A, Frank S. 2011. Endothelial lipase (EL) and EL-
generated lysophosphatidylcholines promote 1L-8 expression
in endothelial cells. Atherosclerosis. 214:338-344.

Riederer M, Trbusic M, Degoricija V, Frank S. 2012. Endothelial
lipase plasma levels are increased in patients with significant
carotid artery stenosis and history of neurological impairment.
J Clin Med Res. 4:49-51.

Salabe GB. 2001. Pathogenesis of thyroid nodules: histological
classification? Biomed Pharmacother. 55:39-53.

Shimokawa Y, Hirata K, Ishida T, Kojima Y, Inoue N, Querter-
mous T, Yokoyama M. 2005. Increased expression of endo-
thelial lipase in rat models of hypertension. Cardiovasc Res.
66:594-600.

Sovic A, Panzenboeck U, Wintersperger A, Kratzer I, Hammer A,
Levak-Frank S, Frank S, Rader DJ, Malle E, Sattler W. 2005.

Regulated expression of endothelial lipase by porcine brain
capillary endothelial cells constituting the blood-brain barrier.
J Neurochem. 94:109-119.

Sun K, Kusminski CM, Scherer PE. 2011. Adipose tissue remodel-
ing and obesity. J Clin Invest. 121:2094-2101.

Villaret A, Galitzky J, Decaunes P, Esteve D, Marques MA, Sen-
genes C, Chiotasso P, Tchkonia T, Lafontan M, Kirkland JL,
et al. 2010. Adipose tissue endothelial cells from obese human
subjects: differences among depots in angiogenic, metabolic,
and inflammatory gene expression and cellular senescence.
Diabetes. 59:2755-2763.

Wu X, Huang H, Tang F, Le K, Xu S, Liu P. 2009. Regulated
expression of endothelial lipase in atherosclerosis. Mol Cell
Endocrinol. 315:233-238.

Yasuda T, Ishida T, Rader DJ. 2010. Update on the role of endothe-
lial lipase in high-density lipoprotein metabolism, reverse cho-
lesterol transport, and atherosclerosis. Circ J. 74:2263-2270.

Yu KC, David C, Kadambi S, Stahl A, Hirata K, Ishida T, Quer-
termous T, Cooper AD, Choi SY. 2004. Endothelial lipase
is synthesized by hepatic and aorta endothelial cells and its
expression is altered in apoE-deficient mice. J Lipid Res.
45:1614-1623.

Zhang J, Yu'Y, Nakamura K, Koike T, Waqar AB, Zhang X, Liu E,
Nishijima K, Kitajima S, Shiomi M, et al. 2012. Endothelial
lipase mediates HDL levels in normal and hyperlipidemic rab-
bits. J Atheroscler Thromb. 19:213-226.





