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The Role of Secretory Phospholipase A2 Group IIA in Obesity and Metabolism
Abstract
Secretory phospholipase A2 group IIA (PLA2G2A) is a member of a family of secretory phospholipases
previously implicated in inflammation, atherogenesis, and antibacterial actions. These enzymes hydrolyze
glycerophospholipids at the sn-2 position releasing lysophospholipids and fatty acids. Though studies
have shown PLA2G2A is pro-inflammatory and promotes atherosclerosis, no research has analyzed the
role of this enzyme in obesity and metabolism. Studies in the past 5-10 years utilizing various knock- out
or over-expression mouse models have analyzed the role of different secretory phospholipase A2s
(sPLA2) in metabolic diseases. From these studies, it is known that at least seven of the 11 sPLA2
isozymes contribute to the prevention or causation of metabolic diseases such as obesity and Type 2
diabetes. Increased energy expenditure, insulin sensitivity, and glucose tolerance are common
characteristics of a mouse with a beneficial metabolic phenotype. We studied the impact of a high-fat diet
on wild-type C57BL/6 and C57BL/6 mice over-expressing the human PLA2G2A gene (IIA+ mice). Despite
no differences in food intake, the IIA+ mice weighed less, had increased oxygen consumption and energy
expenditure, increased glucose tolerance and insulin sensitivity, and significantly less fat mass. There
was a significant induction of uncoupling protein 1 (UCP1) in the brown adipose tissue (BAT) of IIA+ mice,
suggesting enhanced mitochondrial uncoupling in their adipose tissue to drive this metabolic phenotype.
Previous work in Dr. Park’s laboratory suggested that hepatic PLA2G2A expression is negatively regulated
by acute thyroid hormone administration. We also examined the regulation of PLA2G2A and the
metabolic changes that occur in response to variations in thyroid status. The impact of PLA2G2A on
brown adipose tissue thermogenic gene expression was explored. C57BL/6 and IIA+ mice were made
hypothyroid over a 10-week period or treated with thyroid hormone (T3) for 5 weeks. There were no
significant changes in PLA2G2A abundance in response to thyroid status. The hypothyroid IIA+ mice did
not increase their energy expenditure even with T3 administration. However, the energy expenditure,
substrate utilization, insulin sensitivity and glucose tolerance were all elevated in the IIA+ mice given T3.
Moreover, white adipocytes from IIA+ mice were much more prone to ‘beiging,’ including increased
expression of brown adipose thermogenic markers such as uncoupling protein 1 (UCP1), PR domain
containing 16 (PRDM-16), and early B cell factor 2 (EBF2). Finally, the brown adipose tissue of IIA+ mice
had increased UCP1. Further metabolic analysis of C57BL/6 and IIA+ mice revealed that even at
thermoneutrality the IIA+ mice display elevated oxygen consumption and energy expenditure. Moreover,
citrate synthase activity was increased in the brown adipose tissue but not muscle in IIA+ animals,
suggesting that the elevated thermogenesis is adipose tissue-specific. Finally, RNA microarray analysis of
brown adipose tissue from C57BL/6 and IIA+ mice showed induction of numerous genes related to fuel
substrate transport and metabolism, indicating an increase in substrate flux to fuel brown adipose tissue
activity the IIA+ mice. These data illustrate that PLA2G2A elevates thermogenesis in an adipose tissuespecific manner, in part through elevated fuel utilization and increased mitochondrial content in BAT.
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ABSTRACT
Secretory phospholipase A2 group IIA (PLA2G2A) is a member of a family of
secretory phospholipases previously implicated in inflammation, atherogenesis, and
antibacterial actions. These enzymes hydrolyze glycerophospholipids at the sn-2 position
releasing lysophospholipids and fatty acids. Though studies have shown PLA2G2A is
pro-inflammatory and promotes atherosclerosis, no research has analyzed the role of this
enzyme in obesity and metabolism. Studies in the past 5-10 years utilizing various knockout or over-expression mouse models have analyzed the role of different secretory
phospholipase A2s (sPLA2) in metabolic diseases. From these studies, it is known that at
least seven of the 11 sPLA2 isozymes contribute to the prevention or causation of
metabolic diseases such as obesity and Type 2 diabetes.
Increased energy expenditure, insulin sensitivity, and glucose tolerance are
common characteristics of a mouse with a beneficial metabolic phenotype. We studied
the impact of a high-fat diet on wild-type C57BL/6 and C57BL/6 mice over-expressing
the human PLA2G2A gene (IIA+ mice). Despite no differences in food intake, the IIA+
mice weighed less, had increased oxygen consumption and energy expenditure, increased
glucose tolerance and insulin sensitivity, and significantly less fat mass. There was a
significant induction of uncoupling protein 1 (UCP1) in the brown adipose tissue (BAT)
of IIA+ mice, suggesting enhanced mitochondrial uncoupling in their adipose tissue to
drive this metabolic phenotype. Previous work in Dr. Park’s laboratory suggested that
hepatic PLA2G2A expression is negatively regulated by acute thyroid hormone
administration. We also examined the regulation of PLA2G2A and the metabolic changes
that occur in response to variations in thyroid status. The impact of PLA2G2A on brown
adipose tissue thermogenic gene expression was explored. C57BL/6 and IIA+ mice were
made hypothyroid over a 10-week period or treated with thyroid hormone (T3) for 5
weeks. There were no significant changes in PLA2G2A abundance in response to thyroid
status. The hypothyroid IIA+ mice did not increase their energy expenditure even with T3
administration. However, the energy expenditure, substrate utilization, insulin sensitivity
and glucose tolerance were all elevated in the IIA+ mice given T3. Moreover, white
adipocytes from IIA+ mice were much more prone to ‘beiging,’ including increased
expression of brown adipose thermogenic markers such as uncoupling protein 1 (UCP1),
PR domain containing 16 (PRDM-16), and early B cell factor 2 (EBF2). Finally, the
brown adipose tissue of IIA+ mice had increased UCP1. Further metabolic analysis of
C57BL/6 and IIA+ mice revealed that even at thermoneutrality the IIA+ mice display
elevated oxygen consumption and energy expenditure. Moreover, citrate synthase activity
was increased in the brown adipose tissue but not muscle in IIA+ animals, suggesting that
the elevated thermogenesis is adipose tissue-specific. Finally, RNA microarray analysis
of brown adipose tissue from C57BL/6 and IIA+ mice showed induction of numerous
genes related to fuel substrate transport and metabolism, indicating an increase in
substrate flux to fuel brown adipose tissue activity the IIA+ mice. These data illustrate
that PLA2G2A elevates thermogenesis in an adipose tissue-specific manner, in part
through elevated fuel utilization and increased mitochondrial content in BAT.
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We discovered a novel role for PLA2G2A as an anti-obesogenic secretory
phospholipase. My data indicate that PLA2G2A protects from diet-induced obesity and
insulin resistance primarily through increased BAT activity and ‘beiging’ of WAT,
resulting in improved whole-body thermogenesis. The rise in thermogenesis likely drives
increased glucose utilization by various adipose depots, decreasing blood glucose which
enhances glucose tolerance and insulin sensitivity. Further studies should be done to
determine any specific fatty acids and/or lysophospholipids that may be released in
response to PLA2G2As activity which may be driving this metabolic effect.
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CHAPTER 1.

THE FUNCTIONS OF PLA2G2A AND SPLA2S IN
METABOLISM

Phospholipase A2s (PLA2s) are a group of enzymes that hydrolyze the sn-2 acyl
bond in phospholipids to release non-esterified free fatty acids and lysophospholipids.
There are four phospholipase A2 families including secretory phospholipase A2 (sPLA2),
cytosolic phospholipase A2 (cPLA2), calcium-independent PLA2 (iPLA2), and platelet
activating factor-acetylhydrolase (PAF-AH), also known as lipoprotein-associated
phospholipase A2 (LpPLA2). Secretory phospholipases A2 are low molecular weight
enzymes that require millimolar amounts of Ca2+ for their activity. Currently, eleven
sPLA2 isoforms have been identified and of these ten are catalytically active (IB, IIA,
IIC, IID, IIE, IIF, III, V, X, XIIA), while one is inactive (XIIB). Over one third of the
PLA2 enzymes belong to the sPLA2 family. These secretory enzymes possess variable
tissue-specific expression patterns and phospholipid substrate preferences, suggesting
that each has distinct biological roles. Over the last 30 years, great progress has been
made in defining the biological roles of sPLA2 isoforms in a variety of pathologies. In
addition, recent studies have discovered that some sPLA2 isoforms modulate obesity and
metabolism through the production of lipid mediators that impact lipid mobilization, fatty
acid oxidation, and other processes related to obesity and metabolic syndrome (MetS).
Previous reviews on sPLA2s have described their properties, subcellular localizations (13) and multitude of functions (4, 5).
Secretory phospholipase A2 group IIA (PLA2G2A) is a member of the sPLA2
family that participates in a variety of biological processes including atherogenesis,
cardiovascular disease, anti-microbial actions, and may be involved in tumor suppression
as well. The first portion of chapter 1 will review the function and past research on
PLA2G2A focusing on its involvement in cardiovascular disease, inflammation, and
actions as an anti-bacterial enzyme. The second section of this chapter will discuss
recent studies highlighting the role that other sPLA2 isoforms have in the modulation of
metabolic diseases such as obesity and metabolic syndrome.
Functions of PLA2G2A
sPLA2 group IIA (PLA2G2A) was first purified from the platelets and synovial
fluids of patients suffering from arthritis (6). It has high affinity for anionic phospholipids
such as phosphatidylserine (PS), phosphatidylethanolamine (PE), and
phosphatidylglycerol (PG) (3), suggesting that membrane phospholipids, which are rich
in phosphatidylcholine (PC) on the outer membrane (7), may not be a primary substrate
for PLA2G2A. Many cell types, including hepatocytes, vascular smooth muscle cells,
and endothelial cells, secrete PLA2G2A (1, 8). PLA2G2A can also act as a ligand, where
it will bind with high affinity to the M-type receptor (PLA2R1), which is expressed in
muscle, lung, spleen, and kidney (9, 10). Expression of PLA2G2A is induced by various
stimuli including interleukin (IL)-1, IL-6, tumor necrosis factor (TNFα),
lipopolysaccharides, and cyclic AMP (9–12). The finding that PLA2G2A is highly
1

abundant in biological fluids of patients suffering from inflammatory diseases, like
arthritis and sepsis suggested that PLA2G2A promotes inflammation (3, 11, 12). In
support of this concept, under inflammatory conditions Pla2g2a knockout BALB/c mice
have attenuated joint inflammation compared with wild-type BALB/c mice (13).
In addition to its inflammatory properties, PLA2G2A is proatherogenic with
elevated levels of PLA2G2A being a biomarker for cardiovascular disease (14). Evidence
of the participation of PLA2G2A in atherosclerosis came from work utilizing PLA2G2A
transgenic mice. C57BL/6 (BL/6) mice do not express Pla2g2a due to frameshift
mutation in exon 3. The human PLA2G2A gene was introduced into BL/6 mice to create
PLA2G2A-expressing (IIA+) mice (15, 16). When fed a high cholesterol diet, the IIA+
mice had increased atherosclerotic lesions, reduced plasma high density lipoproteins
(HDL) and slightly increased low density lipoproteins (LDL) (15). The hepatic
cholesterol levels were elevated suggesting that PLA2G2A affects hepatic cholesterol
uptake (17). Furthermore, bone marrow transplantation from IIA+ mice into LDL
receptor-deficient mice increased atherosclerotic lesions, and expression of PLA2G2A in
mouse macrophages accelerated the development of arterial wall lesions and the
movement of cholesterol from LDL to foam cells (18, 19). Oral dosing of varespladib, an
inhibitor of PLA2G2A, for 16 weeks reduced aortic atherosclerosis in ApoE-deficient
mice (20). However, the failure of varespladib to reduce myocardial infarction and
cardiovascular death in clinical trials has called into question the importance of
PLA2G2A in atherogenesis (21, 22). Small nucleotide polymorphisms (SNPs) of
secretory PLA2G2A have shown significant association with increased PLA2G2A
expression, but not enzymatic activity, in patients with stable coronary heart disease,
Type 2 diabetes, and recent cardiovascular surgical interventions (23, 24).
Anti-Microbial Actions of PLA2G2A
PLA2G2A was identified as an anti-microbial agent after its presence and
bactericidal activity against gram-positive bacteria were detected in human tears (25).
Subsequent studies have found that Pla2g2a was extremely effective at killing L.
monocytogenes in Paneth cells of the intestine (26), as well as S. aureus in rabbit ascitic
fluid (27). Importantly, the potent anti-microbial activity of PLA2G2A required Ca2+ and
was only observed in gram-positive bacterial populations (25). The reason for this antimicrobial activity is more than likely due to its substrate specificity. Phosphatidylglycerol
is the principal component of gram-positive microbial membranes, and PLA2G2A
hydrolyzes it with much higher efficacy compared to phosphatidylcholine which is
typically abundant in mammalian cell membranes (28, 29).
sPLA2 M-Type Receptor PLA2R1
As mentioned previously, in addition to the enzymatic hydrolysis of
glycerophospholipids, PLA2G2A can act as a ligand via binding to the sPLA2 receptor
PLA2R1. This receptor may be a tumor suppressor gene critical to the induction of
2

cellular senescence (30), a permanent form of cell-cycle arrest that prevents malignant
cancer cell transformation and progression. Augert et al., found that with the knock-down
of PLA2R1 using short hairpin RNA (shRNA), cells continued to grow in multiple tumor
cell lines, but ectopic overexpression of PLA2R1 triggered premature cell senescence and
prevented cell growth (30). The group also showed that PLA2G2A expression was
induced 20-fold in senescent cells and overexpression induced cell senescence in a
PLA2R1-dependent manner, suggesting that PLA2G2A may act as a ligand to suppress
tumor growth (30). Interestingly, other studies have observed the involvement of
PLA2G2A as an anti-cancer agent in gastric cancer (31, 32). Ganesan et al., detected a
significant loss in PLA2G2A expression in late-stage cancers in vivo, and overexpression
of PLA2G2A in the human gastric carcinoma cell line N87 dramatically inhibited tumor
migration and invasion, suggesting that PLA2G2A may act as a general tumor suppressor
in gastric cells (31). However, the authors made no mention of expression or involvement
of the PLA2R1 receptor.
The Metabolic sPLA2s
PLA2G1B
Regarding secretory phospholipase A2 group IB, the role of PLA2G1B in obesity
and metabolism has been elucidated by the studies from the Hui laboratory using
Pla2g1b knockout (Pla2g1b-/-) mice or cell-specific PLA2G1B overexpression.
PLA2G1B is primarily expressed in pancreatic acinar cells although it is also found in the
lungs. The enzyme remains in an inactive state until it is released into the pancreatic juice
in response to feeding. It is secreted into the intestinal lumen and proteolytically cleaved
into its active form (33). Activated PLA2G1B contributes to lipid digestion and
absorption within the digestive tract. When Pla2g1b-/- mice on a C57BL/6 background
were placed on a hypercaloric diet (58.5% fat, 25% sucrose, 16.5% protein) for either 3
or 10 weeks, they were resistant to diet-induced obesity (34). The Pla2g1b-/- mice
showed a 37% reduction in plasma triglyceride (TG) levels primarily due to a decrease in
hepatic VLDL production and an increase in TG-rich lipoprotein clearance. Pla2g1b-/mice also displayed a 61% reduction in plasma cholesterol following 10 weeks on the
hypercaloric diet compared to age-matched wild-type controls. It is noteworthy that
Pla2g1b-/- Ldlr-/- mice fed the same hypercaloric diet for 10 weeks displayed a similar
phenotype, including reductions in fasting glucose, insulin, and plasma lipid levels (35).
Moreover, wild-type mice consuming a high-fat, high-carbohydrate diet supplemented
with the general sPLA2 inhibitor methyl indoxam showed a drastic reduction in body
weight after 10 weeks (36). This decrease in body weight was accompanied by enhanced
glucose tolerance and suppression of post-prandial plasma lysophospholipid levels.
Importantly, transgenic mice over-expressing the human PLA2G1B in pancreatic acinar
cells gained significantly more weight when given the hypercaloric high-fat/high-carb
diet, and these mice also had reduced glucose tolerance and insulin resistance (37).
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The evidence supporting PLA2G1B inhibition as an avenue for improving
metabolic health is quite strong. Mechanistically, these effects are mediated through the
action of PLA2G1B on dietary phosphatidylcholine. Absorption of
lysophosphatidylcholine (LPC) into the portal blood, plasma, and livers of Pla2g1b-/mice was significantly reduced in mice that were fasted for 12 hours followed by a
glucose-lipid mixed meal (38). These data suggest that phospholipid digestion in the
intestinal lumen and absorption of the digested lysophospholipid product through the
portal blood is enhanced by Pla2g1b enzymatic activity (38). As pointed out by
Richmond et al., while Pla2g1b is the major enzyme for phospholipid hydrolysis within
the intestinal lumen, other lipolytic enzymes may partially compensate in its absence to
preserve lipid and cholesterol absorption (38, 39). In regard to the enhanced glucose
tolerance in Pla2g1b-/- mice, there is evidence that LPC alone has a negative impact on
hyperglycemia as shown with a glucose tolerance test (GTT) (38). Furthermore, the
Pla2g1b-/- mice have elevated fatty acid oxidation which can be directly suppressed by
administration of LPC, suggesting that Pla2g1b enzymatic products reduce fatty acid
oxidation (40).
Taken together, multiple studies on the metabolic impact of Pla2g1b inhibition
indicate that it can dramatically reduce obesity in response to high fat feeding. Recent
experiments have also demonstrated that the benefits of PLA2G1B inhibition mimic
those seen in response to bariatric surgery in mice, including prevention of dyslipidemia
as well as protection and remission from diet-induced Type 2 diabetes (41).
PLA2G2A
The roles of PLA2G2A in inflammation, obesity and metabolism continue to be
defined (42). PLA2G2A is induced by several cytokines and second messengers
including interleukins 1 and 6 (IL-1 and IL-6), tumor necrosis factor (TNFα),
lipopolysaccharides (LPS), and cyclic AMP suggesting a pro-inflammatory role (43-46).
The Pla2g2a knockout (Pla2g2a-/-) BALB/c mice have significantly less joint
inflammation than their wild-type counterparts with inflammatory stimuli (13). Elevated
Pla2g2a is also associated with atherosclerosis as Pla2g2a participates in the conversion
of LDL to the more atherogenic oxidized LDL (oxLDL) (47). In human studies, elevated
PLA2G2A has been proposed to be a biomarker for cardiovascular disease since high
levels of plasma PLA2G2A are a predictor for early stage atherosclerosis (14, 48).
PLA2G2A polymorphisms have also been associated with hypercholesterolemia and
subclinical atherosclerosis in patients with MetS (49).
With the focus of PLA2G2A studies being on its role in inflammation and
atherosclerosis, studies on the actions of PLA2G2A in obesity and metabolism are quite
limited. One consistent observation in the metabolic studies involving PLA2G2A is that
its expression is significantly up-regulated in response to a high-fat diet (46, 50, 51). In
male Wistar rats, Pla2g2a expression was elevated 6-fold after 16 weeks on a highcarbohydrate high-fat (HCHF) diet (50). At the 8-week point, these rats were orally
administered the PLA2G2A inhibitor KH064 which drastically reduced weight gain, fat
4

mass, and prevented the increase in adipocyte crown formation and macrophage
infiltration seen in the wild-type rats (50). The study also found that inhibition of Pla2g2a
by KH064 was accompanied by an increase in lipolytic gene expression, attributed to an
increase in hormone-sensitive lipase (HSL) phosphorylation. Treatment with KH064 also
improved glucose tolerance and insulin sensitivity as shown by GTTs and ITTs (50).
Recently, we studied the metabolic phenotype of C57BL/6 mice that were
genetically engineered to overexpress human PLA2G2A. In these mice, PLA2G2A
improved the metabolic parameters and obesogenic symptoms (51, 52). C57BL/6 mice
do not express the murine Pla2g2a due to a frameshift mutation in exon 3 (16).
Overexpression of human PLA2G2A protected mice from weight gain on a chow or
high-fat diet compared to wild-type C57BL/6 mice after 10 weeks. PLA2G2A expression
also enhanced oxygen consumption (VO2) and energy expenditure. The expression of
thermogenic genes in brown adipose tissue (BAT), including uncoupling protein 1
(UCP1), peroxisome proliferator-activated receptor γ coactivator 1α (PGC-1α), and
Sirtuin-1 (SIRT1) was elevated (51, 52). PLA2G2A-expressing primary adipocytes from
epididymal and inguinal white adipose tissue (WAT), and interscapular BAT showed
elevated protein expression of several genes involved in adaptive thermogenesis
compared to C57BL/6 wild-type adipocytes(52). The PLA2G2A-expressing mice showed
significant improvements in glucose disposal and insulin tolerance based on GTTs and
ITTs. To accompany this phenotype, mice expressing PLA2G2A also had reduced 6-hour
fasting blood glucose levels and an increase in glucose transporter type 4 (GLUT4) in
BAT suggesting that PLA2G2A enhances BAT glucose utilization (52).
There is abundant evidence that PLA2G2A contributes to the inflammatory
response, but the enzyme’s role in obesity and metabolism is still unclear. The current
investigations of PLA2G2As metabolic role used different designs. The human
PLA2G2A gene was expressed in mice, whereas the rat Pla2g2a enzyme was inhibited
pharmacologically (50, 51). It is possible that overexpression of PLA2G2A in mice alters
the expression of other secretory phospholipases in different tissues, which could
influence metabolism. Similarly, the activity of various sPLA2 isozymes has not been
examined in response to PLA2G2A inhibition by KH064. Moreover, food intake
following KH064 administration was not reported in this study, and the impact of KH064
on intestinal lipid absorption was not assessed. Any of these factors may have contributed
to the different metabolic outcomes of these studies of PLA2G2A.
PLA2G2D
Currently, no direct evidence on the function of PLA2G2D in obesity exists.
However, it is known that this isoform, called the “resolving-sPLA2,” plays a significant
role in mediating inflammation in mice (53). PLA2G2D is abundantly expressed in
lymphoid organs (53-56). Based on studies using Pla2g2d-/- mice, the resolution of
hapten-induced contact hypersensitivity (CHS), a marker of the inflammatory response,
was markedly impaired due to up-regulation of Th1 cytokines Ifng and IL12a in the
lymph nodes of Pla2g2d deficient mice (53). The lipid profiles from lymph nodes of
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Pla2g2d-/- mice were altered, as arachidonic acid (AA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA), and the DHA-derived metabolite resolvin D1 (RvD1) were
significantly reduced in the Pla2g2d-/- mice. The addition of recombinant PLA2G2D
protein to lipids extracted from lymph nodes resulted in a decrease in
phosphatidylethanolamine (PE) species containing AA and DHA, suggesting that
PLA2G2D preferentially hydrolyzes polyunsaturated fatty acid (PUFA)-containing PE
(53).
Although there are no investigations on the participation of PLA2G2Ds in
metabolism, its preferential enzymatic activity to release beneficial ω-3 PUFAs and the
lipid mediators is intriguing. A substantial body of literature indicates that ω-3 PUFAs
(primarily DHA, EPA) are favorable for metabolic health with respect to obesity and
MetS (57, 58). Specifically, supplementation with ω-3 PUFAs has demonstrated a
protective role against high fat diet (HFD)-induced insulin resistance (59-62) and may
elevate β-oxidation (63). In humans, circulating levels of ω-3 PUFAs are elevated in
healthy individuals when compared to patients with MetS, classifying low ω-3 PUFA
levels as a risk for the development of MetS (64). The presence of DHA metabolite RvD1
positively impacts metabolism as well (65, 66). RvD1 levels in adipose tissue are
markedly diminished in obese mice, and addition of RvD1 to isolated epididymal fat pads
from these animals ex vivo reduced expression of numerous pro-inflammatory signaling
molecules while elevating the adipokine adiponectin, a signaling molecule that has
numerous metabolic actions to combat obesity and Type 2 diabetes (65). Administration
of RvD1 to db/db mice resulted in improved glucose tolerance and insulin sensitivity
(66).
Based on the lipid analysis described above, products produced by PLA2G2D
enzymatic activity may be advantageous with respect to obesity and MetS as a whole,
principally through their actions in adipose tissue. While PLA2G2D expression and
activity is primarily restricted to lymph nodes, it is important to note that a significant
portion of lymph are embedded and attached to mammalian adipose tissue (67, 68),
indicating potential for immediate crosstalk between the two organs. Nonetheless, an
analysis on the disruption of PLA2G2D activity needs to be carried out to fully
understand its role in obesity and MetS.
PLA2G2E
The expression of PLA2G2E is elevated in the white adipose tissue (WAT) and
BAT of female C57BL/6 mice fed a HFD (69). Studies using female Pla2g2e-/- mice
found that they gained less weight on HFD over 18 weeks, with marked reductions in fat
mass, hepatic lipid deposition, plasma aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels. PLA2G2E preferentially hydrolyzes PE and PS on very
low density lipoproteins (VLDL), LDL, and HDL, although with weak enzymatic activity
compared to that of other sPLA2s (70, 71). Mass spectrometry analysis of the lipoprotein
particles from Pla2g2e-/- mice revealed a reduction in phospholipids (PL), triglyceride
(TG), and cholesterol accumulation in VLDL, LDL, and HDL (69). These data suggest
that Pla2g2e promotes obesity through elevated hepatic lipogenesis and VLDL assembly
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in the liver. It was previously reported that anionic phospholipids decrease the affinity for
ApoE to bind the LDL receptor (LDL-r), which could impact lipoprotein particle
clearance (72). Finally, whether lysophosphatidylserine (LPS) or
lysophosphatidylethanolamine (LPE) impacts metabolism has yet to be determined.
In contrast to the work described above, another study using male Pla2g2e-/mice discovered that the enzyme plays a significant role in the regulation of lipolysis in
adipocytes, likely through enhanced ERK1/2 signaling (73). Pla2g2e-/- mice had
increased epididymal fat compared to C57BL/6 wild-type mice and accumulated
significantly more triglyceride (TG) in the stromal vascular fraction (SVF) isolated from
adipose tissue as well. The group also overexpressed Pla2g2e in OP9 stem cells or treated
3T3-L1 cells with Pla2g2e protein and observed reduced lipid accumulation and
increased release of free glycerol, indicative of elevated lipolysis. Interestingly, these
Pla2g2e-/- animals had reduced ERK1/2 signaling and HSL, the intracellular lipase
responsible for hydrolyzing TG to FFAs. Finally, treatment of adipocytes with mouse
Pla2g2e protein induced ERK1/2 signaling, demonstrating that Pla2g2e regulates
adipocyte lipolysis through ERK/HSL signaling (73).
Currently, our understanding of PLA2G2E’s role in obesity in metabolism is
limited to the two studies described above which report contrasting phenotypes with
Pla2g2e-/- mice. One notable difference is that Sato et al. used only female mice for their
metabolic characterization while Zhi et al. used only male mice (69, 73). This emphasizes
the possibility for sex-specific differences in Pla2g2e activity and its impact on obesity.
However, the differences may also reflect the differences in generation of the knockout
mice, diets and animal facilities.
PLA2G5
PLA2G5, which is expressed in WAT and elsewhere, provides protection from
diet-induced obesity. Sato et al. (69) found that PLA2G5 expression was elevated in
response to feeding a HFD in female C57BL/6 mice. When placed on a HFD, the
Pla2g5-/- mice gained a large amount weight gain that was primarily located in the
visceral fat (69). In GTT and ITT, the Pla2g5-/- mice were less glucose tolerant and had
increased insulin resistance. Furthermore, there was a striking induction of plasma ALT
levels and hepatic fat deposition, indicating exacerbated hepatosteatosis (69). It has
previously been shown that PLA2G5 preferentially hydrolyzes phosphatidylcholine (PC)
in low-density lipoprotein (LDL) (74). In the Pla2g5-/- mice, phospholipid, cholesterol,
and TG levels were considerably higher in LDL (69).
PLA2G5 modulates bone marrow derived macrophage (BMDM) polarization as
well. BMDM were treated with palmitic acid or lipopolysaccharides to induce the
inflammatory response. Addition of recombinant PLA2G5 enzyme augmented expression
of M2 makers Arg1 and Cd206 in the BMDM, suggesting that PLA2G5 has antiinflammatory effects (69). The capacity for PLA2G5 to push macrophage polarization
from an M1 to M2 state broadens its impact as the metabolic benefits of M2 macrophages
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are well documented (75-77). Genetic deletion of Th2 or M2 inducers increases the risk
for metabolic disorders (76), and M2 macrophage infusion into obese mice has proven to
be effective in treating obesity and improving insulin sensitivity (77). In humans, M2
macrophages are more prevalent in lean adipose tissue as well (75). While additional
work needs to be done to elucidate the effects of PLA2G5 on metabolism, it appears that
these actions are mediated in part by the fatty acid and/or PC-released induction of M2
macrophage polarization in adipose tissue.
The role of PLA2G5 in glucose-stimulated insulin secretion (GSIS) is complex
and depends on the experimental model utilized. A recent study published by Shridas et
al., discovered that GSIS was decreased in isolated pancreatic islets from Pla2g5
knockout mice and in pancreatic MIN6 cells following siRNA-mediated PLA2G5
knockdown (78). Additionally, PLA2G5 over-expression in the MIN6 cell line resulted in
elevated GSIS and increased AA release into the media, despite no change in
prostaglandin E2 (PGE2) compared to control cells (78). In contrast to the studies with
isolated islets, the GSIS of Pla2g5-/- mice on a standard chow diet was significantly
elevated compared to WT mice, which was attributed to increased pancreatic islet size
and number of proliferating cells in the β-islets of the pancreas. The in vivo data from this
study suggests a reduction in the release of AA, a fatty acid that is contained in over 30%
of the glycerolipids in rodent islets (79) by Pla2g5 may be beneficial for insulin secretion
and β-cell proliferation. Previous work has shown that AA generally induces GSIS, while
inhibition of the release of AA inhibits GSIS (80). Interestingly, one of the major
metabolites of AA is PGE2, a well-known inhibitor of GSIS (81). PGE2 interacts with
the PGE2 receptor EP3 resulting in a decrease in adenylyl cyclase activity and
subsequent reduction in cAMP (82, 83). These data show that PLA2G5 plays a role in
insulin secretion and β-cell proliferation, which may be dependent on the amount of AA
released versus the amount of AA used for PGE2 production.
PLA2G10
Studies with transgenic mice discovered that PLA2G10 mediates adipogenesis
and strongly reduces corticosteroid production in mice, leading to the hypothesis that it
may protect from diet-induced obesity and improve metabolism (84, 85). PLA2G10 binds
to zwitterionic phospholipids such as PC with high affinity resulting in the potent release
of AA and LPC. PLA2G10 is expressed in a variety of tissues including the lungs,
adrenal glands, brain, heart, and adipose tissue (70, 86-89). Pla2g10-/- mice on a
C57BL/6 background gain significantly more weight and fat mass over 40 weeks
compared to the wild type mice even on a chow diet (84). Pre-adipocytes prepared from
the WAT of Pla2g10-/- mice accumulated more TG when induced to differentiate ex
vivo, suggesting that PLA2G10 has a direct effect in adipose tissue to reduce lipid
accumulation. Similarly, when the OP9 cell line was modified to overexpress PLA2G10,
the cells had considerably less TG accumulation following differentiation (84).
Interestingly, the reduction in TG accumulation may be attributed to PLA2G10s ability to
generate lipid products that suppress liver X receptor (LXR)-induced adipogenic genes
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including sterol regulatory element-binding protein 1c (SREBP-1c), stearoyl-CoA
desaturase-1 (SCD-1), and fatty acid synthase (FAS) (85, 90-92).
As mentioned previously, PLA2G10 is expressed in adrenal cells and has a
regulatory role in adrenal corticosteroid production. Overexpression of PLA2G10 in
C57BL/6 mice resulted in a 30-40% reduction in corticosteroid production, and this
effect was reversed by methyl indoxam administration (85). Furthermore, PLA2G10
overexpression dramatically reduced expression of the LXR-target gene steroidogenic
acute regulatory protein (StAR), a nuclear encoded mitochondrial protein that mediates
the rate-limiting step of steroid synthesis (93).
The current data on PLA2G10 indicate it may alleviate symptoms of obesity and
Type 2 diabetes in a bimodal fashion. First, PLA2G10 expression clearly reduces weight
gain and overall adiposity in mice. The secondary effects come from its ability to
decrease corticosteroid production. Excessive use or production of glucocorticoids will
induce insulin resistance, weight gain and adiposity while also exacerbating Type 2
diabetes (93-96). Based on our current understanding of PLA2G10, it is a promising
sPLA2 to favorably improve metabolism.
Pla2g10 is also expressed in the pancreatic beta cells and suppresses glucose
stimulated insulin secretion (GSIS) (97). Like Pla2g5 which was discussed in the
previous section, Pla2g10 generates AA. However, this pool of AA is converted to
prostaglandin E2 which binds to the EP3 receptor. EP3 elevates cAMP leading to
decreased insulin secretion. The exact reason that Pla2g5 and Pla2g10 have opposite
effects on GSIS is unclear. However, Pla2g10 does have to be proteolytically activated
and this may give it access to a different pool of phospholipids. Finally, older Pla2g10
KO mice appear to be protected from age related glucose intolerance.
The current data on PLA2G10 indicate it impacts multiple aspects of mouse
metabolism and hormonal action. Regarding metabolism, PLA2G10 expression reduces
weight gain and overall adiposity in mice. With respect to hormone actions, Pla2g10
decreases corticosteroid production. Excessive use or production of glucocorticoids will
induce insulin resistance, weight gain and adiposity while also exacerbating Type 2
diabetes (93-96). However, Pla2g10 reduces GSIS giving this phospholipase a complex
contribution to the overall metabolic state.
PLA2G12B
PLA2G12B is the only phospholipase implicated in metabolism showing no
catalytic activity due to a point mutation in its active site, and thus it is hypothesized to
act as a ligand for receptors that are currently unidentified (98, 99). PLA2G12B is highly
expressed in the liver, small intestine and kidneys, and this tissue specific pattern of
expression is consistent between humans and mice (98). Using Pla2g12b-/- mice fed an
ad libitum chow diet, Guan et al. discovered that knockout of the Pla2g12b gene
increased TG, cholesterol, and free fatty acids in the liver, resulting in severe
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hepatosteatosis (100). Hepatocyte nuclear factor-4alpha (HNF-4α) and its co-activator
PGC-1α induce Pla2g12b expression (100, 101), resulting in the induction of genes
involved in lipoprotein packaging (microsomal triglyceride transfer protein, MTP) and
VLDL secretion (102, 103). Moreover, liver-specific HNF-4α-/- mice are phenotypically
very similar to the Pla2g12b-/- animals, as both lines have reduced serum TG and
cholesterol levels and display severe hepatosteatosis (100, 104). These observations
suggest that PLA2G12B is one gene involved in the control of lipid metabolism
downstream of HNF-4α. Infection of mice with an adenovirus encoding Pla2g12b into
Pla2g12b-/- mice improved hepatic VLDL secretion and restored the decline in serum
TGs (100). These data indicate that Pla2g12b is under the regulation of HNF-4α and
plays an important role in metabolism by regulating lipoprotein packaging and VLDL
secretion in the liver. However, it was recently discovered that PLA2G12B is negatively
regulated by farnesoid X receptor (FXR), which controls bile acid and TG homeostasis in
the liver (105). Drug-induced activation of FXR resulted in substantial repression of
hepatic Pla2g12b in C57BL/6 mice. Pla2g12b repression was accompanied by a decrease
in serum TGs, attributed to diminished de novo lipogenesis and hepatic secretion of TGrich VLDL (105). This suggests that down-regulation of Pla2g12b is part of the process
by which hepatic FXR activation reduces VLDL-TG secretion. Importantly, HNF-4α and
FXR are functionally active and involved in metabolic processes in the small intestine, a
tissue which shows strong expression of PLA2G12B, indicating that the phospholipase
may have an impact in lipid metabolism, secretion and/or absorption there as well (106108).
Concluding Remarks on Metabolic sPLA2s
Recent advancements in the field of sPLA2s have made it evident that they have
considerable impact on protection from or progression towards metabolic diseases such
as obesity and metabolic syndrome, as shown in Table 1-1. One issue in analyzing the
metabolic impact of sPLA2s is that many of the sPLA2s influence intertwined
pathologies such as atherosclerosis, heart disease, and cancer (3, 75). For this reason,
future studies on the sPLA2s should carefully consider the role they might play based on
tissue localization, as their distinct functions may be altered based on the tissue being
analyzed. Furthermore, the expression and compensation of additional sPLA2 isoforms in
transgenic animal models is another factor that might result in large phenotypic changes,
and thus should also be observed to advance what we know about sPLA2s in obesity,
metabolism, and more.
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Table 1-1.

Metabolic roles of sPLA2 isoforms

Isoforms
PLA2G1B

Primary localization
Pancreas, lung

Metabolic implications

PLA2G2A

Platelets, liver,
leukocytes, paneth cells,
adipose tissue

Controversial; promotes weight gain,
insulin resistance in rats. Improves
metabolic parameters in mice

(46, 4952)

PLA2G2D

Lymph tissue dendritic
cells

Undocumented; May be
metabolically beneficial due to
release of anti-inflammatory
FAs/lipid mediators

(53-56)

PLA2G2E

Adipose, skin

Controversial; Pla2g2e-/- male mice
display blunted lipolysis and elevated
TG storage. Other experiments using
Pla2g2e-/- female mice found reduced
lipid accumulation

(69-71,
73)

PLA2G5

Adipose, bronchial
epithelial cells,
hepatocytes, islets,
macrophages,
cardiomyocytes

Protects from diet-induced obesity
and insulin resistance; pushes adipose
tissue macrophages from M1ÆM2
state

(69, 78)

PLA2G10

Lung, adrenal gland,
brain, heart, adipose

Protects from diet-induced obesity.
Elevates TG clearance in adipose and
suppresses glucocorticoid production
in adrenal cells

(70, 84-86,
88, 89)

Strongly regulates hepatic lipoprotein
packaging and VLDL secretion;
expression protects from
hepatosteatosis

(98, 100,
101, 105)

PLA2G12B Liver, small intestine,
kidneys

Promotes weight gain; increases TG
and cholesterol levels through
elevated intestinal LPC absorption
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CHAPTER 2.

PLA2G2A MODULATES INSULIN SENSITIVITY AND
METABOLISM*
Introduction

Phospholipases A2 (PLA2s) are a group of esterase enzymes that hydrolyze the
second carbon of membrane phospholipids to release nonesterified free fatty acids and
lysophospholipids (4, 109). PLA2 enzymes have been classified into four groups based
on their Ca2+ requirement and cellular localization. These include secretory
phospholipase A2 (sPLA2), cytosolic PLA2, calcium-independent PLA2, and
lipoprotein-associated PLA2 (110, 111). The sPLA2s are low molecular mass
phospholipases (14–18 kDa) that are secreted into the extracellular environment in
response to various stimuli. Currently, eleven sPLA2s have been identified (3, 110).
These phospholipases mediate multiple biologic actions by targeting various noncellular
phospholipids, such as microbial membranes, dietary phospholipids, and lipoproteins (3).
As discussed in the introduction, there is a relationship between PLA2G2A,
inflammatory processes, and cardiovascular disease. However, the contributions of
PLA2G2A to metabolic regulation have not been examined. In this chapter, we describe
my investigations into the metabolic effects of PLA2G2A in relation to hypercaloric high
fat feeding. My findings demonstrated that IIA+ mice are resistant to body weight and fat
mass gains in response to a high fat diet. Moreover, IIA+ mice have superior glucose
tolerance and insulin sensitivity, and these changes are associated with elevations in total
energy expenditure. This study has identified a novel role of PLA2G2A in the regulation
of whole-body metabolism.
Materials and Methods
PLA2G2A Expressing C57BL/6 Mice (IIA+ mice)
The IIA+ mice, which express the human PLA2G2A gene under the regulation of
the human promoter, were provided by Dr. Eric Boilard at the Université Laval (CHUL),
Quebec, Canada (46). Male mice heterozygous for the PLA2G2A gene were bred with
BL/6 females. For these experiments, male BL/6 and IIA+ mice were used. Mice were
placed on diets 8 weeks after birth. In each dietary group, we had 11 BL/6 chow-fed
mice, 10 IIA+ chow-fed mice, 11 BL/6 high fat diet-fed mice, and 12 IIA+ high fat dietfed mice. Mice were housed with a constant light and dark phase of 12 h at 20–23°C.
-------------------*Reprinted from final submission with permission. Kuefner M.S., Pham K., Redd J.R.,
Stephenson E.J., Harvey I., Deng X., Bridges D., Boilard E., Elam M.B., Park E.A.
Secretory phospholipase A2 group IIA modulates insulin sensitivity and metabolism.
JLR, 2017; 58:1822-1833 https://doi.org/10.1194/jlr.M076141 (51).
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Diet and Food Intake
The chow diet was the Teklad LM-485 mouse/rat diet (7012) and the high fat diet
was D12451 from Research Diets Inc. The high fat diet provided 45% of the calories
from fat, while the chow diet contained 5% of the calories as fat. The mice were given
free access to food throughout the study. The food was weighed at weekly intervals and
the kilocalorie consumption was calculated based on grams of food eaten, the calorie
density of the food, and the weight of the mice.
Body Composition
Mice were weighed and total fat and fat-free mass were determined weekly by
EchoMRI-1100.
Glucose and Insulin Tolerance Tests
Following 6 h fasts, baseline blood glucose concentrations were determined in
blood collected from a small tail incision using a hand-held glucometer (AccuCheck). Dglucose in PBS [2 mg/kg fat-free mass; glucose tolerance test (GTT)] or insulin [1 U/kg
fat-free mass; insulin tolerance test (ITT)] was injected intraperitoneally and blood
glucose concentrations measured at 15, 30, 45, 60, 75, 90, 105, and 120 min postinjection (112). The data are presented as blood glucose levels versus time and the area
under the glucose curve.
Metabolic Cages
After 11 weeks of diet, mice were individually housed in the comprehensive
laboratory animal monitoring system (CLAMS) chambers. They were maintained on
either chow or high fat diets. Total energy expenditure was determined using indirect
calorimetry (113). VO2 and heat production are expressed relative to fat-free mass. The
respiratory exchange ratio (RER) was measured to determine energy substrate preference.
Physical activity was determined by the number of infrared beam breaks.
RNA Extraction and RT-PCR
Mice were allowed access to food prior to tissue collection for RNA and protein.
The mice were anesthetized by isoflurane and then euthanized by cervical dislocation.
Liver, quadriceps muscle, brown adipose tissue (BAT), and epididymal white adipose
tissue (eWAT) were harvested and stored in liquid nitrogen. Total RNA was extracted
from mouse liver by RNA-STAT 60 (Tel-Test). cDNA was synthesized via reverse
transcription using Superscript III (Invitrogen). The parameters for RT-PCR were as
follows: 95°C for 5 min, 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 10 s.
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Cyclophilin D was used as a reference gene. The quantification of the PCR products was
carried out using the ΔΔCt method (114). The forward and reverse primers used for realtime PCR are shown in Table 2-1. The PLA2G2A primers were from Qiagen (catalog
number PPH05823B).
Western Blots
Total protein from mouse livers, quadriceps, BAT, and eWAT was isolated in
RIPA buffer containing protease inhibitors [50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 5
mM EDTA (pH 8.0), 1% Triton, 1 mM benzamidine, and 0.5 mM PMSF] (115). Protein
lysates were prepared in loading buffer and equal amounts were loaded on 4–20%
gradient Tris/glycine precast acrylamide gels. Proteins were separated using SDS-PAGE
and transferred to nitrocellulose membranes. Membranes were blocked with 5% nonfat
milk in TBS-T prior to antibody incubation. Membranes were immunoblotted with the
appropriate primary antibody in 5% BSA in TBS-T and secondary antibody in 5% nonfat
milk in TBS-T. Immunoreactive proteins were detected using Super Signal West Femto
chemiluminescent substrate (Thermo Scientific) (114). The following antibodies were
used: acetyl-CoA carboxylase (ACC1), catalog number C83B10 from Cell Signaling
Technology; p-p70S6K(Thr389), catalog number 108D2 from Cell Signaling
Technology; p70S6K, catalog number 9202 from Cell Signaling Technology; Akt,
catalog number C67E7 from Cell Signaling Technology; β-actin, catalog number 13E5
from Cell Signaling Technology; uncoupling protein 1 (UCP1), catalog number D9D6X
from Cell Signaling Technology; UCP2, catalog number D105V from Cell Signaling
Technology; GAPDH, catalog number 14C10 from Cell Signaling Technology; alphatubulin, catalog number 11H10 from Cell Signaling Technology; p-Akt (T308), catalog
number 244F9 from Cell Signaling Technology; PLA2G2A, catalog number AB23705
from AbCam; sirtuin 1 (SIRT1), catalog number A21993 from Life Technologies;
SREBP-1c, catalog number 5351581 from BD Pharmingen.
Blood Lipids
Plasma cholesterol and lipoproteins in serum were measured at the University of
Tennessee Endocrinology/Lipoprotein Laboratory. Blood was obtained by cardiac
puncture from anesthetized mice and the serum was collected from the clotted blood. For
hepatic triglyceride measurements, liver samples were first lysed in homogenization
buffer [50 mM Tris (pH 8), 5 mM EDTA, 30 mM EDTA, 30 mM mannitol, and
phosphatase inhibitors]. Lipids were then extracted with a chloroform/methanol mixture
using the Folch extraction procedure (116). Once the chloroform phase was evaporated,
hepatic triglycerides were measured using the Sigma triglyceride assay kit as directed by
the manufacturer.
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Table 2-1.

Primer list for RT-PCR

Gene

Forward

Reverse

Cyclophilin D
Gapdh
Hprt1
Sirt1
Ppargc1a
Srebf1
Acaca
Cpt1a
Ucp1

5′-TGGAGAGCACCAAGACAGACA-3′
5′-AAGGTCATCCCAGAGCTGAA-3′
5′-CACAGGACTAGAACACCTGC-3′
5′-GCTCTAGTGACTGGACTCCG-3′
5′-GTCCTTCCTCCATGCCTGAC-3′
5′-GGAGCCATGGATTGCACATT-3′
5′-GGAGGAGGAGGGAAAGGGAT-3′
5′-GACGAATCGGAACAGGGATATAG-3′
5′-GGCCCTTGTAAACAACAAAATAC-3′

5′-TGCCGGAGTCGACAATGAT-3′
5′-CTGCTTCACCACCTTCTTGA-3′
5′-GCTGGTGAAAAGGACCTCT-3′
5′-GCCACAGCGTCATATCATCC-3′
5′-AGTGCTAAGACCGCTGCATT-3′
5′-GCTTCCAGAGAGGAGGCCAG-3′
5′-CTCCCCAAGGAGATACCCCA-3′
5′-GGGCTAGAGAACTTGGAAGAAA-3′
5′-GGCAACAAGAGCTGACAGTAAAT-3′
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Statistics
Data analysis was performed using the JMP Statistical Discovery program. Data
presented are the mean results of 3–4 replicate experiments ± the SE. Data were analyzed
by Student’s one/two-tailed t-test or ANCOVA. P < 0.05 was considered to be
statistically significant.
Results
Effect of PLA2G2A on Weight Gain
Initially, we evaluated the effect of PLA2G2A on weight gain and lipid
accumulation by monitoring the body composition in response to 10 weeks of high fat
diet consumption in both BL/6 control and the IIA+ mice (13). In response to the high fat
diet, BL/6 mice gained significantly more weight than the chow-fed BL/6 mice or the
IIA+ mice on either the chow or high fat diet. The IIA+ mice were resistant to high fat
diet-induced weight gain (Figure 2-1A). The fat-free mass of BL/6 and IIA+ mice was
similar on both the chow and high fat diets (Figure 2-1B). BL/6 mice receiving the high
fat diet had significantly elevated total body fat compared with their chow counterparts,
whereas fat mass was slightly lower in the IIA+ groups regardless of the diet
(Figure 2-1C). We measured the caloric intake of the mice and found that over the 10week feeding period the BL/6 and IIA+ mice consumed similar kilocalories of food per
gram of body weight (Figure 2-1D). The unexpected observation was that the IIA+ mice
on the high fat diet were protected from lipid accumulation, unlike the BL/6 mice on the
high fat diet.
PLA2G2A Stimulates Energy Expenditure
Next, we assessed energy expenditure and physical activity using CLAMS. The
BL/6 mice on the high fat diet had higher oxygen consumption than the chow-fed BL/6
mice (Figure 2-2A). Surprisingly, the IIA+ mice on chow and high fat diets had higher
oxygen consumption than the BL/6 controls, suggesting increased energy expenditure
regardless of diet. In addition to the elevated VO2 consumption, the IIA+ mice had
increased heat production (Figure 2-2B). The BL/6 and IIA+ mice on the high fat diet had
lower RER compared with their chow counterparts, indicating less carbohydrate
utilization (Figure 2-2C). The activity levels of the IIA+ mice were similar to the BL/6
mice on the same diets, indicating the increased energy expenditure was not due to
increases in activity (Figure 2-2D). However, the mice on the high fat diet were less
active than those on the chow diet. Overall, the data in Figures 2-1 and 2-2 suggest that
the lean phenotype of the IIA+ mice was due to elevated basal metabolism.
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Figure 2-1.

Effects of PLA2G2A on body composition with HFD

Weight gain and body composition of IIA+ mice on high fat diets. BL/6 and IIA+ mice
were placed on chow diet or HFD for 10 weeks, as described in the Materials and
Methods. A: The weight gain (grams) of the mice in the four groups was assessed on a
weekly basis. B, C: MRI analysis was performed weekly and used to determine the lean
mass and percent body fat. D: The average kilocalories consumed per mouse per gram of
body weight were calculated from the food intake and the calorie content of the various
diets. In all groups, there were 10–12 mice. The differences in the various time points
were determined by two-way ANOVA, using genotype and diet as two separate factors.
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Figure 2-2.

Metabolic cage analysis of C57BL/6 and IIA+ mice on HFD

Metabolic analysis and activity of IIA+ mice on the high fat diet. After 10 weeks on the
chow diet or HFD, mice were placed individually in CLAM chambers and their
metabolism was assessed with respect to fat free mass (FFM). A: VO2 consumption was
measured as milliliters per hour of O2 consumption over a 24 h period. B: Body heat
production was expressed as calories per hour. C: RER was determined for all four
groups of mice. D: Activity was determined by the number of beam breaks in both the
light and dark cycles and is expressed as ambulatory movement. Each assessment is the
average of measurements from 12 animals. Differences between groups were determined
by two-way ANOVA, using genotype and diet as two separate factors. *P < 0.05, **P <
0.01, ***P < 0.001.
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PLA2G2A Improves Insulin Sensitivity
We examined the glucose and insulin tolerance of these mice after 10 weeks on
the diets. Results from the GTT show that the IIA+ mice were able to clear glucose quite
rapidly, even after 10 weeks on a high fat diet (Figure 2-3A). However, the BL/6 mice on
the high fat diet had reduced glucose clearance and higher levels of blood glucose 2 h
after glucose administration compared with the BL/6 chow-fed mice. There was no effect
of the high fat diet on glucose uptake in the IIA+ mice. In Figure 2-3B, the total blood
glucose amount over the 2 h assay is shown. To assess insulin sensitivity, we conducted
an ITT. The BL/6 mice on the high fat diet had reduced insulin sensitivity and little
change in blood glucose in response to insulin administration. In contrast, the IIA+ mice
remained insulin sensitive regardless of the diet (Figure 2-3C) and blood glucose
remained low 2 h after insulin administration. The total change in blood glucose level
over the 2 h assay is shown in Figure 2-3D. These data suggest that PLA2G2A enhances
whole-body insulin sensitivity.
Plasma Lipid Levels
Because previous studies have shown that the IIA+ mice have a propensity to
develop atherosclerosis, we evaluated the blood lipids of the mice (15, 18). The BL/6
mice on the high fat diet had significantly elevated serum cholesterol compared with all
other groups. The IIA+ mice on the high fat diet had elevated cholesterol relative to the
IIA+ chow-fed group, but the overall cholesterol was lower in the IIA+ mice when
compared with the BL/6 mice (Figure 2-4A). Plasma triglycerides were lowest in the
IIA+ chow animals (Figure 2-4B). Triglycerides were highest in the IIA+ mice on the
high fat diet, but this elevation was only significant when comparing them to their chow
diet counter-part. HDL was greatly elevated in the BL/6 mice on high fat diet, and HDL
levels were lower in the IIA+ groups relative to their dietary BL/6 controls (Figure 2-4C).
LDL was higher in the IIA+ mice on a high fat diet, although there was great variability
among the animals (Figure 2-4D). The increased LDL may reflect the higher triglycerides
in the high fat-fed IIA+ mice. Because energy expenditure was higher in the IIA+ mice,
we measured the T4 levels in the animals. There was no difference in the T4 between
BL/6 and IIA+ mice, although the T4 was lower in both BL/6 and IIA+ animals on the
high fat diet (Figure 2-4E). Finally, we measured the triglyceride levels in the liver. The
hepatic triglycerides were greatly elevated in the BL/6 mice on the high fat diet, but the
lipid levels in the IIA+ mice were only slightly increased (Figure 2-4F).
Tissue Expression of PLA2G2A
To determine where PLA2G2A was present, we tested various tissues for the
expression of PLA2G2A. We observed PLA2G2A mRNA in liver, muscle, eWAT, and
BAT (Figure 2-5A through D). The level of PLA2G2A mRNA in the liver was especially
high. In the liver and muscle, PLA2G2A mRNA and protein abundance were increased
by the high fat diet, indicating that the gene is stimulated by high fat feeding.
19

Figure 2-3.

PLA2G2As effect on insulin and glucose tolerance

Glucose and insulin tolerance in IIA+ mice on the high fat diet. A: GTTs were conducted
on all the mice in week 11 of the diet study, as described in the Materials and Methods.
The blood glucose was measured at 15 min intervals. Each time point is the average of
11–15 mice. B: The total blood glucose from all time points is shown. C: ITTs were
conducted on all the mice in week 12 of the diet study, as described in the Materials and
Methods. The blood glucose was measured at 15 min intervals following insulin
injection. Each time point is the average of seven to nine mice. D: Total blood glucose for
all time points in the ITT is shown.
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Figure 2-4.

Plasma lipid levels of C57BL/6 and IIA+ mice

At the time of euthanization, serum was collected from the mice and blood lipids and
thyroid hormone (T4) were measured at the University of Tennessee endocrinology
laboratory. A: Cholesterol was measured as milligrams per deciliter of serum. B:
Triglycerides were assessed as milligrams per deciliter of serum. C: HDLs were
measured as milligrams per deciliter of serum. D: LDLs were measured as milligrams per
deciliter of serum. E: T4s were measured as micrograms per deciliter of serum. F:
Hepatic triglycerides were measured. Each point is the average of lipids from five
animals.
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Figure 2-5.

Tissue expression of PLA2G2A in IIA+ mice

Expression of PLA2G2A in various tissues. RNA and proteins were collected from mice
at the end of the feeding period and PLA2G2A abundance was determined via RT-PCR
or Western blot. A: PLA2G2A gene expression from livers and muscle of mice on either
chow diet or HFD. B: PLA2G2A protein expression from livers of chow diet or HFD
mice. C: PLA2G2A gene expression from BAT and WAT of mice fed only chow diet. D:
PLA2G2A protein expression from BAT and WAT of mice fed only chow diet.
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Metabolic Gene Expression in Liver of IIA+ Mice
To understand the molecular mechanisms underlying the metabolic effects of
PLA2G2A, we measured the impact of PLA2G2A on the abundance of various mRNAs
encoding metabolic genes in the liver. First, we measured the mRNA abundance of genes
involved in fatty acid synthesis and oxidation, including Srebf1, Acaca, and carnitine
palmitoyltransferase (Cpt1a). Acaca mRNA levels trended higher in the chow-fed IIA+
mice compared with the IIA+ mice on high fat diet (P = 0.2871), but the levels were not
significant. (Figure 2-6A). Surprisingly, the Srebf1 mRNA was reduced in the IIA+ mice
(Figure 2-6B). Cpt1a was elevated in response to the high fat diet in BL/6 mice, but not
in the IIA+ mice (Figure 2-6C). Next, we measured the hepatic abundance of two genes
important for mitochondrial biogenesis, Ppargc1a and Sirt1. The mRNA levels of
Ppargc1a and Sirt1 were higher in the IIA+ mice on the chow diet, but not the high fat
diet (Figure 2-6D, E). To identify changes in protein levels, we measured the abundance
of hepatic proteins involved in metabolic regulation by Western analyses. The abundance
of ACC1 was elevated in both the BL/6 and IIA+ mice on high fat diet (Figure 2-7A).
The precursor SREBP-1c protein was elevated in the BL/6 mice in response to the high
fat diet, while nuclear SREBP-1c was elevated in the IIA+ mice on the high fat diet
(Figure 2-7B, C). We examined inducers of mitochondrial biogenesis, including PPARγ
coactivator 1α (PGC-1α) and SIRT1. We did not see any increase in either PGC-1α or
SIRT1 protein in the liver, suggesting that these factors, at least in the liver, do not
promote hepatic mitochondrial biogenesis (Figure 2-7D, E).
Because the IIA+ mice are more insulin sensitive, we tested to determine whether
kinases in the insulin signaling pathway were activated in the IIA+ mice. There was
increased Akt in the IIA+ mice and there was elevated activation of Akt based on the
phospho-Akt(T308) to Akt ratio in the IIA+ mice both on the chow and on the high fat
diet (Figure 2-8A, C). In addition, we examined S6K, which is downstream of mTORC1.
The data show that there was increased abundance of S6 kinase and phospho-S6
kinase(Thr389), particularly in the IIA+ mice (Figure 2-8B, C). These data suggest that
there is enhanced insulin signaling in the IIA+ mice.
Thermogenic Protein Expression in BAT
To determine whether there were changes in other tissues that might account for
the increased energy expenditure and heat production in the IIA+ mice, we measured
mRNA and protein levels of UCP1, PGC-1α, and SIRT1 in eWAT, BAT, and muscle
(Figure 2-9). We did not detect differences in PGC-1α and SIRT1 abundance in
muscle.In eWAT, there was very little gene or protein expression of these metabolic
proteins (data not shown). However, in the BAT, Ucp1, Ppargc1a, and Sirt1 mRNA
levels were greatly increased (Figure 2-9A). We measured the levels of these proteins as
well and found that all three were elevated (Figure 2-9B, C). These data suggest that part
of the activation of the metabolic rate comes from increased mitochondrial uncoupling
and, thus, increased energy dissipation as heat from BAT.
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Figure 2-6.

Metabolic gene expression in IIA+ mice on HFD

Expression of metabolic genes in livers of IIA+ mice. RNA was collected from the livers
at the end of the feeding period. The data are expressed as relative mRNA abundance.
ACC1 (A), SREBP-1c (B), CPT1a (C), PGC-1α (D), SIRT1 (E). Each point is the average
of mRNA from four animals. The data were analyzed by t-test. *P < 0.05, ***P < 0.001.
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Figure 2-7.

Metabolic protein expression in IIA+ mice on HFD

Changes in metabolic factors in livers of IIA+ mice. Proteins were collected from the
livers at the end of the feeding period and the abundance of various proteins was
analyzed by Western blot. Representative Western blots are shown and the data was
quantified. ACC1 (A), precursor SREBP-1c (B), nuclear SREBP-1c (C), PGC-1α (D),
SIRT1 (E), representative blots are shown (F). The data are expressed as relative protein
abundance. Each point is the average of Western data blot from four animals. The data
were analyzed by t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2-8.

Hepatic expression of insulin signaling markers

Alterations in insulin signaling pathways in IIA+ mice. Proteins were collected from the
livers at the end of the feeding period and the abundance of various kinases was analyzed
by Western blot. Kinase abundance was measured and the ratio of phospho-kinase to
kinase is shown. pAkt/Akt (A), pS6K/S6K (B), representative Western blots are shown
(C). Each point is the average of proteins from four animals. The data were analyzed by ttest. *P < 0.05, **P < 0.01.
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Figure 2-9.

Thermogenic protein expression induced in IIA+ BAT

Increased mitochondrial uncoupling in IIA+ mice on chow-fed diet. RNA and proteins
were collected from the BAT of BL/6 and IIA+ mice after a 10 week feeding period. A:
The relative mRNA levels of Ucp1, Sirt1, and Ppargc1a are shown. B: The relative
protein abundance of UCP1, SIRT1, and PGC-1α are shown. C: The Western blots from
the BAT are shown. Each point is the average of mRNA/protein from four animals. Data
were analyzed by t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Discussion
Elevated levels of the PLA2G2A are associated with inflammation and
cardiovascular disease (117). Here, we investigated the metabolic response of IIA+ mice
to a high fat diet. My data indicate that PLA2G2A provided protection from the
deleterious effects of high fat diets. First, the IIA+ mice did not gain weight or
accumulate fat mass in response to the high fat diet and, additionally, remained insulin
sensitive and glucose tolerant. Second, the IIA+ mice had elevated energy expenditure
and heat generation, likely due to the induction of mitochondrial uncoupling in BAT. My
results demonstrate that PLA2G2A enhances insulin responsiveness and overall energy
utilization.
The focus of many previous studies on PLA2G2A has been on the regulation of
cholesterol levels and the impact of PLA2G2A on atherogenesis (18, 19, 118). sPLA2
enzymes, including PLA2G2A, PLA2G3, and PLA2G5, are pro-atherogenic due to their
ability to promote the oxidation of LDL and HDL particles and to increase the formation
of lipid-laden foam cells from macrophages (3). Introduction of PLA2G2A-expressing
bone marrow cells into Ldlr-/- mice increased the formation of atherosclerotic lesions
(19). Likewise, PLA2G3 has been found to enhance the development of atherosclerosis
and small pro-atherogenic LDL particles (74). PLA2G2A promotes atherogenesis in IIA+
mice fed a high cholesterol diet (15) and IIA+ mice had hepatic cholesterol accumulation
on an atherogenic diet (17). My experimental design differed from previous studies in
that the diets used contained significantly greater amounts of fat, but less cholesterol.
Consistent with the mice on atherogenic diets, we found that there was reduced blood
cholesterol in the IIA+ mice (Figure 2-4A). The chow-fed IIA+ mice also had lower HDL
and reduced serum triglycerides. The lower HDL raises the possibility that the mice have
diminished reverse cholesterol transport. The elevated triglycerides in the IIA+ mice on
the high fat diet are likely associated with increased LDL particles (Figure 2-4D). The
lower HDL and elevated LDL may contribute to the atherosclerosis observed in the IIA+
mice (15). A trend toward elevated VLDL/LDL particles was previously reported in IIA+
mice on an atherogenic diet (15). The IIA+ mice also had reduced Cpt1a mRNA,
suggesting less hepatic fatty acid oxidation (Figure 2-6C). In addition, the IIA+ mice had
higher levels of ACC1 and nuclear SREBP-1c, which may also contribute to the
hyperlipidemia (Figure 2-7). Overall, my data are consistent with previous observations
of changes in blood lipids in the IIA+ mice.
An unexpected finding of these experiments was that the IIA+ mice did not gain
weight or accumulate fat mass on the high fat diet. Only the BL/6 mice on the high fat
diet accumulated fat. The IIA+ mice were smaller than the BL/6 mice and consumed
similar kilocalories per gram of body weight over the 10-week period. The increased
energy expenditure was likely the major cause of the reduced weight gain by the IIA+
mice. Increased energy expenditure was not due to increased activity in the IIA+ mice, as
they were not more active than the BL/6 mice (Figure 2-2D). Elevated thyroid hormone
concentrations were not responsible (Figure 2-4E). In the liver, key regulators of proteins
involved in fatty acid oxidation, such as PGC-1α and SIRT1, were not elevated. The
transcriptional events that specify a brown adipogenic program have been well28

characterized. PGC-1α and the transcription factor PR domain containing 16 (PDRM16)
directly regulate BAT induction, and SIRT1 may promote adipose tissue browning as
well (119-121). We observed increased expression of UCP1, PGC-1α, and SIRT1 in the
BAT of the IIA+ mice, suggesting that PLA2G2A promotes mitochondrial uncoupling in
BAT (Figure 2-9).
It was previously discovered that lipoproteins modulated by sPLA2 were more
susceptible to lipid peroxidation, resulting in the production of oxidized lipoproteins and
the by product, 4-hydroxy-2-nonenal (4-HNE). The 4-HNE can induce mitochondrial
uncoupling through covalent modification of UCPs and adenine nucleotide translocase
(ANT), an ATP exporter (122). Given the increases we have observed in overall brown
adipogenic programming through induction of PGC-1α and SIRT1, as well as induction
of UCP1 itself, in the IIA+ mice, a possible explanation is that overexpression of
PLA2G2A enhanced lipid peroxidation and, therefore, 4-HNE. The 4-HNE could activate
mitochondrial uncoupling through its stimulatory actions on proton conductance.
One of the many fatty acids released by sPLA2 activity is arachidonic acid, a
necessary precursor for biosynthesis of a diverse group of eicosanoids and other signaling
molecules involved in the inflammatory response (123). However, it was recently
discovered that arachidonic acid alone can also directly activate the mitochondrial proton
leak caused by UCP1 in both beige and brown adipocytes through experiments using
inner mitochondrial matrix mitoplasts (124). Moreover, a similar study found that UCP1
can be controlled by fatty acid products generated from phospholipid hydrolysis by
cytosolic PLA2 (125). The IIA+ mice on chow and high fat diets had elevated VO2
(Figure 2-2A) and heat dissipation (Figure 2-2B). This may be due to enhanced release of
arachidonic acid or other long chain fatty acid (LCFA) signaling molecules by sPLA2.
This LCFA then migrates to BAT and induces mitochondrial uncoupling through UCP1’s
LCFA anion/H+ symporter activity.
Because PLA2G2A is frequently associated with inflammation and rheumatoid
disease, we anticipated that the IIA+ mice would be insulin resistant, as inflammation has
been frequently linked with insulin resistance (126, 127). However, another unexpected
observation was that the IIA+ mice were much more sensitive to insulin, as demonstrated
by both the GTT and the ITT (Figure 2-3). Furthermore, the hepatic insulin signaling
pathways were clearly activated, as shown by the increased abundance and
phosphorylation of Akt (Figure 2-8). One possibility is that as the IIA+ mice were
refractory to high fat diet-induced obesity, the insulin sensitivity was secondary to the
different obesity states. Previous work found that cholesterol accumulated in the liver of
IIA+ mice on an atherogenic diet (17). The livers of the BL/6 mice on high fat diet
contained much more triglyceride than those of all other groups (Figure 2-4F). We
observed a slight increase in hepatic triglycerides in the IIA+ mice on high fat diet
compared with the chow groups. The attenuated accumulation of triglycerides in the IIA+
mice may provide an additional reason as to why the IIA+ mice on high fat diet are not
insulin resistant.
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Recent studies have found that several sPLA2 isoforms possess different and
tissue-specific roles in obesity and metabolic dysfunction. Hui and colleagues reported
that the knockout of PLA2g1b provided protection against diet-induced obesity and
insulin resistance (128). PLA2g1b is secreted into the intestinal lumen from the pancreas
and the protection arose from reduced lysophosphatidylcholine absorption. The PLA2g1b
knockout mice also had elevated hepatic fatty acid oxidation, indicating that the livers
relied more on fatty acids for energy (35, 40). Addition of lysophosphatidylcholine to
isolated hepatocytes directly reduced mitochondrial oxidation of fatty acids (129). Work
from Murakami and colleagues examined the interplay of Pla2g5 and Pla2g2e in the
adipose tissue with respect to metabolic actions (69). They found that PLA2g5 knockout
mice displayed insulin resistance and hyperlipidemia, and were increasingly prone to
diet-induced obesity, suggesting that PLA2g5 provides protection from obesity. In the
same study, it was also discovered that knocking out PLA2g2e in mice decreased
hyperlipidemia and diet-induced obesity, and improved overall liver health, indicating
that PLA2g2e may promote obesity (69). A metabolic role for PLA2g2a was investigated
in rats (50). With a high fat diet, the levels of PLA2g2a were elevated 20-fold in rat white
adipose tissue (WAT) (50). In concurrence with these studies, our lab previously reported
that BALB/c mice on a high fat diet had increased Pla2g2a mRNA in the liver and that
the addition of oleic acid to rat hepatocytes increased PLA2g2a (46). In rats, chronic
administration by gavage of the PLA2g2a inhibitor, KH064, protected against diet
induced weight gain and reduced fasting glucose concentrations (50). The authors
proposed that PLA2g2a inhibition improved WAT function via stimulating lipolysis,
thereby decreasing fat stores in WAT (50). These results differ from my observations that
elevated PLA2G2A activity enhances energy expenditure in BAT and overall insulin
sensitivity. It may be that the results in the rat study stem from an impairment of
intestinal lipid absorption, thereby reducing the impact of the high fat diet, as Iyer et al.
(50) observed increased fat in the feces of the KH064 treated rats. In addition, Iyer et al
did not measure food intake with KH064 administration. It is clear from multiple studies
that the various secretory phospholipases can have isoform-specific and tissue-specific
effects. For example, Boilard et al. (13) reported that PLA2g5 has an anti-inflammatory
role that counteracts the inflammation mediated by PLA2g2a in rheumatoid arthritis.
Therefore, the role of PLA2G2A and other sPLA2 isoforms in metabolism requires
further investigation.
In summary, we have found that PLA2G2A improves insulin sensitivity and
provides resistance to high fat diet-induced weight gain in mice. Furthermore, PLA2G2A
increases the energy expenditure of the mice independent of activity and diet, partly
through UCP1 and induction of BAT. We have identified a previously undescribed role
of this secretory phospholipase in the modulation of BAT and metabolism. Future studies
will determine the mechanisms underlying this phenomenon.
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CHAPTER 3. PLA2G2A ENHANCES THE METABOLIC RATE AND
INCREASES GLUCOSE UTILIZATION IN RESPONSE TO THYROID
HORMONE*
Introduction
Obesity is a metabolic condition marked by excessive fat accumulation and a high
body-mass index. Obesity is associated with life-threatening health complications such as
cardiovascular disease, diabetes and high blood pressure. Recently, the beiging of white
adipose tissue (WAT), which is the conversion of adipose tissue from an energy storing
to energy-dissipating tissue, and the activation of brown adipose tissue (BAT) have
emerged as potential therapeutic targets to treat obesity. BAT has a thermogenic role in
rodents and human infants (130). It generates heat by uncoupling oxidative
phosphorylation to dissipate the protons required for ATP generation through uncoupling
protein-1 (UCP1) (131). Increased amount and activity of BAT have been associated with
improved glucose and triglyceride clearance (132), reduced fat mass, and enhanced
insulin sensitivity (133). Furthermore, beige-like adipose tissue has elevated
mitochondrial activity and counteracts high fat diet-induced weight gain (134). While it
was generally accepted that humans contained little to no BAT following infancy, studies
using fluorodeoxyglucose positron emission tomography (FDG-PET) revealed that the
tissue does exist in humans (135).
Triiodothyronine (thyroid hormone; T3) is a major regulator of metabolic
processes (136, 137), including hepatic cholesterol production and disposal, adipose
tissue lipolysis and basal metabolic rate (138). With respect to adipose tissue, T3 status is
a major determinant of BAT activity and the beiging of WAT. A recent study found that
hyperthyroidism in mice increased BAT mass and activity, while hypothyroid mice had
diminished BAT activity (139). Interestingly, both hypo- and hyperthyroid mice
displayed an enhanced induction of a thermogenic gene profile in inguinal WAT,
indicating WAT thermogenesis may compensate for the reduced BAT activity in a
hypothyroid state. Similar effects were observed in hyperthyroid rats. Although the
hyperthyroid rats had elevated food intake, they gained less weight, most notably due to
induction of BAT thermogenic genes including PR domain containing 16 (PRDM16),
Cell Death-Inducing DFFA-Like Effector A (CIDEA), and UCP1 in the inguinal and
epididymal WAT (140). Perhaps most significantly, T3 levels positively correlate with
markers for the beiging of WAT in humans (140), which suggests WAT beiging may
account for the increased energy expenditure seen in hyperthyroidism (141, 142).
-------------------* Reprinted from final submission with permission. Kuefner M.S., Deng X., Stephenson
E.J., Pham K., Park E.A. Secretory phospholipase A2 group IIA enhances the metabolic
rate and increases glucose utilization in response to thyroid hormone. FASEB J. 2019;
33:738-749 https://doi.org/10.1096/fj.201800711R (52).
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Previously, PLA2G2A was investigated for its involvement in the development
and progression of inflammation and atherosclerosis (6, 111). However other than our
work, its role in metabolism has not been studied which is significant given the emerging
information that several sPLA2s have roles in the regulation of obesity, hepatic steatosis,
hyperlipidemia and insulin signaling (143). Our lab’s previous findings showed that acute
treatment with T3 inhibits PLA2G2A gene expression in the livers of rats and mice (46).
However, the effects of PLA2G2A in altered thyroid states on energy expenditure and
insulin sensitivity are not known. C57BL/6 (BL/6) mice do not express PLA2g2a due to a
frameshift mutation in exon 3. The human PLA2G2A gene was introduced into C57BL/6
(BL/6) to create PLA2G2A expressing (IIA+) mice (15, 16). In Chapter 2, we showed
that IIA+ mice had increased total energy expenditure, improved insulin sensitivity, and
were protected against diet-induced obesity (51). This suggests PLA2G2A may play an
important role in metabolic regulation.
In this study, we assessed the metabolic differences between BL/6 and IIA+ mice
in response to hypothyroidism or hypothyroidism followed by T3 replacement. We found
that the IIA+ mice had greater food intake but accumulated less fat and overall body
weight regardless of the thyroid status. The chow and T3 treated IIA+ mice had elevated
metabolic rates without differences in physical activity. Markers of mitochondrial
uncoupling were enhanced in both white and brown adipose depots of the IIA+ mice.
Finally, we found that T3 treatment sensitized the IIA+ mice to insulin, lowered their
blood glucose, and pushed fuel utilization to almost exclusively carbohydrates when they
were active. This study has identified a novel metabolic role of PLA2G2A in response to
variations in thyroid hormone status and activation of BAT.
Materials and Methods
PLA2G2A Expressing C57BL/6 Mice (IIA+)
The IIA+ mice, which express the human PLA2G2A gene under the regulation of
the human promoter, were provided by Dr. Eric Boilard at the Université Laval (CHUL),
Quebec, Canada (114). Male mice heterozygous for the PLA2G2A gene were bred with
C57BL/6 (BL/6) females. For these experiments, male BL/6 and IIA+ mice were used.
Mice were housed according to genotype and placed on their respective diets 8 weeks
after birth. About the dietary groups, we fed 11 BL/6 and 9 IIA+ mice chow diet for 10
weeks, put 10 BL/6 and 7 IIA+ mice on a hypothyroid regimen for 10 weeks, and had 10
BL/6 and 7 IIA+ mice on the hypothyroid regimen for 5 weeks, followed by thyroid
hormone treatment for 5 weeks. Two or three littermates per cage of the same genotype
and diet were housed with a constant light and dark phase of 12 hours at 20-23ºC. All
animal procedures were approved by the UTHSC Institutional Animal Care and Use
Committee.
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Diets and Food Intake
The chow diet was supplied by Research Diets Inc (AIN-76A rodent diet). The
mice were made hypothyroid by providing the AIN-76A diet without added iodine, along
with 0.15% propylthiouracil (PTU) and 0.02% methimazole (MMI) in the drinking water
for 10 weeks (144). For the thyroid hormone treatment groups, mice were put on the
hypothyroid regimen for 5 weeks, then switched to the AIN-76A rodent diet without PTU
or MMI in the drinking water. They were injected subcutaneously with thyroid hormone
(40ng T3/g body weight every other day). The mice were given free access to food and
water throughout the study. The food was weighed at weekly intervals and the kcal
consumption was calculated based on grams of food eaten, the calorie density of the food
and the number of mice per cage.
Body Composition
Mice were weighed and total fat and fat-free mass was determined weekly by
EchoMRI-1100 (51).
Glucose and Insulin Tolerance Tests
Following 6-hour fasts, baseline blood glucose concentrations were determined in
blood collected from a small tail incision using a hand-held glucometer (AccuCheck). Dglucose in PBS (2 mg/kg fat-free mass; GTT) or insulin (0.75 U/kg fat-free mass; ITT)
was injected intraperitoneally and blood glucose concentrations measured at 15, 30, 45,
60, 75, 90, 105 and 120 minutes post-injection. The data are presented as blood glucose
levels versus time and the area under the glucose curve.
Metabolic Cages
After 10 weeks of diet, mice were individually housed in the CLAMS for 7 days.
They were maintained on either chow, hypothyroid, or thyroid hormone replacement
regimens. Total energy expenditure was determined using indirect calorimetry at 25°C.
VO2 and total energy expenditure were expressed relative to fat-free mass. Rates of fatty
acid and carbohydrate oxidation were calculated using equations established by Péronnet
and Mariscotti that assume protein oxidation is negligible (145). The number of infrared
beam breaks along the X and Y axes of the cage were counted as a measure of physical
activity.
Western Blots
Mice were fasted 1 week after being housed in CLAMS chambers. Prior to
sacrifice, the mice were fasted 6 hours and liver, BAT, epididymal white adipose tissue
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(WAT), quadriceps muscles, and serum were collected. Western blots were performed
according to the protocol described previously (51). Across the various tissues, the
following proteins were measured: p-p70S6K(Thr389), (Cell Signaling Technology
108D2); p70S6K, (Cell Signaling Technology 9202); UCP2, (Cell Signaling Technology
D105V); GAPDH, (Cell Signaling Technology 14C10); PLA2G2A, (Abcam AB23705);
Sirtuin 1 (SIRT1), (Life Technologies A21993); SREBP-1c, (BD Pharmingen 5351581),
uncoupling protein 1 (UCP1), (Cell Signaling Technology D9D6X); Peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), (Novus Bio NBP104676); fatty acid transport protein-1 (FATP1), (Abcam ab69458); Glucose transporter
type 4 (GLUT4), (Cell Signaling Technology 1F8); PR domain containing 16
(PRDM16), (Abcam ab106410); Early B Cell Factor 2 (EBF2), (R&D Systems AF7006).
In all tissues, GAPDH was used as the control. Western blots statistics were performed
using the Graphpad Prism 7.0 program. Data were presented as the mean results of 4-5
replicate experiments ± the standard error. The data were further analyzed by Student’s
two tailed t-test or ANCOVA for CLAMS analyses, using lean mass as the covariate and
each measurement as the dependent variable. P-values <0.05 were considered statistically
significant.
Thyroid Hormone Levels
Serum T3 levels were determined by the University of Tennessee Endocrinology
laboratory (46).
Primary Culture of Adipocytes
Stromal vascular fraction (SVF) was collected from the white (epididymal and
subcutaneous) and brown (interscapular) adipose tissue of 4-6 week old BL/6 and IIA+
mice using an adipocyte isolation and differentiation protocol described previously (146).
Tissue was collected and digested in a solution containing collagenase, phosphatebuffered saline (PBS), and calcium chloride (CaCl2), an activator of collagenase. After
digestion, the tissue suspension containing the SVF was filtered through a 100 uM cell
strainer, centrifuged in a benchtop centrifugation, washed twice with PBS, and plated in
collagen-coated dishes. Cells were maintained in Dulbecco’s modified eagle’s medium
nutrient mixture F-12 Ham (DMEM/F12) containing 10% fetal bovine serum (FBS), and
an antibiotic solution containing penicillin and streptomycin (P/S). After the SVF cells
reached complete confluence, the SVF cells which contained pre-adipocytes were
switched to an induction cocktail for adipocyte differentiation. The induction cocktail
was composed of rosiglitazone, dexamethasone, 3-isobutyl-1-methylxanthine (IBMX)
and insulin (147). After 2 days of induction, the cells were incubated in the maintenance
media containing DMEM/F12, 10% FBS, 1 uM insulin, 1 nM T3, and 1 uM
rosiglitazone. The cells were maintained in this media for 7 days with the media being
replaced every other day. To assess the effect of T3 in the differentiated adipocytes,
WAT and BAT cells were incubated in DMEM/F12 containing 10% charcoal-stripped
serum for 24 hours. Then the cells were incubated for 16 h in DMEM/F12 containing
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10% charcoal-stripped serum with or without 1 nM of T3. Adipocytes were harvested and
the mRNA and protein levels of markers for mitochondrial uncoupling (PGC-1α, UCP1,
SIRT1) were assessed. Adipose tissues from 4-5 mice per group (BL/6 or IIA+) were
pooled to obtain sufficient SVF cells for adipocyte differentiation.
Results
PLA2G2A Decreases Body Weight and Fat Mass
The first experiments were designed to measure changes in body composition and
food intake over a 10 week period in the BL/6 and IIA+ mice in response to a chow diet,
hypothyroidism, or hypothyroidism with 5 weeks of T3 replacement. To verify the
thyroid status in the hypothyroid or T3 treated mice, we measured total T3 in the serum at
the time of sacrifice (Figure 3-1). We found that hypothyroidism markedly reduced
weight gain and lean mass in the BL/6 and IIA+ mice as early as 1 week after being given
PTU (Figure 3-2A, B). However, when the hypothyroid mice were treated with T3 after 5
weeks of PTU, their weight and lean mass immediately rose, matching or exceeding
weight gain observed in the BL/6 and IIA+ mice on the chow diet. Adiposity was
significantly lower in the IIA+ mice compared to their BL/6 counterparts, regardless of
their thyroid status (Figure 3-2C). However, T3 treatment did increase adiposity in the
IIA+ mice compared to the IIA+ chow group. Despite greater body weight and fat mass
of the BL/6 mice, the IIA+ mice consumed more calories than the BL/6 mice independent
of their thyroid status (Figure 3-2D).

PLA2G2A Increases Energy Expenditure and Carbohydrate Utilization with T3
Next, we examined differences in energy expenditure, substrate utilization, and
physical activity. The IIA+ mice on chow diet (IIA+ chow) and treated with T3 (IIA+
T3) displayed elevated oxygen consumption (VO2) and carbon dioxide production
(VCO2) compared to the BL/6 mice. The increased VO2 and VCO2 was particularly
noticeable in the dark (active) cycle (Figure 3-3A, B). Elevations in VO2 and VCO2 did
not occur in the hypothyroid IIA+ mice indicating that PLA2G2A exerts metabolic
effects only in the presence of T3 (Figure 3-3A, B). Similarly, total energy expenditure
was enhanced in the IIA+ chow and IIA+ T3 mice. However, expression of PLA2G2A
did not increase total energy expenditure in the hypothyroid mice (Figure 3-3C).
Respiratory exchange ratio (RER) was unchanged across all groups when the mice were
at rest (light cycle). However, when the mice were active (dark cycle), the IIA+ T3 group
had an RER around 1.0, indicating almost exclusive use of carbohydrate as their fuel
source (Figure 3-3D). Moreover, fatty acid and carbohydrate oxidation were both
elevated in the IIA+ T3 mice during the light cycle compared to their BL/6 counterparts,
supporting increased total energy expenditure and suggestive of enhanced energy
requirements. This effect was completely reversed in the dark cycle, as carbohydrate
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Figure 3-1.

Serum T3 levels in mice on various thyroid diets

At the time of sacrifice, serum was collected from the mice and total thyroid hormone
(T3) was measured at the University of Tennessee endocrinology laboratory. Data are
expressed as total T3 in ng/dL serum. Each point represents the average T3 of 3 samples,
which consisted of pooled (2-3 mice per sample) serum from the mice of their respective
groups.
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Figure 3-2.

Body composition of IIA+ mice in response to thyroid diets

C57BL/6 and IIA+ mice were placed on the various diets and treatments as described in
the materials and methods. A. The weight gain (gms) of the mice in the 6 groups was
assessed on a weekly basis. B. MRI analysis was used to determine the lean mass of the
mice. C. The percent body fat was determined by MRI on a weekly basis. D. The average
kcals consumed per cage were calculated from the food intake and the calorie content of
the various diets. In all groups there were 7 to 11 mice. The differences in the various
time points was determined by one-way ANOVA.
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Figure 3-3.

Metabolic cage analysis of mice on various thyroid diets

Metabolic analysis and activity of IIA+ mice. After 10 wk of exposure to the various
diets and treatments, mice were placed individually in CLAMS chambers and their
metabolism was assessed in both light and dark cycles. A, B) VO2 (A) and VCO2 (B)
consumption were measured as millimeters per kilogram of lean mass per hour of O2 or
CO2 consumption over a 24 h period. C) Energy expenditure (heat production) was
expressed as kilocalorie/kilogram fat-free mass (FFM) per hour. D) RER was determined
for all 6 groups of mice. E, F) Fatty acid (E) and carbohydrate oxidation (F) were
expressed as grams per minute oxidized and calculated assuming negligible protein
oxidation. G) Activity was determined by the number of beam breaks and is expressed as
beam breaks per minute. Each assessment represents the averaged measurements of 7–11
animals over 7 d in the CLAMS chambers. The data was analyzed by ANCOVA, using
lean mass as the covariate and each metabolic measurement as the dependent variable. *P
< 0.05, **P < 0.01, ***P < 0.001.
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oxidation drastically rose and fatty acid oxidation was minimal in the IIA+ T3 mice
(Figure 3-3E, F). Elevated carbohydrate oxidation was also observed in the IIA+ mice on
chow (Figure 3-3E, F). While the IIA+ chow and IIA+ T3 mice had increased total
energy expenditure, these changes did not appear to be in response to elevated
ambulatory movement, as there were no significant alterations in physical activity in
either the light or dark cycle. These data suggest that expression of PLA2G2A alters
substrate preference in response to T3 from a mix of fatty acids and carbohydrates when
at rest to almost entirely carbohydrates when the mice are active. These data also show
that despite significant elevations in metabolic parameters in the IIA+ mice, expression of
PLA2G2A does not protect mice from reductions in energy expenditure in the
hypothyroid state.
Increased Insulin Sensitivity and Glucose Tolerance in IIA+ Mice
Glucose and insulin tolerance were assessed following 7 or 8 weeks on the
respective diets and/or treatments. The IIA+ mice on chow diet had much greater glucose
tolerance compared to the BL/6 mice on chow (Figure 3-4A, B). Hypothyroidism
abolished the elevated glucose tolerance in the IIA+ mice. Interestingly, the IIA+ T3
treated mice had even greater glucose tolerance than the IIA+ chow mice, including
lower fasting blood glucose. The IIA+ chow mice were more sensitive to insulin, as seen
by the greater reduction in blood glucose following insulin injection and decreased total
blood glucose over the 2 hour time period (Figure 3-4C, D). Most notably, the IIA+ T3
mice were extremely insulin sensitive. The IIA+ T3 mice had reduced blood glucose
(<20 mg/dL) following insulin administration to the point where several of the mice had
to be administered glucose and excluded from the remainder of the test. These data
indicate that expression of PLA2g2a enhances glucose tolerance and insulin sensitivity,
and this effect is removed with hypothyroidism. We show that PLA2G2A expression
may sensitize the mice to T3 and improve overall glucose homeostasis.

Elevated UCP1 and GLUT4 in IIA+ BAT
Interscapular BAT was harvested and the expression levels of several proteins
that may be responsible for the elevations in metabolic parameters observed in the IIA+
mice were measured. The abundance of SIRT1 and PGC-1α, markers, commonly
associated with mitochondrial biogenesis in BAT, were increased in IIA+ mice relative to
the BL/6 controls. Interestingly, the hypothyroid BL/6 mice had increased SIRT1 relative
to the other BL/6 mice. (Figure 3-5A). UCP1 protein expression increased in the
hypothyroid BL/6 mice compared to the BL/6 mice given T3. Additionally, UCP1
expression was induced in the IIA+ mice compared to their BL/6 counterparts in each
case except the hypothyroid group (Figure 3-5C). EBF-2, a regulator of the brown
adipocyte phenotype, was elevated in all the IIA+ mice compared to their BL/6
counterparts (Figure 3-5D). GLUT4, the primary glucose transporter in BAT, was
markedly increased in the IIA+ T3 mice compared to all other groups (Figure 3-5E).
FATP1 was also significantly up-regulated in all IIA+ mice compared to their BL/6
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Figure 3-4.

ITTs and GTTs of mice on various thyroid diets

A. Glucose tolerance tests (GTT) were conducted on all the mice in week 7 of the diet
study as described in the materials and methods. The blood glucose was measured at 15
minute intervals. Each time point is the average of 7-11 mice. B. The total blood glucose
(area under the curve) from all time points is shown from each group. C. Insulin tolerance
tests (ITT) were conducted on all the mice in week 8 of the study as described in the
materials and methods. The blood glucose was measured at 15 minute intervals
following insulin injection. Each time point is the average of 7 to 11 mice. D. Total
blood glucose for all time points in the ITT is shown. Differences in the glucose levels
were determined one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001.
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Figure 3-5.

Thermogenic and substrate transport protein expression in BAT

Proteins were collected from the BAT at the end of the feeding period and the abundance
of various proteins was analyzed by western blot. Representative westerns are shown and
the data was quantified. A. SIRT1, B. PGC-1α, C. UCP1, D. EBF2, E. GLUT4, F.
FATP1, G. Representative blots are shown. The data are expressed as relative protein
abundance. Each point is the average protein expression of 4 animals. The data were
analyzed by one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001.
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counterparts (Figure 3-5F). Finally, there were no differences in PLA2G2A protein levels
between the IIA+ mice in various thyroid states (data not shown). These data support
enhanced total energy expenditure observed in the IIA+ mice. Increased FATP1 in the
IIA+ mice suggests an increase of fatty acid transport. Lastly, induction of GLUT4 in the
IIA+ T3 treated mice suggests increased glucose transport into BAT.
Thermogenic Protein Expression in IIA+ Adipocytes
To further establish PLA2G2A’s role in BAT uncoupling and WAT beiging,
brown, epididymal (eWAT), and inguinal (iWAT) white adipocytes were obtained by
differentiating pre-adipocytes harvested from the SVF of BL/6 and IIA+ mice
(Figure 3-6A, B). In adipocytes from all adipose depots, the IIA+ mouse adipocytes had
elevated UCP1 abundance compared to the BL/6 adipocytes. This induction was much
greater in the adipocytes from BAT and iWAT of the IIA+ mice, suggesting these depots
are the primary regions of non-shivering adaptive thermogenesis and mitochondrial
uncoupling. UCP1 abundance was also higher in the BAT of BL/6 adipocytes compared
to the BL/6 adipocytes derived from eWAT depots. PGC-1α and SIRT1 expression were
significantly enhanced in the IIA+ adipocytes from iWAT and BAT. BL/6 adipocytes did
not contain PGC-1α and there were no differences in SIRT1. PRDM16, one of the major
transcription factors regulating beige/brown adipocyte thermogenesis (148), was elevated
in the IIA+ adipocytes from all depots especially in BAT. PLA2G2A was not expressed
in BL/6 adipocytes and was unchanged among adipose depots derived from the IIA+
mice. Brown pre-adipocyte differentiation rates were also unaffected by expression of
PLA2G2A (Figure 3-7). Taken together, the induction of UCP1 and other markers that
determine beige/brown adipocyte cell fate suggests that expression of PLA2G2A in mice
enhances adaptive thermogenesis in adipose tissue.
Hepatic Protein Expression in IIA+ Mice
Differences in fuel utilization and fat accumulation, as well as changes in insulin
sensitivity prompted us to examine protein expression in the liver. Both total and
phosphorylated p70S6 kinase (Thr389) (p70S6K) were induced in IIA+ mice treated with
T3, suggesting enhanced insulin signaling (Figure 3-8A, B). Given the increase in fatty
acid oxidation in the IIA+ mice, we examined FATP1 in the liver as well. FATP1
expression was induced in the IIA+ mice, and this effect was abolished when the mice
were made hypothyroid (Figure 3-8C). The precursor SREBP-1c was elevated in the
IIA+ mice, but this effect was abolished when the mice were made hypothyroid
(Figure 3-8E). Nuclear SREBP-1c levels were also enhanced in the IIA+ mice, although
to a lesser degree than precursor (Figure 3-8D). Since the IIA+ mice had elevated UCP1
in BAT, increased food intake, and increased VO2, we assessed liver expression of
uncoupling protein 2 (UCP2). UCP2 was markedly elevated in the IIA+ T3 treated mice
compared to all other groups (Figure 3-8F). Finally, SIRT1 abundance was enriched in
both hypothyroid groups (Figure 3-8H).
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Figure 3-6.

Thermogenic protein expression elevated in IIA+ adipocytes

Mitochondrial uncoupling and increased beiging in adipocytes of IIA+ mice. Adipocytes
from eWAT, iWAT, and BAT were derived from the SVF of BL/6 and IIA+ mice.
Following differentiation, protein was harvested from adipocytes and factors involved in
WAT beiging and mitochondrial uncoupling were examined. A) Relative protein
expression of metabolic proteins. B) Representative Western blots. The data are
expressed as protein abundance relative to GAPDH. Each point is the average protein
expression of 4–5 10 cm cell culture plates of adipocytes, which contained adipocytes
pooled from 3 to 5 animals ± se. The data were analyzed by 1-way ANOVA. *P < 0.05,
**P < 0.01, ***P < 0.001.
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Figure 3-7.

Differentiation timeline of C57BL/6 and IIA+ adipocytes

SVF was seeded in 6-well plates and induced to differentiate into mature adipocytes over
7 days according to the protocol described in methods. Cells were imaged by inverse
microscopy and no differences in differentiation rates were found.
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Figure 3-8.

Hepatic protein expression in mice on various thyroid diets

Proteins were collected from the livers at the end of the thyroid treatments, the
abundance of various proteins was analyzed by Western blot, and the data was
quantified. A–H) Relative protein expression of phosphorylated p70S6K (Thr389) (A),
total p70S6K (B), FATP1 (C), nuclear SREBP-1c (D), precursor SREBP-1c (E), UCP2
(F), PLA2G2A (G), SIRT1 (H). I) Representative Western blots. The data are expressed
as protein abundance relative to GAPDH. Each point is the average protein expression of
4–5 animals ± se. The data were analyzed by 1-way ANOVA. *P < 0.05, **P < 0.01,
***P < 0.001.
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Discussion
Here, we show that PLA2G2A enhances BAT uncoupling and the subsequent
browning of WAT through the induction of multiple factors involved in the determination
of beige/brown adipocyte identity. Furthermore, proteins related to fatty acid and glucose
transport in BAT were markedly enhanced, likely contributing to the increased total
energy expenditure seen in the IIA+ mice. Surprisingly, we also observed that thyroid
hormone administration enhances the insulin sensitizing effects of PLA2G2A resulting in
a drastic increase in insulin signaling and glucose tolerance. Lastly, T3 treated IIA+ mice
switched their substrate utilization to almost exclusively carbohydrates when they were
active. My data show that PLA2G2A plays an important role in the regulation of several
important metabolic processes.
As stated in Chapter 1, studies have been conducted on the role of sPLA2s in
metabolism and the associated pathologies such as obesity, diabetes and dyslipidemia.
Currently, at least six the eleven sPLA2 family members have been shown to contribute
to metabolic regulation (143). PLA2g5, which catalyzes the hydrolysis of phospholipids
in lipoproteins, is upregulated in white adipose tissue of obese mice (69). Additionally,
Pla2g5-/- mice had significantly elevated plasma LDL, increased obesity and showed
lower insulin sensitivity when fed a high-fat diet, , suggesting that PLA2g5 has an antiobesogenic action (69). PLA2g1b is highly expressed in the intestine and is involved in
dietary lipid absorption. Pla2g1b-/- mice were resistant to obesity and had improved
insulin signaling and glucose tolerance when fed both a high fat and high carbohydrate
diet (128). PLA2g2e is another sPLA2 expressed in only a few tissues including
epididymal adipose (56). The metabolic role of PLA2g2e is controversial. One group
using Pla2g2e-/- mice found that this sPLA2 promoted lipid accumulation in adipose
tissue and liver (69). In contrast, a more recent study found that C57BL/6 mice deficient
in Pla2g2e had elevated lipid accumulation and perturbations in lipolysis despite no
difference in food intake (73). This second study proposed a protective role for PLA2g2e
with respect to weight gain. Importantly, murine PLA2g2e has been proposed to be
homologous to PLA2G2A, suggesting that PLA2g2e possesses a similar role in mice that
PLA2G2A has in humans (149). Here, we have shown that similar to PLA2G2E,
PLA2G2A overexpression protects mice from weight gain and lipid accumulation,
despite increases in food intake.
Given the enhanced metabolic phenotype observed in the IIA+ mice, we
hypothesized that expression of PLA2G2A would counteract the metabolic effects
typically seen in hypothyroidism, such as reductions in energy expenditure (150, 151).
However, we show that PLA2G2A expression cannot counterbalance the lack of T3, as
energy expenditure was still reduced in the hypothyroid IIA+ mice (Figure 3-2). An
unexpected finding was that the IIA+ mice treated with T3 altered their fuel substrate
utilization to almost completely carbohydrates during their active cycle as indicated by an
RER of approximately 1.0 (Figure 3-2D). Fatty acid and carbohydrate oxidation rates
were calculated according to the non-protein respiratory quotient described previously
(145), and replicate the extremely high carbohydrate utilization of the IIA+ mice given
T3 in the active phase (Figure 3-2E, F). It is well known that cold exposure activates
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BAT adaptive thermogenesis through induction of a thermogenic set of genes including
PGC-1α and UCP1, resulting in increased BAT recruitment and energy expenditure (152154). Previous studies found this cold-induced activation of BAT significantly enhanced
RER, indicating elevated glucose utilization (155). Furthermore, T3 administration
increases GLUT4 expression, the primary insulin-regulated glucose transporter in BAT
(156) and in differentiating brown adipocytes from rats (157). Similar results were also
found in human subjects where hyperthyroid patients had as much as a 3-fold increase in
glucose uptake in BAT compared to euthyroid patients (158). We observed similar
changes in the IIA+ mice treated with T3 as all of the IIA+ mice had elevated GLUT4
protein expression and T3 augmented this effect (Figure 3-4E, G). The increased
carbohydrate utilization (Figure 3-2D) in the IIA+ mice treated with T3 likely stems in
part from T3-mediated increases in GLUT4 in BAT, which would increase glucose
transport and utilization by the BAT itself.
We also found that the IIA+ mice treated with T3 were extremely insulin
sensitive. We had previously reported greater insulin sensitivity in the IIA+ mice (51).
In part, the enhanced insulin sensitivity might arise from the lean phenotype of the mice,
but the administration of thyroid hormone further enhanced the glucose tolerance and
insulin responsiveness (Figure 3-3). The mice had much lower fasting glucose and very
high glucose utilization in active phase of the circadian cycle (Figure 3-2D, F). The
increased GLUT4 expression in BAT (Figure 3-4E) and proteins in the liver involved in
insulin signaling, such as p-p70S6K (Thr389) and nuclear srebp-1c (Figure 3-6A, D),
supports the finding of high insulin sensitivity in these mice.
Previously, we reported that IIA+ mice had elevated mitochondrial uncoupling in
BAT (51). We postulated that a mechanism for this increase was an elevation in
circulating lysophospholipids and fatty acids caused by PLA2G2A glycerophospholipid
hydrolysis to fuel BAT and to activate UCP1, thus increasing energy expenditure and
overall metabolic rate. Here, we further characterized the enhanced metabolic phenotype
of the IIA+ mice by showing that positive regulators of UCP1 expression, such as SIRT1
and PGC-1α (120, 121), as well as UCP1 abundance itself are induced in the IIA+ mice
(Figure 3-4A, B, and G). These metabolic regulators were also increased in the mice on
the hypothyroid diet, which is likely a compensation mechanism in order to counteract
the reductions in VO2 and total energy expenditure. The development, determination, and
maintenance of brown adipose tissue is controlled by a particular set of transcription
factors and genes (159). One of these transcription factors is EBF2 which cooperates with
peroxisome proliferator-activated receptor gamma (PPARγ) to positively influence brown
adipocyte cell fate and enhance BAT development (160). Regardless of hypothyroid or
euthyroid state, the IIA+ mice had significantly elevated EBF2 protein expression in
BAT, and this elevation was further increased by T3 treatment (Figure 3-4D, G). The
IIA+ mice also showed elevated expression of one of the major fatty acid transporters in
adipose tissue (Figure 3-4F), fatty acid transport protein 1 (FATP1), which increases long
chain fatty acid uptake and is required for nonshivering adaptive thermogenesis in BAT
(161, 162).
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WAT beiging, or the transformation of WAT from an energy-storing tissue to an
energy-dissipating tissue, has gained considerable interest in recent years due to its
potential as a therapeutic in the treatment of metabolic diseases including obesity,
hyperlipidemia and cardiovascular disease. This beiging entails increased expression of
BAT-specific proteins in WAT to regulate thermogenesis (163). We examined whether or
not adipocytes derived from various adipose depots in IIA+ mice showed characteristics
of WAT beiging. Adipocytes from iWAT and eWAT displayed increased abundance of
many of the major factors involved in beiging, including UCP1, SIRT1, and PRDM16
(Figure 3-5A, B). Importantly, we did observe an induction of PGC-1α in iWAT, but not
eWAT in the IIA+ adipocytes, suggesting that iWAT has greater potential for beiging
than eWAT. Previous studies by other labs have found that iWAT readily accumulates
beige-like cells in response to cold exposure and this effect is seldom observed in eWAT
(164). Although my observations do not entirely concur with these findings, the IIA+
adipocytes from iWAT do have increased abundance of brown adipogenic proteins
compared to those from eWAT (Figure 3-5A, B). Brown adipocytes were also derived
from the BAT of BL/6 and IIA+ mice and brown adipogenic proteins were significantly
higher in the IIA+ adipocytes, indicating that PLA2G2A not only potentiates beiging of
WAT, but activates uncoupling in BAT as well.
Uncoupling protein 2 (UCP2) is another family member of the uncoupling
proteins expressed in tissues such as skeletal muscle, heart, kidney, and liver, and it is
hypothesized to have a unique role in energy balance and body weight regulation (165).
UCP2 mRNA is induced in rats administered T3, and this upregulation may play a role in
the elevation of energy expenditure caused by T3 treatment (166). Other studies have
found that hepatic UCP2 expression is enhanced in response to obesity in ob/ob mice
(167). Here, we observed significantly upregulated hepatic UCP2 abundance in the IIA+
mice administered T3 compared to all other groups (Figure 3-8F). While these mice were
very lean and displayed little, if any obesogenic characteristics, their daily energy intake
exceeded all other mice, which may have an impact on UCP2 regulation according to
studies mentioned earlier on the ob/ob mice (167).
One surprising observation was the increased expression of hepatic SIRT1 in the
hypothyroid mice (168). Earlier, we stated that many of the beige/BAT markers for
adaptive thermogenesis were induced in the hypothyroid mice as a compensation
mechanism to counteract their low energy expenditure and metabolism (Figure 3-5).
These hypothyroid mice ate much less food as well (Figure 3-2D). We hypothesize that
an elevation in hepatic fatty acid oxidation may be compensatory to their reduction in
food intake.
Finally, previous studies from the Park lab showed that thyroid hormone inhibited
the expression of the rat, mouse, and human PLA2g2a gene. However, this previous
work involved acute administration of T3 either to hypothyroid mice or cells. In these
studies, we did see an increase in PLA2G2A in the hypothyroid mouse livers, but it did
not reach statistical significance (Figure 3-8G, I). PLA2G2A was also not repressed by
T3 administration. However, we used one tenth the T3 dose so as to restore the mice to
euthyroidism over a 5 week period, rather than acute administration. We speculate that
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the difference in these studies from the previous work arises from the dose and the length
of the T3 treatment.
These data show that introduction of human PLA2G2A in mice enhances total
energy expenditure through upregulation of a BAT/beige thermogenic program in brown
and white adipocytes to combat fat accumulation. We also show that PLA2G2A and
thyroid hormone work synergistically to drastically improve insulin sensitivity and
glucose tolerance. Finally, we found that although PLA2G2A improves total energy
expenditure, it cannot protect mice from reductions in energy expenditure associated with
hypothyroidism. We have identified and further characterized PLA2G2As role in
metabolism in response to variations in thyroid status. Future studies will determine
mechanisms behind the role of PLA2G2A in BAT/beige thermogenesis.
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CHAPTER 4.

PLA2G2A AUGMENTS ADIPOSE TISSUE THERMOGENESIS
Introduction

Brown adipose tissue (BAT) is the primary site of adaptive thermogenesis in
mammals (153, 169), and increased activity of BAT can protect from obesity and
symptoms of type 2 diabetes such as hyperglycemia and insulin resistance (170, 171).
High BAT activity increases the transport and oxidation of metabolites such as glucose
and fatty acids. The energy from these metabolites is then dissipated as heat by the
uncoupling of the electron transport chain from oxidative phosphorylation, a process that
is mediated by a mitochondrial uncoupling protein – uncoupling protein 1 (UCP1) (172,
173). In addition, it has been discovered that BAT acts as a secretory organ similar to
white adipose tissue (WAT), secreting factors including lipids and microRNAs known as
‘brown adipokines.’ These act in an autocrine-paracrine fashion and are pivotal to BAT
thermogenic function (174-176). This knowledge has provoked new research avenues for
BAT as a therapeutic target to combat obesity and metabolic disorders.
As mentioned in the first 3 chapters of this dissertation, many of the sPLA2s play
significant roles in the protection from obesity and metabolic syndrome through various
mechanisms related to lipid transport and metabolism. In Chapter 2, we described the
phenotype of the C57BL/6 PLA2G2A over-expressing mice (IIA+ mice) in response to a
high-fat diet for 10 weeks. The IIA+ mice were resistant to diet-induced obesity and
remained extremely insulin sensitive compared to their BL/6 counterparts (51). IAs
outlined in Chapter 3, further assessment of the IIA+ animals revealed that they had
increased thermogenesis based on metabolic cage analysis and significantly active BAT,
including enhanced expression of BAT-specific thermogenic markers such as UCP1,
PGC-1α, sirtuin-1 (SIRT1) and PRDM16 (52).
Here, we investigated how PLA2G2A improves adipose tissue-specific
thermogenesis in the mice and in brown adipocytes. We found that IIA+ mice displayed
elevated oxygen consumption and energy expenditure during thermoneutral conditions.
Administration of recombinant PLA2G2A protein to brown adipocytes from BL/6
animals resulted in significant elevation of UCP1 and PRDM16. Microarray analysis of
BAT revealed elevated expression of numerous genes related to fuel transport and
oxidation. These data have further characterized the novel role of PLA2G2A in obesity
and metabolism.
Materials and Methods
PLA2G2A Expressing C57BL/6 Mice (IIA+)
The IIA+ mice were provided by Dr. Eric Boilard at the Université Laval
(CHUL), Quebec, Canada (51). Male mice heterozygous for the PLA2G2A gene were
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bred with C57BL/6 (BL/6) females. For these experiments, male BL/6 and IIA+ mice
were used. Mice were housed according to genotype and fed standard chow Teklad LM485 (7012) diet, which contained 5% of the calories as fat. Two or three littermates per
cage of the same genotype and diet were housed with a constant light and dark phase of
12 hours at 20-23ºC. All animal procedures were approved by the UTHSC Institutional
Animal Care and Use Committee.
Metabolic Cages
Mice were individually housed in the comprehensive lab animal monitoring
system (CLAMS) chambers and maintained on the chow diet for 1 week. During the
initial 4 days, mice were housed at an ambient room temperature of approximately 22°C.
For the final 3 days the temperature was increased to approximately 28°C. Total energy
expenditure was determined using indirect calorimetry. VO2 and heat production are
expressed relative to fat-free mass. The respiratory exchange ratio (RER) was measured
to determine energy substrate preference. Physical activity was determined by the number
of infrared beam breaks.
Primary Culture of Adipocytes
The stromal vascular fraction (SVF) was collected from the subcutaneous white
and brown (interscapular) adipose tissue of 4-6 week old BL/6 and IIA+ mice using an
adipocyte isolation and differentiation protocol described previously (146). Tissue was
collected and digested in a solution containing collagenase, phosphate-buffered saline
(PBS), and calcium chloride (CaCl2), an activator of collagenase. After digestion, the
tissue suspension containing the SVF was filtered through a 100 uM cell strainer, pelleted
in a bench top centrifuge, washed twice with PBS, and plated in collagen-coated dishes.
Cells were maintained in Dulbecco’s modified eagle’s medium nutrient mixture F-12
Ham (DMEM/F12) containing 10% fetal bovine serum (FBS) and an antibiotic solution
containing penicillin and streptomycin (P/S). After the SVF cells reached complete
confluence, the SVF cells, which contained pre-adipocytes, were switched to an induction
cocktail for adipocyte differentiation. The induction cocktail was composed of
rosiglitazone, dexamethasone, 3-isobutyl-1-methylxanthine (IBMX) and insulin (147).
After 2 days of induction, the cells were incubated in the maintenance media containing
DMEM/F12, 10% FBS, 1 uM insulin, 1 nM T3, and 1 uM rosiglitazone. The cells were
maintained in this media for 7 days with the media being replaced every other day.
Adipocytes were prepared from pooled adipose samples from 5 animals.
Seahorse Mitochondrial Stress Test
Seahorse experiments were conducted in collaboration with Dr. Heather
Smallwood in the Department of Pediatrics at the University of Tennessee Health Science
Center using the Xfe96 bioanalyzer. Each adipocyte preparation was derived from pooled
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WAT or BAT from 5 animals. The adipocytes were differentiated in 10cm dishes and
then transferred to 96 well plates designated for the seahorse Xfe96 bioanalyzer at 20,000
cells/well for analysis. There were 12 replicate wells for each preparation of adipocytes.
Oligomycin, FCCP (carbonilcyanide p-triflouromethoxyphenylhydrazone, 2μM), and
Rotenone/Antimycin A were added to the cells at 15, 35, and 55 minutes.
Western Blots
Total protein from BAT and subcutaneous WAT was isolated in RIPA buffer
containing protease inhibitors [50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM EDTA
(pH 8.0), 1% Triton, 1 mM benzamidine, and 0.5 mM PMSF]. Protein lysates were
prepared in loading buffer and equal amounts were loaded on 4–20% gradient
Tris/glycine precast acrylamide gels. Proteins were separated using SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were blocked with 5% nonfat milk
in TBS-T prior to antibody incubation. Membranes were immunoblotted with the
appropriate primary antibody in 5% BSA in TBS-T and secondary antibody in 5% nonfat
milk in TBS-T. Immunoreactive proteins were detected using Super Signal West Femto
chemiluminescent substrate (Thermo Scientific) (46). The following antibodies were
used: β-actin, catalog number 13E5 from Cell Signaling Technology; uncoupling protein
1 (UCP1), catalog number D9D6X from Cell Signaling Technology; GAPDH, catalog
number 14C10 from Cell Signaling Technology; PLA2G2A, catalog number AB23705
from AbCam; sirtuin 1 (SIRT1), catalog number A21993 from Life Technologies;
PRDM16, catalog number Ab106410 from AbCam; PGC-1α, catalog number NBP104676SS from Novus Biologicals; pAMPK (Thr172), catalog number 40H9 from Cell
Signaling Technology; AMPK, catalog number D5A2 from Cell Signaling Technology;
Total Oxphos rodent antibody cocktail, catalog number ab110413 from AbCam.
Citrate Synthase Activity
BAT, subcutaneous WAT, and quadriceps muscle were harvested from 8
C57BL/6 and 8 IIA+ male mice. Citrate synthase activity was measured by detecting the
change in absorbance per minute of 5,5’ – dithiobis-2-nitrobenzoate (DTNB) on a plate
reader at 412nm following the addition of oxaloacetate to tissue homogenized in a
homogenization buffer (0.175M KCL, 2.0mM EDTA in H20, pH 7.4). The results are
expressed as the average change in absorbance per minute per gram of adipose tissue.
Recombinant PLA2G2A Enzyme
Recombinant PLA2G2A enzyme was provided by Dr. Gerard Lambeau at the
Université Côte d'Azur, Centre National de la Recherche Scientifique. PLA2G2A
enzyme was added to mature brown adipocytes harvested from C57BL/6 animals at a
concentration of 200ng/mL for 24 hours. After 24 hours, cells were harvested and the
levels of PRDM16, UCP1 and GAPDH were observed.
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Adipocyte Immunohistochemistry
Brown adipocytes were prepared from BAT of BL/6 and IIA+ mice. SVF cells
were seeded on coverslips in 6-well plates and maintained in DMEM/F12 media
containing 10% FBS. Images were taken after 7 days of incubation with differentiation
media and are presented at 20x magnification. Representative images of brown
adipocytes stained with DAPI, UCP1, and MitoTracker are shown. Cells on coverslips
were incubated with primary antibodies for 1 hour (MitoTracker Red CMXRos, catalog
number 9082 from Cell Signaling Technology; UCP1, catalog number Ab10983 from
AbCam). The antibodies were then incubated in secondary antibody for 30 minutes at
room temperature using anti-rabbit IgG Fab2 Alexa Fluor 594 molecular probe (Cell
Signaling Technology, 8889S) for MitoTracker staining (red) and anti-mouse IgG Fab2
Alexa-Fluor 488 molecular probe (Cell Signaling Technology, 4408S) for UCP1 staining
(green).
Affymetrix RNA Microarray
BAT was harvested from 5 C57BL/6 and 5 IIA+ animals and stored in liquid
nitrogen. Total RNA was extracted from BAT using the RNeasy Lipid Tissue Mini Kit
(QIAGEN, catalog number 74804) and treated with DNase I (QIAGEN, catalog number
79254). RNA samples were then sent to the Molecular Resource Center at the University
of Tennessee Health Science Center for microarray analysis using the Affymetrix
Clariom S. Data is represented as the fold change of RNA in the IIA+ BAT relative to
C57BL/6 BAT.
Results
IIA+ Energy Expenditure at Thermoneutrality
My initial experiments were designed to discover whether PLA2G2A expression
resulted in elevated thermogenesis not only at room temperature (22°C) but also in the
thermoneutral zone (28°C). While both the BL/6 and IIA+ mice had decreased
thermogenesis at thermoneutral conditions, the IIA+ animals clearly had elevated VO2,
VCO2, and energy expenditure at both ambient and thermoneutral temperatures
(Figure 4-1A through C). There were no significant changes in respiratory exchange ratio
(RER) between the C57BL/6 and IIA+ mice at room temperature. However, there was a
substantial decrease in the RER during the dark cycle of the IIA+ animals at
thermoneutrality (~.83) compared to the RER at ambient temperature (~.93), indicating
an increased utilization of fats at higher temperatures (Figure 4-1D). Also, there were no
changes in physical activity in any of the conditions between the groups signifying that
the increased thermogenesis seen in the IIA+ animals was not due to more activity
(data not shown).
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Figure 4-1.

IIA+ mice have elevated energy expenditure at thermoneutrality

12 week old C57BL/6 or IIA+ mice were placed individually in CLAMS chambers and
fed a chow diet for 1 week. Various metabolic measurements at either ambient (220C) or
thermoneutral temperature (280C) were assessed. A, B) VO2 and VCO2 at
ambient/thermoneutrality in Light or Dark cycles are expressed as ml/kg lean mass/hr of
O2 or CO2 consumption. C) Energy expenditure (heat production) is expressed as
kcal/hr/kg fat free mass. D) Respiratory exchange quotient (RER) was determined for
both groups of mice at each temperature. Each bar is the average measurement from 6
mice. Data was analyzed by ANCOVA, using lean mass as the covariate and each
metabolic measurement as the dependent variable. *p<0.05, **p<0.01, ***p<0.001.
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Citrate Synthase Activity in BAT, WAT, and Muscle
Citrate synthase activity is a common measure of mitochondrial content in
thermogenic tissues such as BAT or skeletal muscle (177). We found that PLA2G2A
increased citrate synthase activity in the BAT of IIA+ mice compared to C57BL/6 BAT
(Figure 4-2A, B). The elevated VO2 and energy expenditure from the metabolic cages
prompted us to measure citrate synthase activity in the skeletal muscle as well since it is a
major oxidative organ that can contribute to thermogenesis. There were no differences in
citrate synthase activity between the skeletal muscle of C57BL/6 or IIA+ mice
(Figure 4-2C, D). These data suggest that PLA2G2A improves thermogenesis due to
enhanced mitochondrial respiration in BAT.
Mitochondrial Complex Protein Expression in BAT
To further characterize how PLA2G2A was affecting adipose tissue
thermogenesis, we assessed protein levels of the 5 mitochondrial complexes responsible
for oxidation phosphorylation (Figure 4-3A, B). IIA+ BAT had a significant induction in
mitochondrial complex components compared to the C57BL/6 BAT, which expresses no
PLA2G2A protein (Figure 4-3A, C). Since we observed elevated VO2 in the white
adipocytes by Seahorse analysis (Figure 4-4F through I), we were also interested in
mitochondrial oxidative phosphorylation protein expression in WAT. However, the only
mitochondrial complex induced in the WAT of IIA+ mice was complex V (ATP5A), and
there was no change in the other proteins (Figure 4-3B, D).
Improved Mitochondrial Respiration in IIA+ Adipocytes
Given the enhanced metabolic phenotype of the IIA+ mice, we tested whether the
mitochondrial respiration in isolated brown adipocytes of the IIA+ animals was elevated
using the Seahorse metabolic analyzer. With the mitochondrial stress test, brown and
white subcutaneous adipocytes from IIA+ mice showed considerably higher basal VO2
compared to brown adipocytes from C57BL/6 animals (Figure 4-4A, B, F through G).
Maximal respiration, which is calculated following the addition of the uncoupling agent
FCCP, was significantly higher in the IIA+ brown and white adipocytes as well
(Figure 4-4C, H). There was a dramatic increase in the proton leak in the IIA+ adipocytes
as well, suggesting an induction in mitochondrial uncoupling in the IIA+ brown and
white adipocytes (Figure 4-4D, I). Interestingly, non-mitochondrial oxygen consumption
rates were similar in the BL/6 and IIA+ brown adipocytes, but almost doubled in the
IIA+ white adipocytes compared to BL/6 white adipocytes.
IIA+ Adipocyte Protein Expression
My next experiments tested whether thermogenic markers involved in the upregulation of mitochondrial uncoupling were altered in the brown adipocytes of from
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Figure 4-2.

Citrate synthase activity increased in IIA+ BAT

BAT and skeletal muscle were harvested from 18 week old mice and homogenized using
a citrate synthase activity assay buffer described in methods. CS activity was measured
by detecting the change in absorbance per minute of DTNB on a plate reader at 412nm
following the addition of oxaloacetate. Acetyl CoA was added to the samples after time 0
was measured and the OD512 was measured every 30 seconds over the following 2
minutes. A) CS activity expressed as umol/min/g wet weight of BAT. B) Line plot
showing CS activity of BAT over 2 minutes following acetyl-CoA addition. C) CS
activity expressed as umol/min/g wet weight of skeletal muscle. D) Line plot showing CS
activity of skeletal muscle over 2 minutes following Acetyl CoA addition. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 4-3.

Mitochondrial complex proteins induced in IIA+ mice

Proteins were collected from the BAT of 4 C57BL/6 and 4 IIA+ mice. An antibody for
all 5 mitochondrial complex proteins involved in oxidative phosphorylation was used and
representative westerns are shown. A) Western blots of BAT from C57BL/6 and IIA+
mice showing complex V (ATP5A), complex III (UQCRC2), complex IV (MTCO1),
complex II (SDHB), complex 1 (NDUFB8), PLA2G2A and GAPDH. B) Western blots
of iWAT from both animal groups displaying the same protein panel. C, D) The western
blots were quantified and the resulting bar graphs are shown. The data are expressed as
relative protein abundance. Each point is the average protein expression of 4 animals.
The data were analyzed by independent samples T-test. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4-4.
adipocytes

Mitochondrial respiration elevated in IIA+ white and brown

Mature BL/6 and IIA+ brown (A-E) or inguinal white (F-J) adipocytes were plated on 96
well Seahorse plates. A mitochondrial stress test was run on the Xfe96 bioanalyzer.
Adipocyte preparations were derived from the pooled WAT or BAT of 5 animals. The
adipocytes were differentiated in 10cm dishes and then transferred to 96 well plates
designated for the seahorse Xfe96 bioanalyzer at 20,000 cells/well for analysis. There
were 12 replicate wells for each preparation of adipocytes. Oligomycin, FCCP (2μM),
and rotenone were added to the cells at 15, 35, and 55 minutes. Oxygen consumption rate
(OCR) over the 75 minutes is shown for brown adipocytes (A) and white adipocytes (F).
Basal respiration (B, G), Maximal respiration (C, H), mitochondrial proton leak (D, I)
and non-mitochondrial oxygen consumption (E, J) are displayed for brown/white
adipocytes. The data are expressed as OCR in pmol/min/mitochondrial DNA. The data
were analyzed by independent T-test. *p<0.05, **p<0.01, ***p<0.001.

58

IIA+ mice. UCP1, SIRT1, and PGC-1α were markedly induced in the IIA+ brown
adipocytes (Figure 4-5A, B). Previous work found that AMPK signaling contributes to
the induction of BAT thermogenesis and that AMPK stimulates fatty acid efflux from
tissue, increases glucose transport and fatty acid oxidation, and reduces cytokine
secretion in adipocytes (178, 179). We observed significant induction of phosphorylatedAMPK (Thr172) in the IIA+ adipocytes with no change in the total AMPK levels,
indicating elevated AMPK signaling (Figure 4-5A, B). Moreover, immunostaining of
C57BL/6 (Figure 4-5C) and IIA+ adipocytes (Figure 4-5C) showed a clear increase in
UCP1 abundance and mitochondria as assessed by mito tracker in the IIA+ adipocytes
(Figure 4-5C).
Recombinant PLA2G2A Enzyme Improves Thermogenic Protein Expression in
C57BL/6 Adipocytes
The goal of the next experiments was to determine if the addition of purified
PLA2G2A to non-expressing C57BL/6 brown adipocytes would induce thermogenic
protein expression. Addition of PLA2G2A increased UCP1 and PRDM16 abundance in
the C57BL/6 adipocytes after 24 hours of exposure (Figure 4-7). These results suggest
that circulating PLA2G2A is sufficient to activate BAT.
Changes in Substrate Transport and Chemokine Production in IIA+ BAT
To assess differences in the BAT transcriptome of IIA+ and C57BL/6 mice, we
conducted RNA microarray analysis of 5 brown adipose depots from each animal group.
One of the most significantly up-regulated gene families based on the array was the
solute carrier (Slc) family, which comprises membrane transport proteins of various
substrates, including mitochondrial carriers, along with fatty acid and glucose
transporters (Figure 4-6A). Of the 17 Slc genes induced, the long chain fatty acid
transport protein 1(Slc27a1) and the very long chain acyl-CoA synthase (Slc27a2) are
directly involved in long chain fatty acid (LCFA) and/or very-long chain fatty acid
(VLCFA) transport and activation, suggesting enhanced fatty acid transport in the IIA+
adipocytes (180). Another subset of Slc genes, Slc25a34 and Slc25a51, belong to a family
of nuclear-encoded transporters embedded in the inner mitochondrial membrane
(Figure 4-6A) (181). In addition to the changes in the Slc family, we also observed
significant down-regulation of numerous pro-inflammatory chemokines in the IIA+ BAT,
including C-X-C motif ligand 13 (CXCL13), CXCL9, C-C motif ligand 21c (CCL21c),
CCL21b, CCL11, chemokine like receptor-1 (CMKLR-1) (Figure 4-6B).
Discussion
My previous work showed that PLA2G2A expression protected mice from dietinduced obesity and insulin resistance, at least in part through elevated thermogenesis
(51, 52). In this study, we define additional thermogenic changes in the WAT and BAT
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Figure 4-5.

Thermogenic protein expression elevated in IIA+ mice

Brown adipocytes were prepared from 5 BL/6 and 5 IIA+ BAT mice. Mature adipocytes
were harvested for protein and the resulting western blots for UCP1, SIRT1, PGC-1α, pAMPK, AMPK, PLA2G2A and beta-actin were quantified and shown in panels A and B.
C) Immunohistochemistry of BL/6 and IIA+ adipocytes with DAPI, DAPI/UCP1, UCP1,
mitoTracker, or mitoTracker/UCP1 staining. The data were analyzed by one-way
ANOVA. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4-6.
expression

Addition of PLA2G2A to brown adipocytes increases UCP1

Brown adipocytes were prepared from 3 groups of 5 BL/6 mice. Mature adipocytes were
treated with recombinant PLA2G2A enzyme for 24 hours and then harvested for western
blot analysis. Protein expression of UCP1, PRMD16, PLA2G2A, and GAPDH were
quantified and shown in A and B. The data were analyzed by independent t-test. *p<0.05,
**p<0.01, ***p<0.001.

Figure 4-7.

Changes in BAT transcriptome in the IIA+ mice

BAT was collected from 5 BL/6 and 5 IIA+ mice and used for RNA microarray analysis.
A) 17 family members of the Slc family induced at least 1.5 fold in the IIA+ mice. B)
Chemokine genes significantly down-regulated in the IIA+ BAT. Each gene was
significantly up or down-regulated in the IIA+ mice 1.5 fold with a p-value less than 0.05.

61

in response to expression or addition of PLA2G2A.. PLA2G2A expression increased
VO2 and energy expenditure even at thermoneutrality demonstrating that the mice have
elevated metabolism independent of environment. Citrate synthase activity, a common
marker of mitochondrial content in metabolic tissues, was elevated in the BAT of IIA+
mice but unchanged in the skeletal muscle. Direct administration of recombinant
PLA2G2A enzyme to C57BL/6 brown adipocytes, which do not express PLA2G2A,
increased thermogenic gene expression of UCP1. Lastly, microarray analysis of BAT
from IIA+ mice strongly suggests the induction of substrate transport, particularly fatty
acids and glucose, and the inhibition of pro-inflammatory chemokine production in BAT.
The major regulator of mammalian non-shivering thermogenesis is BAT
primarily due to mitochondrial expression of UCP1, which functions by uncoupling
oxidative phosphorylation from ATP synthesis to elevate energy expenditure (87, 182).
Unsurprisingly, temperature plays a significant role in UCP1 expression and the
activation of BAT thermogenesis. Numerous studies have shown that cold exposure
induces BAT-specific non-shivering thermogenesis in both rodents and humans, likely
through enhanced adrenergic signaling (154, 183, 184). Conversely, other experiments
have found BAT activity is diminished in thermoneutral conditions (185, 186). In my
study, we did observe a decrease in VO2, VCO2 and energy expenditure in both animal
groups in response to thermoneutrality (Figure 4-1A through F). However, even at the
thermoneutral temperature the IIA+ mice displayed elevated thermogenesis relative to
C57BL/6 mice, indicating that PLA2G2A expression stimulates metabolism
(Figure 4-1A through F). The respiratory exchange ratio (RER), a measure of fuel
substrate preference, significantly declined in the IIA+ mice at thermoneutrality,
indicating enhanced fatty acid oxidation (Figure 4-1G, H).
Fatty acid oxidation which is required for BAT thermogenesis involves the
carnitine palmitoyltransferase enzymes CPT1 and CPT2 (187, 188). These enzymes
mediate mitochondrial long chain fatty acid beta-oxidation through consecutive carnitine
acyltransferase reactions allowing the translocation of long chain acyl-CoAs across the
mitochondrial membranes. Although we did not observe elevated Cpt1b mRNA in the
RNA arrays, there was an increase in Slc27a2 which generates fatty-acyl-CoA for
translocation across mitochondrial membranes. Moreover, many genes involved in fatty
acid oxidation were also induced in the IIA+ BAT, including enoyl-CoA hydratase and 3hydroxyacyl CoA dehydrogenase (Ehhadh, 2.8-fold), carboxylesterase 1f (Ces1f, 2.2fold), acyl-coenzyme A thioesterase 1 (Acot1, 1.73-fold), and long-chain acyl-CoA
synthetase-1 (Acsl1, 1.6-fold). Fatty-acyl-CoAs are required for BAT thermogenesis, and
mice with deficiencies in acyl-CoAs synthetases (ACSLs) have reduced oxygen
consumption, fatty acid oxidation and are cold intolerant (189). We postulate that since
the IIA+ animals still have elevated energy expenditure at thermoneutrality due to
enhanced BAT activation, that the fatty acid oxidation remains induced in the IIA+ mice
even at warmer conditions, thus driving the lower RER.
In addition to BAT, skeletal muscle is one of the major determinants of metabolic
rate and comprises approximately 45-55% of the total mammalian body weight (19062

192). Skeletal muscle has long been known for its ability to regulate body temperature by
shivering. However, recent research suggests that it plays a key role in non-shivering
thermogenesis as well in an UCP1 independent manner through a futile sarcoplasmic
reticulum calcium ATPase pump known as SERCA (193, 194). Since skeletal muscle is a
major element in whole body VO2 and energy expenditure, we examined whether it
contributed to the enhanced thermogenic phenotype in the IIA+ mice. One method for
assessing this question is to measure citrate synthase activity, a validated biomarker for
measuring mitochondrial density and cellular oxidative capacity in both skeletal muscle
and BAT (177, 195, 196). There were no changes in skeletal muscle citrate synthase
activity between the C57BL/6 and IIA+ mice (Figure 4-2C through D), but a clear
induction in citrate synthase activity was seen in the IIA+ BAT (Figure 4-2A, B).
Western blots from IIA+ BAT revealed a significant increase in mitochondrial oxidative
phosphorylation complexes (Figure 4-3A). In brown adipocytes from IIA+ mice,
thermogenesis was also induced based on the Seahorse mitochondrial stress test
(Figure 4-4A through D), as well as protein expression of UCP1, PGC-1α, SIRT1, and
phosphorylated AMPK (Figure 4-5). Moreover, it is understood that BAT and UCP1mediated thermogenesis induce a mitochondrial proton leak that contributes highly to
BAT basal oxygen consumption (197, 198). The proton leak in IIA+ brown adipocytes
was 3-fold higher than the C57BL/6 adipocytes (Figure 4-4D). Thermogenic protein
expression was significantly induced in the C57BL/6 brown adipocytes following
addition of recombinant PLA2G2A enzyme (Figure 4-6). Taken together, these data
indicate that PLA2G2A stimulates the metabolic rate through up-regulation of UCP1mediated adipose tissue thermogenesis and not through skeletal muscle.
The ‘browning’ or beiging of WAT, which is morphologically similar to BAT
may contribute to the protection against obesity as well (199-201). While we did not
observe any change in citrate synthase activity in the WAT between C57BL/6 and IIA+
mice (Figure 4-2A, B), there was a significant induction in oxygen consumption, basal
and maximal metabolic rate, and mitochondrial proton leak in the IIA+ white adipocytes
(Figure 4-4F through J). Likewise, protein levels of complex 5 of the mitochondrial
respiratory chain (ATP5A) were induced as well (Figure 4-3B), and we have previously
reported that IIA+ adipocytes from WAT have elevated thermogenic protein expression
(51). These data suggest that PLA2G2A improves white adipose tissue thermogenesis,
which likely contributes to the improved metabolic phenotype of the IIA+ animals.
Metabolically active BAT utilizes high amounts of readily available energy,
especially glucose and fatty acids, to impact the metabolic rate. Cold exposure or βadrenergic stimulation improve glucose and fatty acid uptake in BAT via differentially
regulated substrate transport genes in rodents and humans (202-204). RNA microarray
analysis of IIA+ and C57BL/6 BAT revealed a clear induction in substrate transport
genes, particularly of the Slc family, in the IIA+ mice. As stated earlier, fatty acids are
required for UCP1-mediated uncoupling in BAT (125). The mRNA levels of Slc27a1
which is a LCFA transporter and Slc27a2 which is the initiating step in fatty acid
translocation into the mitochondria were induced over 3-fold in the IIA+ BAT
(Figure 4-7A). Members of the Slc25 sub-family, Slc25a34 and Slc25a51, which are
mitochondrial ion transporters were also elevated in the IIA+ BAT (181). There was an
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induction of the mRNA of the Slc22 family members, which are involved in the
transport of various ions and endogenous substrates such as L-carnitine and
prostaglandins (205). Previous reports have shown L-carnitine transport in BAT is
elevated in response to cold (204). With regard to prostaglandin transport, PLA2G2A
releases fatty acids following cleavage of lysophospholipids, and one potential fatty acid
candidate is arachidonic acid. Release of arachidonic acid is a key step in prostaglandin
synthesis (109, 206). Interestingly, previous studies have shown that activation of
prostaglandin E receptor 4 (EP4) via binding of prostaglandin E2 (PGE2) is antiinflammatory in mice, and array data from the IIA+ BAT showed a 1.7-fold induction in
EP4 mRNA expression (data not shown). Altogether, these data indicate that substrate
transport expression is elevated in the BAT of IIA+ mice to fuel increased energy
demands. Additionally, PLA2G2A increases release of fatty acids that may promote
PGE2 synthesis and activation of EP4 in BAT, fostering an anti-inflammatory state.
The mRNA levels of pro-inflammatory chemokines were also reduced in the IIA+
BAT (Figure 4-7B). It is known that macrophages and immune cells are present in BAT
and play a role in adipose tissue thermogenesis (207, 208). Pro-inflammatory cytokines
such as TNFα, CCL2 and CCL5 are up-regulated in the BAT of obese mice and result in
suppression of UCP1 expression and mitochondrial respiration (209). In vitro studies
indicate that addition of TNFα to brown adipocytes causes insulin resistance via
phosphorylation and inhibition of insulin receptor substrate 2 (IRS2) (210). Importantly,
many of the genes encoding chemokines that were down-regulated in the IIA+ BAT
(CXCL13, CXCL9, CCL21c, CCL11, etc.) (Figure 4-7B) are positively regulated by
TNFα and likely contribute to a pro-inflammatory state (211). This suggests that
PLA2G2A promotes an anti-inflammatory state in BAT, possibly due to enhanced EP4
expression. The anti-inflammatory state favors activation of BAT, thus increasing
glucose and fatty acid utilization by the tissue in order to improve insulin sensitivity,
lipolysis, and ultimately protection from obesity and insulin resistance.
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CHAPTER 5.

CONCLUSION

Summary and Future Directions
In conclusion, we discovered that expression of human PLA2G2A in mice
protects them from diet-induced obesity. IIA+ mice displayed significantly increased
energy expenditure and oxygen consumption, which was primarily due to enhanced BAT
thermogenesis and beiging of WAT. Adipose tissue thermogenesis was confirmed in
isolated adipocytes, as there was marked induction in thermogenic protein expression and
mitochondrial proton leakage in both brown and white adipocytes isolated from IIA+
animals. Similarly, the IIA+ mice had elevated energy expenditure even in thermoneutral
conditions. The BAT from IIA+ mice had increased expression of numerous genes
involved in substrate transport, including glucose and fatty acids, suggesting that there is
increased substrate utilization by the adipose in order to fuel adipose tissue
thermogenesis. This increased substrate transport in BAT may be one mechanism by
which the IIA+ mice showed elevated glucose tolerance and insulin sensitivity as well, as
the utilization of glucose by BAT may reduce total blood glucose levels. Finally, an
interesting relationship exists between PLA2G2A expression and thyroid hormone status.
Although PLA2G2A increases basal metabolic rate, it was unable to counteract
reductions in metabolism commonly associated with hypothyroidism. Conversely,
PLA2G2A and elevated thyroid hormone levels displayed a synergistic relationship and
dramatically increasing insulin sensitivity and glucose tolerance in mice, at least in part
due to enhanced GLUT4 expression in BAT. Altogether, these data suggest that
PLA2G2A has a beneficial effect on adipose tissue thermogenesis and whole-body
metabolism and can counteract obesity and symptoms of Type 2 diabetes including
insulin resistance and glucose intolerance.
Knockout of Pla2g2a in Mice
The C57BL/6 mice used throughout these experiments do not express endogenous
Pla2g2a due to a frameshift mutation in exon 3 of the Pla2g2a gene (16). Because of this,
the majority of the metabolic experiments were done on mice that overexpress the human
PLA2G2A. One important issue that needs to be addressed is whether knock-out of the
endogenous Pla2g2a gene will reduce metabolic rate or increase susceptibility to weight
gain. Since the C57BL/6 mice are a natural Pla2g2a knockout, one strategy to assess the
role of endogenous murine Pla2g2a in metabolic regulation would be to introduce the
correct Pla2g2a gene by backcrossing BALB/c mice, which express endogenous
Pla2g2a, with C57BL/6 animals to introduce the Pla2g2a gene on a C57BL/6
background. This animal model will provide meaningful information on whether the
endogenous murine Pla2g2a has similar effects as human PLA2G2A on adipose tissue
thermogenesis and insulin signaling. The other approach would be to repair the murine
Pla2g2a gene with CRISPR/Cas9 in the C57BL/6 mice.
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Impact of sPLA2 Knockdown in Brown and White Adipocytes
A second important question would be how other sPLA2s will compensate when
Pla2g2a, Pla2g5, or Pla2g2e are knocked down in brown adipocytes. One approach
would be to generate brown and white adipocytes from wild-type and Pla2g2a KO mice
and analyze the compensatory expression of the sPLA2s, along with the metabolic effects
on oxygen consumption and energy expenditure.
Tissue-specific Effect of PLA2G2A Expression in the Liver and BAT
Human PLA2G2A expression in mice results in dramatic improvements in insulin
signaling and glucose tolerance along with increased expression of many proteins
involved in insulin signaling (Figure 2-3, 3-4, and 3-8). Interestingly, PLA2G2A is
widely expressed, but it has particularly high abundance in the liver and adipose depots
of IIA+ mice (Figure 2-5). Another significant question is whether the metabolic effects
of PLA2G2A are mediated by its secretion from the liver or BAT. We have shown that
the expression of PLA2G2A in brown adipocytes was sufficient to stimulate oxygen
consumption and mitochondrial uncoupling (Figure 4-4). To test this, future studies
should assess the impact of tissue-specific expression of PLA2G2A in the liver and/or
BAT. Liver-specific expression will determine if hepatic PLA2G2A secretion activates
BAT thermogenesis and whole-body metabolism. With regard to BAT-specific
expression, introducing PLA2G2A specifically into BAT will determine if the increase in
BAT mitochondrial uncoupling and thermogenesis is an autocrine effect, and show
whether or not PLA2G2A in BAT alone is sufficient to alter insulin sensitivity and
weight gain as was observed in Figure 2-1 and Figure 3-2.
Identification of Lysophospholipids and FFAs in IIA+ BAT
The final key issue which needs to be addressed is which lipid products of
PLA2G2A are mediating the metabolic effects. The enzymatic function of PLA2G2A is
to release lysophospholipids and fatty acids, many of which, such as EPA, DHA or AA
have profound metabolic roles. AA in particular can be further modified to
prostaglandins, leukotrienes and HETEs. The lysophospholipids can generate LPA and
PAF. The identification of metabolically active lipids released by PLA2G2A activity in
BAT may provide mechanistic insight on why the IIA+ mice have such high basal
oxygen consumption and metabolic rate. Future studies could use lipidomics to identify
which lipids are elevated in the BAT of IIA+ mice. If there are any marked changes in
lipid profiles between the BAT of C57BL/6 and IIA+ mice, these lipids can be added to
isolated brown adipocytes and their oxygen consumption and expression of thermogenic
proteins can be measured to determine if direct addition of specific lipids mediates
adipose tissue thermogenesis.
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