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Peroxisomal regulation of energy homeostasis:
Effect on obesity and related metabolic disorders

Brian Kleiboeker, Irfan J. Lodhi”

ABSTRACT

Background: Peroxisomes are single membrane-bound organelles named for their role in hydrogen peroxide production and catabolism.
However, their cellular functions extend well beyond reactive oxygen species (ROS) metabolism and include fatty acid oxidation of unique
substrates that cannot be catabolized in mitochondria, and synthesis of ether lipids and bile acids. Metabolic functions of peroxisomes involve
crosstalk with other organelles, including mitochondria, endoplasmic reticulum, lipid droplets and lysosomes. Emerging studies suggest that
peroxisomes are important regulators of energy homeostasis and that disruption of peroxisomal functions influences the risk for obesity and the
associated metabolic disorders, including type 2 diabetes and hepatic steatosis.

Scope of review: Here, we focus on the role of peroxisomes in ether lipid synthesis, B-oxidation and ROS metabolism, given that these functions
have been most widely studied and have physiologically relevant implications in systemic metabolism and obesity. Efforts are made to
mechanistically link these cellular and systemic processes.

Major conclusions: Circulating plasmalogens, a form of ether lipids, have been identified as inversely correlated biomarkers of obesity. Ether
lipids influence metabolic homeostasis through multiple mechanisms, including regulation of mitochondrial morphology and respiration affecting
brown fat-mediated thermogenesis, and through regulation of adipose tissue development. Peroxisomal [B-oxidation also affects metabolic
homeostasis through generation of signaling molecules, such as acetyl-CoA and ROS that inhibit hydrolysis of stored lipids, contributing to
development of hepatic steatosis. Oxidative stress resulting from increased peroxisomal [-oxidation-generated ROS in the context of obesity
mediates B-cell lipotoxicity. A better understanding of the roles peroxisomes play in regulating and responding to obesity and its complications

will provide new opportunities for their treatment.

© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity increases the risk for many diseases and disorders including
type 2 diabetes, non-alcoholic fatty liver disease (NAFLD), cardiovas-
cular disease, hypertension, and certain cancers. The prevalence of
obesity continues to rise, suggesting a need for new treatment options.
Difficulties in treating obesity are directly related to the complex
causes, which are biomedical, environmental, and socio-cultural in
nature [1]. Similarly, the biomedical bases for the links between
obesity and its complications are nuanced and multifactorial. For
example, the well-established relationship between obesity and dia-
betes is mediated in part by pancreatic B-cell physiology, adipose
tissue and liver dysfunction, and systemic signaling through various
hormones and adipokines [2]. Improving our biochemical under-
standing of obesity pathogenesis could help improve obesity treatment
and aid in prevention of associated diseases.

Recent work implicates peroxisomes in obesity. These single
membrane-bound organelles are closely associated with mitochondria.
As with mitochondria, peroxisomal number is regulated via variable
biogenesis and degradation of the organelle [3]. Unlike mitochondria,
however, peroxisomes have no genome. Peroxisomal proteins are

encoded in the nucleus, translated on free ribosomes in the cytoplasm,
and transported to the peroxisomal matrix by peroxisomal import re-
ceptors (Pex5 and Pex7), which recognize their peroxisome targeting
sequences (PTS1 and PTS2, respectively) [4].

Peroxisomes are dynamic organelles which coordinate with other
metabolic organelles, such as mitochondria and endoplasmic reticu-
lum (ER), to play key roles in ROS and lipid metabolism [5,6]. As
essential organelles, peroxisomes are critical for maintaining normal
physiology. Mutations in genes involved in de novo peroxisome for-
mation result in peroxisomal biogenesis disorders in the Zellweger
spectrum, devastating conditions marked by multiple abnormalities,
predominated by neurological impairments and hepatic dysfunction
[7,8]. Emerging studies suggest that peroxisomes are also important
for regulating energy homeostasis and disruption of peroxisomal
functions impacts risk for obesity and its complications (Figure 1).
Studies in humans and animals have further suggested that peroxi-
somes play critical roles in obesity, dyslipidemia, and glucose ho-
meostasis  [8,9]. Peroxisomes affect systemic metabolism
predominantly through their functions as lipid metabolic organelles,
synthesizing ether lipids and oxidizing various fatty acid species, and
by coordinated H,0, synthesis and degradation. Recent work has

Division of Endocrinology, Metabolism & Lipid Research, Washington University School of Medicine, St. Louis, MO 63110 USA

*Corresponding author. E-mail: ilodhi@wustl.edu (I.J. Lodhi).

Received June 1, 2022 « Revision received August 1, 2022 « Accepted August 16, 2022 « Available online 19 August 2022

https://doi.org/10.1016/j.molmet.2022.101577

MOLECULAR METABOLISM 65 (2022) 101577 © 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 1

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ilodhi@wustl.edu
https://doi.org/10.1016/j.molmet.2022.101577
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2022.101577&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Brown adipose tissue

S
)
. |Plasmalogens|*
% PE(p16:0/20:4),
Ry PE(p18:0/22:6)

9
T Mitochondrial fission|

o .

E

g - P

Peroxisomal B

Serum

Plasmalogens PC(p16:0/18:1) &
PC(p16:0/18:2)

Pancreatic B-cell ..

"N

\ Mitochondria

S|
s
T Insulin resistance

y \

Adipose tissue

Figure 1: Role of peroxisomes in various organs across lean and obese states. In brown adipose tissue, peroxisome-derived ether lipids promote mitochondrial fission, which
increases thermogenesis and energy expenditure. Certain species of plasmalogen, a form of ether lipid, are decreased in serum of obese individuals. Peroxisomal [3-oxidation
promotes fatty liver through multiple distinct mechanisms and contributes to non-esterified fatty acid (NEFA)-induced lipotoxicity in pancreatic B-cells, likely contributing to
impaired glucose-stimulated insulin secretion (GSIS). Reactive oxygen species (ROS) from both peroxisomal and mitochondrial 3-oxidation induce oxidative stress in adipose tissue

of obese individuals, causing systemic insulin resistance.

revealed that peroxisomal [3-oxidation negatively regulates mitochon-
drial B-oxidation, lipolysis, and lipophagy, promoting fatty liver [10—
13], while peroxisome-derived ether lipids promote mitochondrial
fission and regulate mitochondrial respiration and adipose tissue
development [14—16]. This review aims to synthesize recent findings
related to the role of peroxisomes in metabolism and metabolic dys-
regulation in order to better understand the roles peroxisomes play in
obesity and obesity-related complications, such as type 2 diabetes
mellitus and NAFLD.

2. MAJOR METABOLIC FUNCTIONS OF PEROXISOMES

Peroxisomes are single membrane-bound organelles which play
indispensable roles in cellular lipid metabolism and derive their name
from their role in production and catabolism of hydrogen peroxide
(H202) [17]. However, these versatile organelles are involved in a va-
riety of metabolic processes, including oxidation of very long-chain
fatty acids (VLCFA), branched-chain fatty acids, p-amino acids, and
polyamines, processes which each generate the reactive oxygen
species (ROS) H.0, [18,19]. Peroxisomes possess dedicated ROS
metabolic enzymes such as catalase, which degrades H,0, to water
and oxygen [20], and inducible nitric oxide synthase (NOS2), which
produces nitric oxide, a reactive nitrogen species (RNS) [21]. Peroxi-
somes also contain enzymes involved in the biosynthesis of ether
lipids, bile acids, and cholesterol, though these metabolic functions
require coordination with ER, mitochondria, or cytosolic enzymes
[19,22]. In this review we focus on the peroxisomal role in ether lipid
synthesis, fatty acid oxidation and ROS metabolism, given that these
functions have been most widely studied and have physiologically
relevant implications in systemic metabolism and obesity [10—16].

2.1. Synthesis of ether-linked phospholipids

Peroxisomes are indispensable for synthesis of ether lipids, phospho-
lipids with an ether bond-linked alkyl chain at the sn-7 position of their
glycerol backbone, as opposed to an ester bond-linked fatty acyl chain in
conventional phospholipids. The head group of ether-linked phospho-
lipids is usually choline or ethanolamine or occasionally serine or inositol.
Synthesis of ether lipids, such as plasmalogens and alkylether phos-
pholipids, uses the glycolysis intermediate dihydroxyacetone phosphate
(DHAP) as a precursor and involves the DHAP pathway, which is located
in peroxisomes and produces 1-0-Alkyl-glycerol-3-phosphate (AGP) as
the end product (Figure 2). AGP is the ether lipid analog of lysophos-
phatidic acid (i.e., 1-acyl-glycerol-3-phosphate, LPA) [23,24]. The
peroxisomal protein PexRAP (Peroxisomal Reductase Activating PPARy),
which is named for its proposed role in adipocytes [25], possesses acyl/
alkyl-DHAP reductase activity and can synthesize AGP and LPA. Thus,
the acyl-DHAP pathway is also a salvage pathway for the synthesis of
diacylphospholipids. The subsequent steps for synthesis of ether lipids
and peroxisome-derived diacylphospholipids, including the addition of
the sn-2 substituent (generally an ester-linked acyl chain) and the
completion of phospholipid synthesis, occur in the ER [26]. Plasmal-
ogens are the most common form of ether lipids and have a cis-double
bond adjacent to the ether linkage.

2.2. Peroxisomal fatty acid oxidation

Peroxisomes also play a specialized, indispensable role in fatty acid
oxidation. Like mitochondria, peroxisomes are involved in 3-oxidation
of fatty acids, though the two pathways are different in multiple ways.
The enzymes involved in the two pathways are distinct and the
pathways thus have unique substrate specificities. While mitochondrial
[-oxidation degrades short-, medium-, and most long-chain fatty

2 MOLECULAR METABOLISM 65 (2022) 101577 © 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

I

Glyceraldehyde
3-phosphate Pyruvate
Glucose 1|IJp|
>oila Fé;e
00— 07
oi GPDH ' g
e, 0 W )
/8 -7 &%
/ G3P DHAP
" Glycerol e :
Ibackbone! Peroxisome Endoplasmic
I o Reticulum
° GPDH o
o0 0. /G
CrS S
. G3P .  DHAP i
Reocmll LR ee coa $ L {
Acyl-CoA \GNPAT 0 0 0 R
(FA-CoA) CoAsH/ ° - : e R\Zd tity of X
-SH~ lentity o
00 0R : > o :,0 determinyes lipid
: ° eé Siaoc);,| class
°°é° \—/ LPA phospholipid
- R.:§C\)'|-DHAF’ Etherinked cis double bond
’ PexRAP/ allyl chain 22
FAvort ° RSES Dhrs7b R =% R % R

%o
Alkyl-DHAP

0o :
0-0-0-R' =S T\ T % ~6-006R ———"06-00R
oo :e T ] °

° P o0 o0
[} [0} R

@ o-X @ o-X
Ether lipid Plasmalogen
(PC, PE, or Pl based

on identity of X)

Figure 2: Peroxisomal lipid synthetic pathway. Glyceraldehyde 3-phosphate, a glycolysis intermediate, can be converted to dihydroxyacetone phosphate (DHAP) by triose
phosphate isomerase (TPI). Glycerol-3-phosphate dehydrogenase (GPDH) catalyzes the conversion of DHAP to glycerol 3-phosphate (G3P), though both DHAP and G3P are believed
to be transported to the peroxisomal matrix by peroxisomal membrane protein 2 (PXMP2). In peroxisomes GPDH may convert G3P back to DHAP, which subsequently has an acyl
chain added to its sn-7 carbon by glyceronephosphate 0-acyltransferase (GNPAT), yielding acyl-DHAP. Acyl-DHAP may have its sn-2 carbonyl reduced by PexRAP (Peroxisomal
Reductase activating PPARY; encoded by Dhrs7b) to yield lysophosphatidic acid (LPA) or it may have its sn-7 acyl chain replaced by a new sn-1 alkyl chain to yield alkyl-DHAP, a
reaction catalyzed by alkylglycerone phosphate synthase (AGPS). Alkyl-DHAP is then reduced by PexRAP to form 1-0-Alkyl-G3P (AGP). LPA and AGP are shuttled to the endoplasmic
reticulum for formation of diacyl phospholipids and ether-linked phospholipids, respectively. Ether lipids may be processed further to generate plasmalogens, a subclass of ether

lipids with a cis-double bond.

acids, peroxisomal [3-oxidation catabolizes very-long chain fatty acids
(VLCFAs; >22 Carbons), di- and trihydroxycholestanoic acid (DHCA
and THCA), long chain dicarboxylic acids, and certain polyunsaturated
fatty acids. In peroxisomal biogenesis disorders, VLCFAs, DHCA, and
THCA accumulate, demonstrating the indispensable nature of peroxi-
somes in oxidizing these substrates [27]. Another key difference re-
sults from the fact that since peroxisomes lack an electron transport
chain (ETC), peroxisomal -oxidation requires its products be shuttled
to the mitochondria for complete oxidation [28].

In addition to 3-oxidation, peroxisomes are involved in alpha-oxidation
(e-oxidation), a process by which branched-chain fatty acids undergo
oxidative decarboxylation to remove the terminal carboxyl group as
CO0,. a-oxidation is particularly important in the degradation of multi-
methyl branched fatty acids, such as the dietary lipid phytanic acid, in
which case it removes a single carbon from the carboxyl end to yield
pristanic acid that is subsequently degraded by [-oxidation. o-
oxidation takes place exclusively in peroxisomes [29] and is impaired
in Refsum disease, a genetic disease associated with multiple
symptoms, including retinitis pigmentosa, anosmia, polyneuropathy,
and deafness [30]. Although a.-oxidation has not yet been implicated in
the regulation of systemic metabolism, emerging studies suggest that
peroxisomal [3-oxidation influences metabolic homeostasis through
generation of signaling molecules, as discussed below.

2.3. Role of peroxisomes in ROS metabolism

ROS are radical or non-radical oxygen species which often result from
the partial reduction of oxygen during aerobic metabolism and include
superoxide (02) and hydrogen peroxide (H20,) [31]. Peroxisomes are a
major source of Ho0,, which is produced through the actions of
multiple FAD-dependent oxidoreductases involved in various peroxi-
somal metabolic processes, including B-oxidation and bile acid syn-
thesis [32]. In the first dehydrogenation step of both peroxisomal and
mitochondrial B-oxidation, acyl-CoA is oxidized to form a double bond
between the a- and -carbon of the acyl chain in a reaction coupled to
the reduction of FAD to FADH, [33]. In mitochondria, the electrons FAD
gains in this reaction to become FADH, are subsequently transferred to
the ETC, ultimately reducing molecular oxygen to water [34]. In per-
oxisomes, which have only one membrane and lack an ETC, these
electrons are transported directly from FADH»> to molecular oxygen,
generating hydrogen peroxide (H20,) rather than water [19]. Peroxi-
somes account for up to 20% of total cellular oxygen consumption and
make as much as 35% of total H,0, in certain tissues [35]. While
peroxisomes have antioxidant enzymes such as catalase to reduce
H-0, to water [20], disrupted H,0, homeostasis has been linked to
numerous diseases including diabetes, cancer, obesity, and diabetic
renal injury [36—38], demonstrating the significance of this process in
systemic metabolism.
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3. INTERACTION OF PEROXISOMES WITH OTHER ORGANELLES
IN THE REGULATION OF LIPID METABOLISM

Peroxisomes work in coordination with other organelles, such as the
ER for anabolic functions and mitochondria for catabolic functions
[39,40]. Non-autonomy is a nearly ubiquitous feature of the myriad of
processes which occur in peroxisomes (reviewed in [5]) and is
particularly relevant with respect to peroxisomal lipid metabolism.
Peroxisomes are required for oxidation of VLCFAs, which are primarily
synthesized endogenously [27,41]. Peroxisomal [3-oxidation relies on
mitochondria for oxidation of acetyl-CoA and NADH, two products of
each cycle of B-oxidation which must be shuttled from peroxisomes to
mitochondria [39]. Not only does peroxisomal 3-oxidation prefer longer
substrates, but it is unable to degrade the short chain (C6/C8-CoA) fatty
acids which remain after multiple rounds of [B-oxidation of VLCFAs
[42]. These remaining short chain fatty acids then must be shuttled to
the mitochondria for complete oxidation [39].

Synthesis of ether lipids requires cooperation between peroxisomes
and the ER. ER-peroxisome metabolite exchange may be assisted by
the bridge formed between ER membrane VAMP-associated proteins A
and B (VAPA and VAPB) and peroxisomal acyl-CoA binding domain
containing protein 5 (ACBD5) [43]. Certain enzymes involved in ether
lipid biosynthesis, such as PexRAP (encoded by Dhrs7b) are localized
to both peroxisomes and ER [25] and have distinct functions in the two
locations, further suggesting cooperation between peroxisomes and ER
with respect to ether lipid synthesis [44].

Peroxisomes also cooperate with ER and lysosomes to facilitate
effective synthesis and transport of cholesterol, which accounts for 30—
40 mol% of cellular lipids [45,46]. Cholesterol biosynthesis begins in
peroxisomes and is completed in the ER; the rate-limiting enzyme,
HMG-CoA reductase, localizes to both peroxisomes and ER [47].
Peroxisome deficiency increases expression of cholesterogenic genes
by promoting ER-to-Golgi sterol regulatory-element binding protein
(SREBP) trafficking yet has no effect on cholesterol levels [47]. This
effect persists even after cholesterol loading, suggesting a role for
peroxisomes in cellular cholesterol transport or uptake. Supporting this
concept, peroxisomes interact directly with lysosomes through mem-
brane protein synaptotagmin 7 (Syt7) to facilitate cholesterol transport
from lysosomes to peroxisomes [48]. Peroxisome biogenesis disorder
models show cholesterol accumulation, suggesting that this
lysosome—peroxisome interaction is crucial to cellular cholesterol
transport and homeostasis.

Lipid droplets are universally conserved storage organelles which
contain neutral lipids surrounded by a phospholipid monolayer and play
dynamic roles in the storage and mobilization of fatty acids [49]. Liter-
ature dating back to the 1980s has suggested spatial association be-
tween peroxisomes and lipid droplets, especially in contexts such as
adipogenesis, when peroxisomes increase in abundance [50—53]. More
recent work has suggested cooperation between peroxisomes and lipid
droplets, particularly relating to biogenesis, the rate of which is one
mechanism by which both organelles are regulated. Not only do lipid
droplet and peroxisome biogenesis occur at the same ER subdomains
[54], but both Pex19 and Pex3 are required for insertion of ER- and lipid
droplet-resident protein UBXD8 into discrete ER subdomains [55],
suggesting a mechanism for coordinated biogenesis of peroxisomes and
lipid droplets. Furthermore, fasting induces peroxisome-lipid droplets
contact and peroxisome deficiency reduces lipolysis in-vivo, suggesting
a close physical and functional cooperation between peroxisomes and
lipid droplets in the regulation of adipose tissue lipolysis [13,56].
Peroxisome derived ether lipids constitute 10—20% of neutral lipids in
lipid droplets [57], a finding which has been used as argument for

bidirectional cooperation between peroxisomes and lipid droplets [58].
However, while peroxisomes are indispensable for the initial steps of
ether lipid synthesis, so too are the downstream ER-localized steps
[23]. Thus, the high proportion of ether lipids in lipid droplets may
reflect a role of ether lipids in lipid droplet formation. In vitro studies
have suggested that the peroxisomal acyl-DHAP pathway may account
for half of triglycerides synthesized during adipogenesis, though the
unaltered adipose tissue morphology of peroxisome-deficient mice
suggests that this contribution is dispensable in vivo [24,56].

4. ROLE OF PEROXISOME-DERIVED LIPIDS IN ENERGY-
HOMEOSTASIS AND METABOLIC DISORDERS

Ether lipids are abundant in cell membranes and promote tighter
membrane packing due to their lack of an sn-7 carbonyl oxygen, in
turn decreasing membrane fluidity and allowing for formation of
stronger hydrogen bonds with head groups of neighboring phospho-
lipids [23]. This property may be the mechanism through which per-
oxisomes regulate membrane dynamics [59,60]. Ether lipids are
enriched in lipid raft microdomains, cholesterol-rich membrane re-
gions that facilitate assembly of cell signaling complexes [61].
Depletion of these peroxisome-derived lipids leads to mislocalization of
cholesterol [61,62]. Recent studies have implicated ether lipids in
regulating ferroptosis susceptibility in mammalian cells and promoting
lifespan extension in C. elegans [63,64]. Plasmalogens, the most
common form of ether lipids, are thought to function as cellular anti-
oxidants due to the presence of the vinyl ether bond, which makes
them highly susceptible to oxidative attacks [65]. Moreover, plas-
malogens have been implicated in mediating cell signaling involved in
neuroprotection [66].

With the increasing interest in understanding the physiological roles of
ether lipids, emerging studies have uncovered a role for these lipids in
regulating energy homeostasis and affecting risk for metabolic disor-
ders. Recent work has led to the identification of ether lipids as
inversely correlated biomarkers of obese phenotypes, regulators of
mitochondrial morphology and function, and mediators of cell signaling
related to adipocyte differentiation.

4.1. Ether lipid levels in obesity and diabetes

Lipids account for over half of biological molecules in human plasma.
Most free fatty acids in serum associate with albumin, while complex
lipids such as phospholipids and triglycerides are transported through
serum in plasma lipoproteins [67]. Ethanolamine plasmalogens
represent up to 30% of the total phosphatidylethanolamine in lipo-
proteins [68]. Although liver is a major site for synthesis of ether lipids,
including plasmalogens, it has a low intracellular content of these
peroxisome-derived lipids. Instead, liver-derived plasmalogens are
thought to be transported to other tissues via lipoproteins [68]. How-
ever, the plasmalogen content in human atherosclerotic aortas has
been reported to be lower than that in normal aortas [69]. This is
presumably because plasmalogens, owing to their endogenous anti-
oxidant activity [70], prevent the formation of oxidized low-density li-
poprotein (LDL). Oxidized LDL, but not native LDL, is preferentially
taken up by macrophages and promotes their conversion to foam cells,
a hallmark of atherosclerotic lesions [71]. Accordingly, serum con-
centrations of plasmalogens are negatively associated with incident
myocardial infarction in patients [72] and plasmalogen enrichment
through dietary supplementation of an ether lipid precursor has been
reported to mitigate atherosclerosis in ApoE-deficient mice [73].
Circulating plasmalogens have also been linked to decreased
adiposity. Untargeted metabolomics of serum from healthy women
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identified choline plasmalogen PC(0-16:0/18:1) as the metabolite most
significantly inversely associated with both body-mass index (BMI) and
waist circumference. A multivariable analysis revealed plasmalogens
PC(0-16:0/18:1) and PC(0-16:0/18:2) as significantly inversely asso-
ciated with waist circumference independent of BMI, suggesting a
specific role for circulating plasmalogens in regulating or responding to
body fat distribution [74]. Notably, both PC(0-16:0/18:1) and PC(O-
16:0/18:2) are potential products of lysophosphatidylcholine
acyltransferase-3 (Lpcat3), which incorporates C18:1 or C18:2 into the
sn-2 position of lysophosphatidylcholine to produce phosphatidylcho-
line (PC) and has been implicated in glucose homeostasis, hepatic
steatosis, ferroptosis, and ER stress [75—77], suggesting a possible
interplay between peroxisome-derived ether lipids and Lpcat3-
mediated phospholipid remodeling.

In contrast to trends seen in serum, untargeted metabolomics of
visceral adipose tissue (VAT) from metabolically unhealthy obese,
metabolically healthy obese, or nonobese subjects identified significant
increases of plasmalogen species and oxidative stress metabolites in
tissue from metabolically unhealthy obese patients [78]. The absence
of significant increases of plasmalogens or oxidative stress metabolites
in VAT of metabolically healthy obese patients may imply that plas-
malogens, as potential antioxidants, increase in response to obesity-
associated oxidative stress [65,79]. Untargeted lipidomic analysis of
adipose tissue in metabolically healthy twin pairs discordant for obesity
identified increased ethanolamine plasmalogen levels in adipose tissue
of obese twin individuals with a specific enrichment for plasmalogens
containing arachidonic acid (C20:4) [80]. It is possible that the use of
twins reduced inter-sample variance sufficiently to allow for detection
of significant differences in plasmalogen levels between nonobese and
metabolically healthy obese subjects which were too small to detect in
the context of a larger cohort study such as that used by Candi et al.
[78]. If this is indeed the case, then adipose tissue plasmalogens may
increase in metabolically healthy obesity and increase further still in
metabolically unhealthy obesity, suggesting an inverse relationship
between adipose tissue plasmalogen levels and metabolic health.

A final interesting link between obesity-associated disease and total
ethanolamine plasmalogen levels exists in the nervous system, where
plasmalogens constitute roughly 70% of total phosphatidylethanol-
amine (PE) in myelin sheaths [81]. In obese db/db (leptin receptor-
deficient diabetic) mice, loss of PE plasmalogen species has been
implicated as an underlying mechanism of diabetic neuropathy,
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preceding any structural or functional defects in mitochondria, myelin
sheaths, or axons [82]. Surprisingly, this loss of plasmalogens is driven
not by hyperglycemia but instead by obesity and hyperlipidemia
themselves. Not only are these findings useful as potential biomarkers
of different subtypes of diabetic neuropathy, but they also provide new
insight into the roles of plasmalogens in the central nervous system.

4.2. Regulation of mitochondrial dynamics and respiration by
peroxisome-derived lipids

Given the uneven cellular distribution of peroxisome-derived ether
lipids, it is important to consider not only their total levels in the context
of obesity, but also their cellular functions and the mechanistic nature
of their relationships to obesity. Recent work suggests that ether lipids
influence energy homeostasis through regulation of mitochondrial
dynamics and respiration.

Dynamic regulation of mitochondrial morphology and number is ach-
ieved through highly coordinated mitochondrial fission and fusion [83]. In
metabolic tissues, these processes can drastically impact systemic
energy expenditure [84]. For example, mitochondrial morphology is
considered an important regulator of the thermogenic capacity of adi-
pocytes, with brown adipocyte mitochondria exhibiting more fragmented
and circular shape that promotes uncoupled respiration, while white
adipocyte mitochondria exhibit an elongated shape that is associated
with increased ATP synthesis activity [85—87]. Recent studies using
mice with adipose-specific knockout of the critical peroxisome-
biogenesis factor Pex16 (Pex16-AK0) suggest that peroxisome-
derived lipids are required for brown fat-mediated thermogenesis
through regulation of cold-induced mitochondrial fission [16]. Pex16-
AKO mice had impaired mitochondrial fission in brown adipocytes,
causing decreased uncoupled respiration and thermogenesis and
increased diet-induced obesity (Figure 3). Knockdown of the peroxi-
somal ether-lipid synthetic enzyme GNPAT in adipocytes recapitulated
the Pex16-AKO phenotype in a cell-autonomous manner, and dietary
supplementation with plasmalogen precursors rescued the phenotype of
high-fat diet fed Pex16-AKO mice. Together, these data demonstrate
that ether lipids play a crucial role in systemic energy expenditure by
regulating mitochondrial dynamics in adipose tissue [16].

Further supporting peroxisome-to-mitochondria  functional lipid
signaling, newly published studies suggests that peroxisome-derived
lipids promote efficient mitochondrial respiration and cell growth by
regulating assembly of the respirasome, a mitochondrial supercomplex

Normal
1hermogenesis/

Mitochondrial fission
\/
—

Ether lipids

Pex16-AKO Impaired fission

Impaired
thermogenesis

Figure 3: Adipose-specific peroxisome deficiency impairs mitochondrial fission and increases diet-induced obesity. Mice with adipose-specific knockout of Pex16
(Pex16-AKO) display impaired mitochondrial fission in brown adipose tissue, decreased thermogenesis, and increased diet-induced obesity. This phenotype is rescued by
supplementation of ether-lipid synthetic intermediates, implicating ether lipids as the mediator linking peroxisomes with mitochondrial fission and thermogenesis.
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consisting of complexes I, lll and IV [14]. These authors demonstrated
that mitochondrial phospholipids are sensitive to cellular levels of the
pyrimidine nucleotide cytidine triphosphate (CTP) and coordinate with
the de novo pyrimidine synthesis enzyme dihydroorotate dehydrogenase
(DHODH). DHODH then signals to peroxisomes to promote ether lipid
synthesis and transport to mitochondria for respirasome assembly [14].
Inter-organ communication might also be involved in regulation of
mitochondrial function by peroxisome-derived lipids. Recent studies
identified decreased serum plasmalogens as biomarkers in Leigh
Syndrome French-Canadian variant (LSFC), a monogenic mitochondrial
disorder in which a mutation in Leucine-rich PPR-motif-containing
protein (Lrpprc), a protein that regulates RNA metabolism in mito-
chondria and nuclei, causes mitochondrial dysfunction, neuro-
degeneration, and hepatic lactic acidosis [9,88,89]. These findings
were recapitulated in a LSFC mouse model with liver-specific knockout
of Lrpprc, implying that perturbed hepatic peroxisomal ether lipid
synthesis is responsible for the decreased serum plasmalogens in
LSFC subjects and possibly some of the associated defects in other
tissues, such as the brain, where plasmalogens account for approxi-
mately 20% of phospholipids [40] and are a major component of
myelin [90]. It is unclear whether altered peroxisomal lipid metabolism
is a direct effect of Lrpprc mutation or a response to mitochondrial
dysfunction, though either case suggests a relevant role for circulating
plasmalogens in the LSFC phenotype [91].

4.3. Role of peroxisome derived lipids in adipose tissue
development and function

Peroxisome-derived lipids are also thought to be partial agonists of
PPARY (peroxisome proliferator-activated receptor gamma), a ligand-
activated transcription factor critical for adipogenesis. As the name
suggests, PPARy belongs to a family of nuclear receptors originally
identified based on their ability to be activated by agents that promote
peroxisome proliferation [92]. PPARY is necessary and sufficient for
adipose tissue development [93]. It regulates the expression of a large
number of genes in adipocytes [94,95], including genes involved in
peroxisomal biogenesis [3]. Inhibition of de novo peroxisome formation
by knockdown of the critical peroxisomal biogenesis factor Pex16 has
been shown to block PPARY activation and adipocyte differentiation.
Treatment of cells with alkylglycerol, an ether lipid precursor that
enters the synthetic pathway downstream of the peroxisomal steps,
restores adipogenesis in peroxisome-deficient adipocytes, suggesting
that peroxisome-derived ether lipids are required for PPARYy activation
during adipogenesis [15]. Moreover, a role for peroxisome-derived
lipids in adipose tissue development was suggested by studies in
mice with global knockout of Pex7 [96], a peroxisomal biogenesis
factor required for import of peroxisomal matrix proteins, including the
ether lipid synthetic enzyme AGPS [97]. These mice lack plasmalogens
and have severely decreased body fat content. Remarkably, the
decreased adiposity could be rescued by feeding the mice a diet
enriched in alkylglycerol [96]. Together, these studies suggests that
the increased peroxisomal biogenesis and ether lipid synthesis in
response to PPARY activation may represent a feed-forward mecha-
nism to support the adipogenic program.

PPARY has a large ligand binding pocket [98] and can interact with and
be activated by various lipids, including fatty acids, fatty acyl-CoA
species, eicosanoids, and oxidized phospholipids [99]. Multiple ether
lipids have also been identified as potential ligands of PPARY, including
azelaoyl phosphatidylcholine (1-0-hexadecyl-2-0-(9-carboxyoctanoyl)-
sn-glyceryl-3-phosphocholine) [100]. In addition, both AGP and LPA,
direct products of the peroxisomal protein PexRAP, have been shown to
be high affinity partial agonists for PPARy [101—103]. Given that

PPARy can be activated by various lipids, it is possible that its
endogenous ligands in general exhibit partial agonism, thus allowing
selective recruitment of distinct coactivators to regulate unique subsets
of genes. In an effort to identify potential endogenous ligands of PPARY,
we used mass spectrometry to search for lipids bound to tagged PPARy
affinity captured from adipocytes [25]. This search led to the identifi-
cation of several species of ether lipid analogs of PC that were bound to
PPARY in a rosiglitazone-displaceable manner. Treatment of cells with
one of these lipid species, 1-0-octadecenyl-2-palmitoyl-3-
glycerophosphocholine (18:1e/16:0-GPC), promoted PPARY activation
and increased adipogenic gene expression [25]. Additional evidence for
a pro-adipogenic role of ether lipids was provided by an untargeted
metabolomics screen, which showed that endogenous synthesis of
monoalkylglycerol ether lipids (MAGE) increases early during 3T3-L1
adipogenesis and that treatment with these lipids promotes adipocyte
differentiation, albeit through an undefined mechanism [104].
Alkyglycerols have also been implicated in protection against childhood
obesity. These precursors of ether-linked phospholipids, including
plasmalogens, were recently shown to be enriched in breast milk.
Alkylglycerols from breast milk were found to prevent beige-to-white
adipose tissue remodeling in infants through a mechanism involving
their conversion by adipose tissue macrophages (ATM) to a bioactive
lipid called platelet-activating factor (PAF), which acts in a paracrine
manner to promote IL6 release, leading to adipose tissue browning
[105].

5. PEROXISOMAL (-OXIDATION AND THE REGULATION OF
LIPID HOMEOSTASIS IN ADIPOSE TISSUE AND LIVER

As lipid metabolic organelles, peroxisomes play important roles in
cellular lipid homeostasis through their direct synthesis and degra-
dation of various lipid species. Peroxisomal [3-oxidation is transcrip-
tionally regulated by PPARa to mediate catabolism of VLCFAs [106],
but the physiological effects of this process have remained unclear.
Emerging studies suggest that peroxisomal -oxidation is an important
regulator of cellular lipid homeostasis that increases the risk for NAFLD
via multiple mechanisms, including inhibition of adipose triglyceride
lipase (ATGL)-mediated lipolysis [11], autophagic degradation of lipid
droplets [12], and mitochondrial [-oxidation substrate availability
[10,107]. Through regulation of lipid homeostasis in adipose tissue and
liver, peroxisomal B-oxidation has the potential to affect systemic
metabolism and obesity.

5.1. Role of peroxisomal fatty acid oxidation in lipolysis

Lipolysis is a cytosolic process through which triglycerides stored in
lipid droplets are hydrolyzed, generating free fatty acids and glycerol. It
involves induction of B-adrenergic receptor signaling, resulting in the
activation of a protein kinase A (PKA)-dependent pathway [108]. Only
recently has any regulatory relationship between peroxisomes and
lipolysis emerged. Mice lacking functional peroxisomes in adipocytes
were discovered to have reduced rates of lipolysis, though the use of
the nonspecific ap2/Fabp4 promoter to drive Pex5 knockout called into
question the specificity of the observed effects [56,109]. A more recent
study clarified the role of peroxisomes in fasting-induced lipolysis
using adiponectin-Cre-driven Pex5 knockout in mice and RNAi-
mediated Pex5 knockdown in C. elegans [13]. Fasting is known to
induce lipolysis in adipocytes by activating PKA, which was found to be
associated with a kinesin family member C3 (KIFC3)-dependent
movement of peroxisomes to lipid droplets [13]. Furthermore, part of
the increase in lipolytic activity in response to fasting is mediated by
Pex5 recruitment of ATGL to peroxisome-lipid droplet contact sites.
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Pex5 depletion does not affect basal lipolysis, implying that Pex5
recruitment of ATGL to lipid droplet occurs primarily as a mechanism to
upregulate lipolysis under non-basal conditions [13]. As Pex5 is
required for normal peroxisome biogenesis, its role in fasting-induced
lipolytic upregulation reveals a novel relationship between peroxisomes
and cellular lipid homeostasis.

Insulin is a potent inhibitor of lipolysis in adipocytes, activating the
PI3K-AKT pathway which deactivates both hormone sensitive lipase
(HSL) and forkhead box 01 (FOX01) and decreases ATGL expression
[108,110—112]. The effect of insulin on hepatic lipolysis in vivo is
somewhat less clear [113,114], but insulin also inhibits both mito-
chondrial and peroxisomal 3-oxidation in hepatocytes [115], which is
likely through FOXO1 signaling [116]. Thus, both adipose tissue
lipolysis and hepatic peroxisomal [3-oxidation are negatively regulated
by insulin, the predominant extracellular cue of the fed state in vivo. A
direct role of peroxisomal B-oxidation in regulation of lipolysis in
response to intracellular cues has only recently emerged, however.
In this regard, recently published studies suggest that peroxisomal [3-
oxidation acts as a sensor of intracellular fatty acids to inhibit lipolysis.
ROS from peroxisomal [-oxidation was shown to act as a novel
signaling molecule by stabilizing disulfide bonds within the peroxin
Pex2, in turn increasing total Pex2 protein levels. Pex2 then poly-
ubiquitinates ATGL for proteasome-targeted degradation, completing
a novel signaling pathway by which peroxisomal 3-oxidation negatively
regulates basal ATGL-mediated lipolysis and thus affects lipid ho-
meostasis (Figure 4) [11]. These findings that peroxisomal 3-oxidation
inhibits lipolysis in both adipocytes and hepatocytes appear to
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contradict the relationship which would be predicted based on insulin
signaling. Insulin inhibits lipolysis in adipose tissue and peroxisomal [3-
oxidation in liver, which would suggest that the two processes are
regulated in the same direction in response to systemic energy cues,
yet these studies show that peroxisomal [-oxidation negatively reg-
ulates lipolysis. This discrepancy likely suggests that, in the absence of
insulin (basal state), cellular lipolysis is fine-tuned in response to
intracellular levels of fatty acids, though insulin-mediated effects likely
predominate in the fed state.

5.2. Inhibition of lipophagy by peroxisomal (3—oxidation-derived
acetyl-CoA

Western diets or prolonged fasting both cause NAFLD despite
increased hepatic peroxisomal [B-oxidation [117]. These contexts
reveal a novel additional mechanism by which activation of peroxi-
somal B-oxidation may contribute to hepatic steatosis. Recent studies
from our laboratory suggest that peroxisomal [-oxidation in the liver
promotes steatosis by inhibiting lipophagy [12], autophagic degrada-
tion of lipid droplets that is distinct from cytosolic lipolysis. Lipophagy is
an alternative process for releasing fatty acids from triglycerides and
involves encapsulation of lipid droplets within an autophagosome,
which fuses with a lysosome, resulting in hydrolysis of triglycerides by
lysosomal acid lipase A (LAL) [118]. Acetyl-CoA is an important
metabolic regulator of autophagy whose depletion is sufficient to
promote autophagic degradation [119]. Our studies indicate that
Acox1-mediated peroxisomal B-oxidation is a major source of acetyl-
CoA which inhibits lipophagy. Mechanistically, peroxisome-derived
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Figure 4: Peroxisomal 3-oxidation promotes nonalcoholic fatty liver disease through multiple unique mechanisms. The first step of peroxisomal 3-oxidation reduces FAD
to FADH,, which in turn reduces 0, to H,0,. The oxidant stabilizes disulfide bonds in peroxisomal biogenesis factor 2 (Pex2), thus increasing the protein levels of Pex2, which
mediates poly-ubiquitination of adipose triglyceride lipase (ATGL). This promotes targeted degradation of ATGL by proteasomes, resulting in impaired lipolysis and increased hepatic
steatosis. An alternative mechanism involves the use of acetyl-CoA, a product of peroxisomal 3-oxidation, in acetylation of regulatory-associated protein of mTOR (Raptor), part of
the mammalian target of rapamycin complex 1 (mTORC1). Acetylation of Raptor activates mTORC1, resulting in impaired lipophagy and aberrant hepatic lipid accumulation.

MOLECULAR METABOLISM 65 (2022) 101577 © 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

acetyl-CoA mediates acetylation of Raptor [12], a component of the
mechanistic target of rapamycin kinase (mTOR) complex 1 (mTORC1),
a key growth and metabolism regulatory complex that senses nutrients
and inhibits autophagy [120]. Thus, inhibiting Acox1, which catalyzes
the rate-limiting step of peroxisomal B-oxidation and is required for
peroxisomal acetyl-CoA production, ameliorates fasting- or high-fat
diet-induced hepatic steatosis. Consistent with these results, selec-
tive inhibition of hepatic mTORC1 inhibits NAFLD, reaffirming the
physiological significance of the link between mTORC1 activity and
hepatic steatosis in vivo [121]. Together, these findings demonstrate
that peroxisomal [3-oxidation-derived acetyl-CoA activates mTORC1,
inhibiting autophagy and lipophagy and contributing to the develop-
ment of NAFLD in response to fasting or obesogenic diet feeding
(Figure 4). Additional work is required to understand how peroxisomal
[-oxidation impacts whole-body energy metabolism.

5.3. Regulation of mitochondrial fatty acid oxidation by peroxisomal
[3-oxidation

Peroxisomal [-oxidation also regulates cellular lipid homeostasis
through the SIRT1/AMPK pathway and by modulating levels of
malonyl-CoA, which inhibits mitochondrial [B-oxidation substrate
availability [10,122]. Rapeseed (canola) oil causes hepatic steatosis in
animals [123], likely due to its high concentration of erucic acid
(C22:1w9), which is preferentially oxidized in peroxisomes rather than
mitochondria. The mechanism by which high-erucic-acid rapeseed oil
induces hepatic steatosis was long unclear as the animals had high
levels of hepatic PPARa activation and peroxisomal -oxidation [124],
both of which might be expected to decrease fat accumulation.
Exploring this paradoxical effect led to the elucidation of a role for
peroxisomal [-oxidation in regulating mitochondrial B-oxidation.
Peroxisomal [3-oxidation of erucic acid generates acetate and elevates
the cellular NADH/NAD + ratio, inhibiting the SIRT1-AMPK pathway
and leading to increased acetyl-CoA synthetase (ACS) and acetyl-CoA
carboxylase (ACC) activities and elevated malonyl-CoA levels. High
levels of malonyl-CoA inhibit transfer of long chain fatty acids into
mitochondria, thus blocking mitochondrial [3-oxidation [107]. These
findings reveal a novel regulatory relationship between peroxisomal
and mitochondrial B-oxidation wherein erucic acid oxidation by the
former regulates substrate availability of the latter by modulating
cellular acetate levels and NADH/NAD+- ratio [10]. Notably, regulation
of mitochondrial B-oxidation by peroxisomal [B-oxidation occurs in
contexts beyond merely erucic acid catabolism. Inhibiting Acox1, the
rate limiting enzyme in peroxisomal [-oxidation, with 10,12-
tricosadiynoic acid increases mitochondrial fatty acid oxidation in
high-fat diet fed rats by activating the SIRT1-AMPK pathway, in turn
decreasing hepatic steatosis, reducing diet-induced obesity, and
reducing serum triglyceride and insulin levels [122]. Together, these
studies demonstrate that peroxisomal and mitochondrial -oxidation
activities are inversely related due to peroxisomal -oxidation inhibiting
the SIRT1-AMPK pathway and blocking mitochondrial [B-oxidation
through malonyl-CoA formation.

5.4. Anabolic functions of peroxisomal [-oxidation

Finally, peroxisomal -oxidation regulates cellular lipid homeostasis by
potentially providing substrate for synthesis of ether lipids and
cholesterol. Early studies observed that peroxisomal [-oxidation-
derived acetyl-CoA can be incorporated into PE plasmalogens in rat
liver [125]. Rats in this experiment received clofibrate treatment to
inhibit cholesterol and bile acid biosyntheses and promote peroxisomal
[3-oxidation and were subsequently fed [1 —14C] lignoceric acid, which
is exclusively degraded by peroxisomal B-oxidation [125]. While

acetyl-CoA from peroxisomal 3-oxidation was found to be incorporated
into PE plasmalogens, whether this occurs under normal physiological
conditions remains unclear. Recent work, however, has further sug-
gested a lipogenic role for products of peroxisomal B-oxidation. In a
type-1 diabetic mouse model, excessive hepatic peroxisomal [-
oxidation was shown to generate a surplus of free acetate, which in
turn stimulates and serves as a precursor for cholesterol biosynthesis
without affecting the gene expression and abundance of key choles-
terol biosynthetic enzymes. Moreover, inhibiting peroxisomal [-
oxidation with the Acox1 inhibitor 10,12-tricosadiynoic acid decreases
cholesterol biosynthesis by reducing acetate formation [126]. While the
relationship between hepatic peroxisomal B-oxidation and circulating
LDL-cholesterol levels was not explored, it is possible that activation of
cholesterol biosynthesis by peroxisomal [-oxidation contributes to
diabetes-associated hypercholesterolemia since peroxisomal fatty acid
oxidation in the liver is strongly induced in the diabetic state [127—
129].

6. ROLE OF PEROXISOMAL ROS PRODUCTION IN OBESITY AND
DIABETES

Oxidative stress, the state in which pro-oxidative processes overwhelm
cellular antioxidant defenses through disrupted redox signaling, is a
well-recognized feature of obesity in numerous tissues [130]. Obese
humans have higher levels of oxidative stress in white adipose tissue
[131] and oxidative stress correlates with insulin resistance and intra-
abdominal obesity [132]. Obesity-associated oxidative stress is
generally thought to result from prolonged nutritional excess and
hyperinsulinemia, together increasing metabolic demand on the
mitochondria and consequently ETC activity, leading to increased ROS
production by complexes | and Ill [133,134]. Increased ROS, in the
form of Ho05 or superoxide (02 ), inhibits insulin signaling in adipocytes
and thus causes insulin resistance [135]. Oxidative stress-induced
inhibition of insulin signaling functions as a last line of defense
against ROS-mediated cellular damage, as accumulating ROS in-
dicates to the cell that the presently available antioxidant defenses are
insufficient relative to the rate of ROS production and therefore insulin
signaling must be inhibited to decrease ETC activity and the ROS it
produces. In this way, adipose tissue oxidative stress represents an
adaptive response to overnutrition, which has the untoward effects of
causally linking obesity to insulin resistance and the myriad of other
associated metabolic disorders such as type 2 diabetes [136]. Mito-
chondria are a major source of cellular ROS, particularly O, , and have
been the focus of many studies on the role of oxidative stress in obesity
and diabetes [133]. Peroxisomes are also major sources of ROS,
particularly H,0,, and thus also have potential to mediate obesity-
induced insulin resistance [137].

Although peroxisomes produce up to 35% of total H,0, in certain
tissues [35], the role of adipose tissue peroxisomal ROS metabolism in
obesity and insulin resistance remains relatively unexplored. Levels of
peroxisomal markers decrease in brown adipose tissue of ob/ob
(leptin-deficient obese) mice relative to lean controls [138] and
obesity-resistant mice have enhanced peroxisomal -oxidation in VAT
[139], together suggesting an inverse relationship between ROS-
producing peroxisomal enzymes and obesity-associated oxidative
stress in adipose tissue. Consistent with these correlations, a recent
study found that treating 3T3-L1 adipocytes with H,0, decreases
abundance of many peroxisomal proteins, suggesting that adipocytes
might downregulate peroxisomal biogenesis in response to oxidative
stress, possibly to decrease peroxisome ROS production [140].
Decreasing adipose tissue oxidative stress in vivo by adipose-specific

8 MOLECULAR METABOLISM 65 (2022) 101577 © 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

double overexpression of the antioxidant enzymes superoxide dis-
mutase and catalase, a primarily peroxisomal protein, demonstrates
that oxidative stress inhibits the healthy expansion of adipose tissue
and confirms that adipose tissue oxidative stress is sufficient to cause
insulin resistance [141]. Although this study did not exclusively explore
peroxisomal ROS metabolism, the specific contribution of peroxisomes
to ROS production in these conditions represents an exciting area of
future research, considering the significance of adipose tissue oxida-
tive stress in obesity-associated insulin resistance.

Oxidative stress is also believed to be involved in pancreatic [-cell
lipotoxicity, which often occurs as a result of prolonged elevations of
circulating nonesterified fatty acids (NEFA). B-cell lipotoxicity impairs
glucose-stimulated insulin secretion and contributes to the loss of -
cells in type 2 diabetes [142]. Certain lipotoxic fatty acids, such as
palmitic acid, are oxidized by both peroxisomes and mitochondria
[143], processes which could contribute to lipotoxicity-associated
oxidative stress since both mitochondrial and peroxisomal [-oxida-
tion produce ROS [144]. Catalase, the peroxisomal H,0, antioxidant
enzyme, is thought to be a “forbidden gene” whose expression must
be suppressed for normal B-cell functioning, in theory leaving B-cells
particularly susceptible to peroxisome-derived ROS [145]. B-cell-
specific peroxisome deficiency compromises [-cell integrity and
promotes cell death in vivo, leading to glucose intolerance and
impaired insulin secretion in both normal chow- or high fat diet-fed
mice [146]. While these findings suggest an indispensable role for
peroxisomes in B-cell function and viability, they cannot distinguish
which of the many peroxisomal functions is responsible for this
phenotype.

A specific role for peroxisomal fatty acid oxidation in B-cell lipotoxicity
is suggested by the fact that peroxisome-localized overexpression of
catalase in B-cells decreases NEFA-induced lipotoxicity [147]. These
results suggest that ROS, primarily H,0,, derived from peroxisomal 3-
oxidation of NEFA is the key mediator of lipotoxicity in pancreatic [B-
cells. An indispensable signaling role for peroxisomal ROS is consistent
with the notion that catalase, which would eliminate most peroxisomal
ROS, is not expressed in B-cells. Why B-cells do not express catalase,
leaving them poorly defended against both H,0, formed during
peroxisomal 3-oxidation and the resultant lipotoxicity, remains unan-
swered. Recent findings have demonstrated that, while high doses of
ER stress are deleterious and promote B-cell death, low doses of ER
stress are adaptive and promote [-cell proliferation under hypergly-
cemic conditions [148]. One theory for the lack of catalase expression
in B-cells could be that peroxisomal oxidative stress functions analo-
gously to ER stress and is beneficial at low levels yet harmful at high
levels. Such a mechanism, which is analogous to a previously
discovered one in mitochondria [149], would provide a rationale for the
lack of catalase expression in [3-cells, as the presence of catalase
would greatly reduce the sensitivity of such a signaling pathway.

7. SUMMARY AND FUTURE DIRECTIONS

Peroxisomes are important metabolic organelles which coordinate with
ER, lysosomes, and mitochondria to play key roles in lipid and ROS
metabolism. In metabolic tissues such as adipose tissue, liver, and
pancreas, peroxisomes are emerging as cellular regulators of various
processes, with close connections to systemic metabolism and
obesity. With the increasing interest in the role of peroxisomes in
metabolic health and disease, a number of key questions remain.

It is unknown why there are multiple mechanisms through which per-
oxisomes regulate fatty acid mobilization and catabolism; an improved
understanding of these processes could help elucidate therapeutic
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targets for decreasing lipid storage and promoting lipid oxidation as an
obesity treatment. Numerous studies have associated decreased
circulating ether lipids with obesity and BMI, although it is unclear if this
is a cause or a response to disease. The mechanistic nature of this
relationship also remains unclear. Suggesting a potential protective role
against obesity, these peroxisome-derived lipids are a component of
mitochondrial membranes and may affect mitochondrial respiration and
energy expenditure by regulating assembly of the respirasome and
increasing thermogenic capacity of brown adipocytes by mediating cold-
induced mitochondrial fission [14,16]. Further supporting a causative
role for ether lipids in decreasing obesity, breast milk-derived alkylgly-
cerols have been reported to promote adipocyte browning [105].
Adipose tissue ROS is believed to causally link obesity with insulin
resistance, yet the specific contribution of peroxisome-derived ROS in
this process has not been explored, possibly since mitochondrial ROS is
increased in obesity by hyperinsulinemia and thus a seemingly more
obvious mediator. Oxidative stress correlates in proportion with the
amount of ROS produced relative to the antioxidative defenses present,
however. Thus, even if the absolute ROS production by peroxisomal 3-
oxidation is less than that from mitochondrial B-oxidation, a better
understanding of the former might help uncover new therapeutic targets
to reduce or prevent obesity-associated insulin resistance and meta-
bolic syndrome by reducing cellular ROS. Finally, as a potential mediator
of lipotoxicity in pancreatic B-cells, peroxisome derived ROS are a
possible therapeutic target to prevent glucose intolerance in obesity and
B-cell loss in type 2 diabetes. The notable lack of catalase expression in
these cells, however, is unlikely an accident, and rather represents an
evolutionarily selected feature which requires further study if thera-
peutic treatment is to be progressed. Further investigation into the role
of peroxisomal ROS production and other metabolic processes regu-
lated by peroxisomes might uncover novel mechanisms through which
obesity and diabetes can be treated or diagnosed clinically.
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