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Abstract: Arachidonic acid (AA) is a polyunsaturated 20-carbon fatty acid present in phospholipids
in the plasma membrane. The three primary pathways by which AA is metabolized are mediated by
cyclooxygenase (COX) enzymes, lipoxygenase (LOX) enzymes, and cytochrome P450 (CYP) enzymes.
These three pathways produce eicosanoids, lipid signaling molecules that play roles in biological
processes such as inflammation, pain, and immune function. Eicosanoids have been demonstrated to
play a role in inflammatory, renal, and cardiovascular diseases as well type 1 and type 2 diabetes.
Alterations in AA release or AA concentrations have been shown to affect insulin secretion from
the pancreatic beta cell, leading to interest in the role of AA and its metabolites in the regulation of
beta-cell function and maintenance of beta-cell mass. In this review, we discuss the metabolism of
AA by COX, LOX, and CYP, the roles of these enzymes and their metabolites in beta-cell mass and
function, and the possibility of targeting these pathways as novel therapies for treating diabetes.

Keywords: arachidonic acid; beta-cell mass; eicosanoids; prostaglandins

1. Introduction

In the United States, diabetes is a major health concern, affecting over 11% of the
population and costing an estimated $327 billion annually [1]. Diabetes is characterized
primarily by hyperglycemia and is commonly divided into two major types. Type 1 diabetes
(T1D) is characterized by autoimmune destruction of the insulin-producing beta cells in the
pancreas, resulting in a loss of circulating insulin and subsequent hyperglycemia. Type 2
diabetes (T2D) is primarily associated with obesity and insulin resistance, accompanied by
a failure of beta cells to secrete sufficient insulin to overcome the resistance, thus leading to
hyperglycemia. Both T1D and T2D can be thought of as diseases of insufficient functional
beta-cell mass, and there is great interest in developing therapies to increase beta-cell mass
and/or improve beta-cell function.

One potential signaling pathway to target to modulate beta-cell mass or function
involves the metabolism of arachidonic acid (AA), a polyunsaturated 20 carbon fatty acid.
AA is released from membrane phospholipids through the action of phospholipase A2
(PLA2), which recognizes and hydrolyzes the sn-2 acyl bonds of the phospholipids. PLA2
inhibition has been shown to affect beta-cell function. For example, the treatment of rat

Metabolites 2022, 12, 342. https://doi.org/10.3390/metabo12040342 https://www.mdpi.com/journal/metabolites

https://doi.org/10.3390/metabo12040342
https://doi.org/10.3390/metabo12040342
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metabolites
https://www.mdpi.com
https://orcid.org/0000-0002-1221-1169
https://orcid.org/0000-0003-3287-8101
https://doi.org/10.3390/metabo12040342
https://www.mdpi.com/journal/metabolites
https://www.mdpi.com/article/10.3390/metabo12040342?type=check_update&version=1


Metabolites 2022, 12, 342 2 of 14

islets with PLA2 inhibitors suppresses glucose-stimulated insulin secretion (GSIS) without
affecting glucose metabolism [2] or the activity of other phospholipases [3]. A similar effect
was also observed in human islets [4]. This suppression of GSIS could be due to the effect
of PLA2 inhibition on calcium transients; treatment of mouse islets with a PLA2 inhibitor
abolished calcium oscillations in response to glucose [5]. In beta cells, PLA2 is activated by
increases in glucose concentration [6] and adenosine triphosphate (ATP) [7].

While PLA2 inhibition has clear effects on GSIS, it is less clear if those effects are due
to loss of AA production or to effects on other PLA2 substrates. However, in support of a
direct role for AA in stimulating GSIS, treatment of isolated human islets with exogenous
AA resulted in increased GSIS [4]. Additionally, in clonal rat beta cells, treatment with
exogenous AA increased GSIS and also stimulated cell growth [8]. AA has also been shown
to protect beta cells against the negative effects of palmitic acid exposure; concomitant
incubation of rat beta cells with both AA and palmitic acid led to decreased cell death,
increased GSIS, and decreased production of reactive oxygen species (ROS) when compared
to cells incubated with palmitic acid alone [9]. This suggests that AA could be beneficial not
only for beta-cell function, but also for protecting or increasing beta-cell mass. However, it
is not entirely clear in these studies whether the effects seen with AA treatment are due to
AA itself, or to its biologically active eicosanoid metabolites (discussed below). The beta-
cell response to AA and its metabolites may also be context dependent; for example, islets
isolated from both T1D and T2D mouse models fed a diet enriched in eicosapentaenoic acid
(EPA), which competes with AA for the same downstream metabolic enzymes, showed an
improved GSIS response [10], suggesting that decreased AA metabolism may be protective
in the setting of diabetes.

AA is primarily metabolized through three major pathways, mediated by the activity
of cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450 (CYP) enzymes
(Figure 1). All three pathways generate eicosanoids (20 carbon fatty acids), which play a
role in many biological processes including inflammation [11], immune function [12,13],
vascular function [14], and pain perception [15]. This review will focus on the enzymes that
metabolize AA in each of these pathways as well as the metabolites generated and their
effects on beta-cell mass and function. The effects of treatment with these metabolites on
beta cells are summarized in Table 1, and the effects of loss of AA metabolizing enzymes or
signaling pathways are summarized in Table 2.
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 Figure 1. Eicosanoids derived from arachidonic acid (AA). Phospholipids containing AA are hy-
drolyzed by phospholipase A2 (PLA2), releasing free AA. AA can be subsequently metabolized by
three enzymes and their associated pathways, cyclooxygenase (COX), lipoxygenase (LOX and cy-
tochrome P450 (CYP)). These enzymes mediate the production of the eicosanoids, biologically active
metabolites of AA including prostaglandins (PGs), thromboxane (TXA), hydroxyeicosatetraenoic
acids (HETEs), and epoxyeicosatrienoic acids (EETs).
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Table 1. Summary of known effects of AA metabolite treatment on beta cells.

Metabolite Receptor Effect on Beta Cells References

12-HETE GPR31 ↓ function
↑ death [16,17]

20-HETE FFAR1 ↑ function [18]

5,6-EET Unknown ↑ function [19]

8,9-EET
11,12-EET
14,15-EET

Unknown ↓ death [20]

PGD2 DP2 ↑ function [21]

PGE2

EP3 ↓ function [22–24]

EP4 ↓ death [25]

Table 2. Summary of known effects of loss of genes that encode AA metabolizing enzymes or
signaling pathways on beta cells.

Gene Knockout Effect on Beta Cells References

Alox5 ↓ function
↑mass [26]

Alox15 ↑ function
↓ death [27–29]

sEH ↑ function
↓ death [30]

Cyp2c44 ↑ function [31]

Cyp1a1/2 ↑ function [32]

Ptger1 None [33,34]

Ptger2 None [33]

Gaz
↑ function
↓ death [35,36]

Gas
↓ function
↓mass [37]

2. Lipoxygenase-Derived Molecules (HETEs)

The lipoxygenase (LOX) family of enzymes catalyze the oxygenation of AA and are
classified mainly according to which specific carbon atom is oxygenated (typically the 5, 12,
and/or 15 positions) (Figure 1). The best characterized lipoxygenases in humans are 5-LOX
(encoded by ALOX5, also called leukocyte 5-LOX) and 12-LOX (encoded by ALOX12 or
ALOX15, also known as platelet 12-LOX and leukocyte 12-LOX, respectively) [38]. Both
5-LOX and 12-LOX generate hydroxyeicosatetraenoic acids (HETEs) from AA. 5-LOX
produces 5-HETE from AA as well as many leukotrienes. Platelet 12-LOX converts AA to
12-hydroperoxyeicosatetraenoic acid (12-HPETE), which can be reduced by glutathione
peroxidase to the more stable 12-HETE. Similarly, leukocyte 12-LOX (also known as 12/15-
LOX) produces 12-HETE, but also produces lesser amounts of 15-HETE, at a ratio of
about 6:1 [38]. Lipoxygenase-derived metabolites of AA, regardless of which lipoxygenase
produces them, are generally considered to be proinflammatory. Products of 5-LOX have
been described to be detrimental in both cardiovascular and renal diseases [39–43].

Alox5 mRNA has been detected in human islets [4], and 5-LOX products have been
detected in rodent islets, although these are present at lower levels than products of 12-
LOX [44]. Global Alox5 deficiency in mice results in impaired insulin secretion despite a
trend toward increased beta-cell mass (a result of an increase in individual beta-cell size
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and number) [26]. Insulin content was also lower in islets from Alox5 null mice relative
to their controls, and consistent with this observation, expression of the insulin2 gene
(Ins2) and the critical beta-cell identity transcription factor Pdx1 was also decreased [26].
siRNA knockdown of ALOX5 expression in isolated human islets also resulted in decreased
Pdx1 and insulin and decreased insulin secretion [26]. These results suggest that 5-LOX
is important for the regulation of beta-cell function. However, it is possible that the loss
of 5-LOX activity results in the shunting of AA to other pathways, and it is the effects of
increased activity of those alternate pathways that lead to the negative effects of 5-LOX
deficiency on beta-cell function rather than direct effects of 5-LOX and its AA metabolites.
Likewise, it is not clear whether the effects of global 5-LOX deficiency are due to its loss in
beta cells or to its loss in other cell types such as macrophages. Further study is also needed
to determine which of the AA metabolites produced by 5-LOX might be responsible for
effects on beta-cell mass and function.

A role for 12-LOX and its lipid products in pancreas development has been identified
in zebrafish. Knockdown of alox12 expression using antisense morpholinos caused a
reduction in overall pancreas size, and a significant decrease in beta-cell number, while
alpha-cell number remained unaffected [45]. Knockdown of gpr31, the putative receptor
for the primary 12-LOX product 12-HETE [46], resulted in a similar reduction in pancreas
size and beta-cell number, suggesting that a signaling axis involving 12-LOX, 12-HETE,
and GPR31 is required for normal pancreatic development in zebrafish. A role for 12-LOX
in mammalian pancreas development has not yet been identified, though loss of Alox15
specifically in the pancreas had no effect on beta-cell mass or islet function in mice [27].
Treatment of GPR31-transfected CHO cells with its ligand 12-HETE activates the MEK
and ERK pathways [46], which are involved in the regulation of cell proliferation. GPR31
is expressed in mouse and human islets and in the mouse immortalized beta-cell line
βTC3. Treatment of islets from Gpr31−/− mice with an insulin receptor inhibitor (mimicking
insulin resistance) showed increased expression of beta-cell identity genes and decreased
expression of ER stress genes, implicating this pathway in the regulation of beta-cell
function [47].

The AA metabolites generated by 12-LOX are almost uniformly thought to be proin-
flammatory [48–50]. Because 12-LOX is expressed in metabolically-active tissues including
hepatocytes, adipose tissue, and islets, it has been investigated in the context of diabetes
and obesity. 12-LOX increases with age in pancreatic islets from db/db mice, a model of
T2D, as is the primary 12-LOX product 12-HETE, paralleling the development of hyper-
glycemia and loss of islet number that is characteristic of this mouse model [51]. 12-LOX is
also upregulated in islets from human donors with T2D, though immunofluorescence for
insulin and 12-LOX suggests that this upregulation may be localized to PP cells rather than
beta cells [52]. However, it is possible that increased 12-LOX in PP cells could still affect
beta cells, since products secreted from PP cells can have paracrine and/or distal effects.
Whether upregulation of 12-LOX affects secretion from PP cells, and how that might affect
beta cells is not known.

Because 12-HETE and 12-LOX are increased in proinflammatory conditions and by
treatment with cytokines such as IL-1β [16,28,29], the effects of 12-LOX inhibition on beta-
cell mass and function have been examined under these conditions. For example, studies
of global Alox15−/− mice reveal that they are resistant to streptozotocin (STZ)-induced
diabetes. Islets isolated from Alox15−/− mice also have improved GSIS in the presence
of cytokines [28]. Further studies in the non-obese diabetic (NOD) mouse, a model of
spontaneous autoimmune diabetes, showed that loss of 12-LOX dramatically decreased
diabetes incidence in both males and females [53]. These mice had preserved beta-cell
mass, and decreased islet inflammation and immune infiltration [53,54]. Given that these
studies were performed in mice with a global deletion of Alox15, the beneficial effects on
beta cells may be due in part to the loss of 12-LOX function in other cell types involved in
T1D etiology such as macrophages. Loss of Alox15 in macrophages has been shown in other
studies to alter their function and decrease the production of proinflammatory 12-LOX
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products [54,55]. However, 12-LOX expression in islets has been shown to increase with age
in NOD mice [54], suggesting a contribution of locally produced pro-inflammatory 12-LOX
products in islet dysfunction and destruction independent of the immune system. Indeed,
similar to what was observed in the whole body knockout, specific inactivation of Alox15
in the pancreas using Pdx1-Cre was protective against STZ-induced diabetes and improved
glucose homeostasis during high-fat diet (HFD) feeding [27]. In both the STZ and HFD
models, beta-cell mass was preserved in 12-LOX pancreas-specific knockout mice. This
protective effect of the loss of 12-LOX function may be mediated in part by reductions in
oxidative stress within beta cells due to increased expression of genes encoding antioxidant
enzymes including Gpx1 and Nfe2l2 (Nrf2) [27,56,57]. Pharmacological inhibition of 12-LOX
activity in NOD mice and in isolated mouse and human islets recapitulated the phenotypes
seen in genetic inactivation models including improved GSIS and decreased cell death after
cytokine treatment [29].

Other studies have examined the direct effects of treatment with lipoxygenase products
on islet function and cell survival. Treatment of human islets with 12-HETE attenuates
GSIS [17,29], perhaps by impairing cellular metabolic activity [17]. 12-HETE treatment
alone also increased cell death in isolated human islets [17]; a similar increase in beta-cell
death and decrease in cellular metabolic activity was observed in a mouse beta-cell line
following 12-HETE treatment [16]. Little is known about the pathways mediating these
effects; however, 12-HETE treatment has been shown to induce expression of NADPH
oxidase 1 (NOX-1) in human islets [56], which could result in a prolonged increase in ROS
production, leading to beta-cell dysfunction and death. Additionally, 12-HETE can activate
the p38-MAPK pathway [17,58]. This pathway is known to regulate pro-inflammatory
cytokine production [59], and activation by 12-HETE in beta cells may initiate or exacerbate
inflammation and impair beta-cell function. Interestingly, studies in pancreatic cancer cell
lines suggest that 12-HETE can activate ERK pathways to stimulate proliferation [58], but
this has not been shown to occur in beta cells, suggesting a possible cell type specificity of
the effects of 12-HETE within the pancreas.

3. Cytochrome P450-Derived Metabolites (EETs)

Cytochrome P450 (CYP) enzymes metabolize AA to produce 16-, 17-, 18-, 19-, and
20-HETE, or epoxyeicosatrienoic acids (EETs) including 5,6-, 8,9-, 11,12-, and 14,15-EET
(Figure 1). There are a large number of CYP isoforms, with CYP4 isoforms generating
HETEs and CYP2 isoforms producing EETs. While the effects of the LOX and COX path-
ways on beta-cell mass and function have been well-studied, much less is known about the
effects of the products of the CYP enzymes.

In contrast to the lipoxygenase-generated 12-HETE, which attenuates GSIS, CYP-
generated 20-HETE appears to act as part of a positive feedback loop to promote GSIS.
Tunaru et al. demonstrated a glucose-dependent increase in 20-HETE generation and in
CYP4 isoform expression from isolated mouse and human islets, and this was blocked by a
CYP inhibitor [18]. Treatment of islets with 20-HETE augmented GSIS through its activation
of the fatty acid receptor FFAR1 [18]. Interestingly, this feedback loop was blunted in islets
from HFD-fed mice and from human donors with T2D, implicating this pathway as a
potential target for treatments to improve GSIS.

EETs have been studied widely in the context of cardiovascular and renal diseases [60–63],
but less is known about their effects on beta-cell function and mass. Falck et al. demonstrated
that treatment of isolated rat islets with 5,6-EET stimulated insulin release in a concentration
dependent manner, while treatment with 8,9-, 11,12-, or 14,15-EET stimulated glucagon
production [19]. Cyp2j expression has been detected specifically within whole human and rat
pancreatic islets [64]; searches of publicly available data show a low level of Cyp2j isoform
expression within alpha, beta, and delta cells [65]. Endogenous islet EET production was also
detected in human and rat islets, though not all potential EET products could be quantified
because of rapid hydrolysis [64]. Treatment of a rat beta-cell line with a mixture of exogenous
EETs (8,9-, 11,12-, and 14,15-EET) attenuated cytokine-mediated cell death, implicating EETs
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in promoting beta-cell survival [20]. This treatment also resulted in a reduction in NFκB
activity, which may partly explain the mechanism by which EETs promote beta-cell survival.
These data support an anti-inflammatory role for EETs, consistent with their effects in other
tissues [60,66].

It is difficult to study the effects of EETs particularly in vivo because of their rapid hy-
drolyzation by soluble epoxide hydrolase (sEH) to dihydroxyeicosatrienoic acids (DHETs),
which are less biologically active. Therefore, an alternate method to study the biological
functions of EETs has been to inhibit sEH activity. Loss of sEH, either through gene inacti-
vation or through pharmacological inhibition, significantly blunted hyperglycemia in mice
treated with STZ and increased GSIS in isolated islets and in vivo [30]. This improvement
in GSIS may be due in part to an elevation in the intracellular calcium concentrations seen
with loss of sEH activity in beta cells following glucose administration [30]. Loss of sEH
was also protective against beta-cell apoptosis in mice treated with STZ, further implicating
EETs as playing a role in beta-cell survival [30].

Less is known about the effects of modulating EET-producing CYP isoform expression
or activity on beta cells. Loss of Cyp2c44 (the gene encoding Cyp2c) in mice resulted in a
large increase in GSIS in isolated islets, but this response was significantly blunted when
GSIS was examined in vivo during a hyperglycemic clamp [31]. Further study will be
needed to resolve the conflict between these in vitro and in vivo data, and to determine the
effects of the loss of Cyp2c on EET levels and beta-cell function.

One area of interest is the possible role for beta-cell CYP1a isoforms in response to
environmental pollutants, as chronic exposure to persistent organic pollutants (POPs) is
associated with increased risk of diabetes [67–69], and treatment of isolated islets with
the POP dioxin causes reduced insulin secretion [70,71]. Dioxin induces expression of
CYP1A1 in human islets ex vivo, and in mouse islets after in vivo systemic treatment [32].
Dioxin treatment suppresses GSIS in islets from wild type mice, but not in islets from
Cyp1a1/1a2 knockout mice, suggesting that CYP1a1 activity is involved in the effects of
dioxin on insulin secretion [32]. Basal insulin secretion was also decreased in Cyp1a1/1a2
null islets, suggesting that these enzymes act to regulate basal insulin secretion as well as
GSIS [32]. Dioxin treatment also leads to an increase in beta-cell death [32]. The effects of
this treatment are long-lasting, as female mice treated with dioxin showed impairments in
glucose metabolism as long as 28 weeks after exposure [72]. Effects of dioxin appear to be
partially sex-specific; male mice display a decrease in beta-cell mass post-dioxin exposure
while female mice do not [73]. Intriguingly, HFD feeding had a similar effect of increasing
Cyp1a1 expression in islets as did dioxin exposure, implicating CYP1a1 in the response to
HFD as well as pollutant exposure [74]. The precise role of CYP1a1 and its metabolites in
modulating beta-cell function and mass remains to be elucidated.

4. Cyclooxygenase-Derived Metabolites (Prostanoids)

Cyclooxygenase (COX) 1 and 2, also known as prostaglandin-endoperoxide synthase
(PTGS) 1 and 2, catalyze the conversion of AA to prostaglandin G2, which is rapidly con-
verted to prostaglandin H2 (PGH2). PGH2 can then be converted into several bioactive
molecules by a number of prostanoid synthase enzymes, generally named for their prod-
ucts. The principal metabolites of PGH2 are prostaglandin D2 (produced by prostaglandin
D synthase (PGDS)), prostaglandin E2 (produced by prostaglandin E synthase (PGES)),
prostaglandin F2 (produced by prostaglandin F synthase (PGFS)), prostaglandin I2 (also
known as prostacyclin, produced by prostacyclin synthase), and thromboxane A2 (pro-
duced by thromboxane synthase (TxAS)) (Figure 1).

COX1 is thought to be constitutively expressed and active, while COX2 expression is
generally thought to be induced in response to stimuli such as inflammation. However, the
beta cell is somewhat unique in possessing constitutive COX2 activity that can be further
upregulated by stimuli such as pro-inflammatory cytokines, high glucose levels, high free
fatty acids, and PGE2 itself. Elevated COX2 (and COX1) expression has been documented
in islets isolated from mouse models of obesity and diabetes as well as from cadaveric
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human organ donors with diabetes [22,25,75], which has been correlated with enhanced
PGE2 release and/or increased plasma PGE metabolite levels [23,76]. COX2 expression
in isolated islets is also positively correlated with body mass index (BMI) in non-diabetic
human donors [76]. Additionally, palmitate treatment of isolated human islets increased
expression of COX2, but decreasing COX2 expression in MIN6 immortalized beta cells by
siRNA knockdown or by treatment with an antagonist protects against palmitate-induced
apoptosis [75]. These findings suggest that COX2 and its metabolites play an important
role in regulating beta-cell function and death.

The principal AA metabolites generated downstream of COX activity (PGD2, PGE2,
PGF2, PGI2, and TXA2) exert their effects through G protein coupled receptors. The
G protein to which each receptor couples determines the downstream effects of these
metabolites. PGD2 acts through its receptors DP1 or DP2, which are GS and Gi/o coupled,
respectively. PGE2 can signal through EP1, EP2, EP3, or EP4. EP1 is principally Gq coupled,
EP2 and EP4 are Gs coupled, and EP3 is coupled to the Gi subfamily (Figure 2). The
receptors for PGF2 and TXA2 (FP and TP, respectively) couple to Gq, and IP, the receptor
for PGI2, is Gs coupled. All of these receptors are expressed in human and rodent islets
and beta cells [22,25,77,78], though there is some conflicting data for the expression of
Ptger2 (EP2) [33,77]. In INS-1 (832/3) cells, mRNA for Ptger1 (EP1), Ptger3 (EP3), and Ptger4
(EP4) is present at significant levels, while in isolated islets, all four EP isoforms can be
detected [22,24,33].
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Figure 2. Model of EP3 and EP4 signaling in beta cells. In the presence of a proliferative or survival
stimulus, when PGE2 is bound, EP3 and EP4 exert opposing effects on adenylyl cyclase, with
EP3 inhibiting cyclic AMP (cAMP) production through Gαz signaling and EP4 promoting cAMP
production through Gs signaling. EP3 acts through the downstream effector PLCγ1 to inhibit beta-cell
proliferation and survival, while EP4 acts through PKA to promote beta-cell survival.

Of the prostanoids, PGD2 and PGE2 have been the most widely studied for their
roles in the modulation of beta-cell function and mass, and thus we focus on these for the
remainder of this review. Early findings revealed PGD2 as a potent stimulator of glucagon
secretion from perfused rat pancreas, with little effect on insulin secretion [79]. However,
the story of PGD2 is not fully clear, since overexpression of prostaglandin D synthase
(L-PTDS), which would be predicted to increase PGD2 production, reduced glucagon se-
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cretion from the alpha-cell-derived αTC-1 line, an effect mediated exclusively by DP1 [80].
Human pancreatic expression of DP2 (also known as GPR44), on the other hand, is lim-
ited to and enriched in beta cells, so much so that radiolabeled DP2 ligands have been
proposed as a novel PET tracer for quantifying beta-cell mass in vivo [21,81–83]. High
glucose and IL-1β treatment increase PGD2 secretion from stellate cells in human islets,
and PGD2 suppressed glucose-stimulated and incretin-potentiated insulin secretion by sig-
naling through DP2 [21]. However, the DP2-specific antagonist, ADZ1981, had no effect on
GSIS or incretin-dependent insulin secretion in human subjects with T2D [21], and neither
PGD2 nor DP2-selective ligands had any effect on INS-1 (832/3) cell GSIS [24]. However,
Abadpour et al. recently reported that treatment with a selective DP2 antagonist, AZ8154,
improved insulin secretion from human islets treated ex vivo with high glucose and IL-1β,
and reduced apoptosis in those same islets [84]. Additionally, in diabetic mice trans-
planted with human islets, DP2 antagonist treatment led to preserved islet graft area and
function, and the treated mice showed improvements in glucose tolerance and decreased
fasting glucose levels [84]. Further study will be needed to reconcile these conflicting data
as well as elucidate whether PGD2 and its receptors play a role in the maintenance of
beta-cell mass.

Prostaglandin E2 Signaling

In contrast to PGD2, much evidence has emerged for PGE2 as a direct regulator of
beta-cell function and mass, though the effect varies depending on the EP receptor activated.
PGE2 binds with the strongest and equal affinity to EP3 and EP4, and with lesser affinity
to EP1 and EP2 [85]. There is minimal evidence for a role for EP1 or EP2 in regulating
beta-cell mass and/or function. EP1 antagonist treatment of isolated rat islets did not affect
GSIS, nor did it oppose the deleterious effects of IL-1β on GSIS [34], and global loss of
Ptger1 had no effect on hyperglycemia in mice treated with STZ [33]. Similarly, global loss
of Ptger2 alone had no effect on STZ-induced hyperglycemia, but wild-type mice treated
with a combination of an EP2 agonist and EP4 agonist were protected against STZ-induced
hyperglycemia compared to the controls [33]. However, none of these studies directly
assessed the effects of EP1 and EP2 signaling on beta-cell function or survival, and therefore
these effects could be due to alterations in EP1 or EP2 signaling in other tissues.

Expression of Ptger3 (the gene encoding EP3) in the islet is dynamically regulated in
pathophysiological conditions such as prediabetes, T1D, and/or T2D. For example, Ptger3
expression is upregulated in islets from mice or humans with T2D [10,22–24]. In mouse
islets, PGE2 reduces GSIS exclusively via EP3-dependent mechanisms [22–24]). However,
the relevance of enhanced EP3 expression to human beta-cell function and mass appears
limited to T2D, where Ptger3 expression is inversely correlated with BMI [25]. In obese, non-
diabetic individuals, there is no correlation of donor BMI with Ptger3 expression [25,76]. The
improvement in beta-cell function in T2D mice associated with increased EPA consumption
is correlated to a decrease in Ptger3 gene expression, with no change in expression of other
EP receptors [10].

In the beta cell, EP3 is specifically coupled to the unique inhibitory G protein alpha
subunit, Gαz [35,36,86–88] (Figure 2), and activates downstream signaling through PLC
γ1 [25]. C57BL/6N or J mice lacking the Gαz protein globally or specifically in beta cells,
respectively, are protected from HFD-induced T2D and multiple low-dose STZ induction
of diabetes [35,36]. Gαz-null NOD mice are similarly protected from hyperglycemia, and
demonstrate increased beta-cell replication and survival compared to NOD mice with intact
Gαz [35]. These studies suggest that therapeutic blockade of EP3 signaling would have
beneficial effects in the setting of both T1D and T2D. Furthermore, combined EP3 blockade
with activation of Gs-coupled pathways in the beta cell (for example, GLP-1 signaling)
might provide additional benefit. In support of this idea, co-treatment of STZ-treated Gαz-
null mice with a sub-therapeutic dose of the GLP-1 receptor agonist, Exendin-4, potentiates
GSIS, beta-cell replication, and beta-cell survival [35,89].
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EP3 plays a role in the regulation of beta-cell mass and identity in addition to beta-cell
function. Systemic administration of an EP3 antagonist results in increased beta-cell mass
and proliferation in db/db mice [90]. In addition, EP3 blockade reversed many of the
gene expression changes that occur in db/db islets including restoration of GLP-1 receptor
expression and beta-cell genes such as insulin, Slc2a2 (Glut2), Nkx6.1, MafA, and Pdx1 [90].

The EP3 receptor is unique among the PGE2 receptors in that it has multiple splice vari-
ants (three in mice, ~10 in humans) that differ in their ligand-dependent versus constitutive
activity [91,92]. Expression of the highly constitutively-active EP3γ splice variant increases
with age in islets from mice, correlating with decreased beta-cell proliferative capacity [25].
This suggests that increases in EP3 receptor activity contribute to impairments in beta-
cell compensation. While no direct evidence yet exists, expression of EP3γ also appears
critically important for negatively regulating GSIS, potentially as a mechanism to reduce
beta-cell stress and promote increased beta-cell replication [36,88,93]. As it is impossible
to competitively block the activity of a ligand-independent GPCR, confirmation of this
hypothesis awaits the generation of EP3γ-specific knockout mice or an inverse agonist that
can block signaling through EP3γ.

The role of EP4 in the regulation of beta-cell mass and function has not been clearly
defined. While treatment with an EP4 agonist alone has no effect on beta-cell proliferation
in isolated mouse or human islets, beta-cell proliferation can be stimulated in isolated
human islets when combined with a blockade of EP3 signaling [25]. Additionally, treatment
with an EP4 agonist protects against pro-inflammatory cytokine-mediated beta-cell death
in both mouse and human islets [25]. These data indicate that targeting EP4 activation may
be helpful in preserving beta-cell mass in the context of T1D, where cytokine levels and
PGE2 levels are increased. However, there are conflicting data on this point. EP4 agonist
treatment suppressed the pro-inflammatory effects of macrophages on MIN6 cells [94], and
treatment with agonists for EP2 and EP4 partly protects against STZ toxicity and restores
beta-cell function in mice [33], suggesting that EP4 helps protect beta-cell mass and function.
On the other hand, in prediabetic NOD mice, inhibition of EP4 with an antagonist decreased
IL-1 levels and reduced leukocyte infiltration into the islet [95], indicating that EP4 blockade
might be protective in this context. Another study investigating EP4 in the context of T1D
demonstrated that PGE2 signaling through EP4 induced the production of some cytokines,
but also decreased the expression of TNFα [96], highlighting the complexity of the effects
of PGE2-EP4 signaling.

EP4 has also been shown to indirectly promote insulin secretion. Ptger2 null mice
treated with an EP4 agonist showed improvements in glycemia, and were protected from
STZ-induced hyperglycemia [33]. In the db/db mouse model, EP4 agonism improved
glucose tolerance and insulin levels [94]. However, neither of these studies examined the
direct effects of EP4 on beta-cell function. In a study of the EP receptors in INS-1 (832/3)
cells, EP4-selective agonists had no effect on insulin secretion [24]. Because EP3 and EP4
bind PGE2 with equal affinity [85] and have opposing downstream signaling pathways, it
is possible that any positive effects of signaling through EP4 may be countered by signaling
through EP3, and therefore a role for EP4 may only be uncovered in specific contexts
(Figure 2).

EP4 couples to Gs, leading to increased cAMP (Figure 2) and activated PKA signal-
ing [25]. Inactivation of Gαs in beta cells of adult mice results in reduced beta-cell mass,
decreased insulin secretion, and glucose intolerance [37]. These deficits are apparent as
early as postnatal day 28, and are associated with decreases in beta-cell proliferation and
expression of beta-cell identity genes, suggesting that signaling through Gαs is required to
promote beta-cell maturity and establish functional postnatal beta-cell mass [37]. Signaling
through Gαs may be impaired in the context of T2D; Oduori et al. recently demonstrated
that persistent membrane depolarization of beta cells causes a switch from Gs to Gq signal-
ing [97]. This would suggest that EP4 agonism would not be effective as a therapeutic to
improve beta-cell function in the context of T2D, since the downstream signaling pathway
is impaired, but this would need to be explored further.
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5. Conclusions

Arachidonic acid and its metabolites have distinct and diverse effects on beta-cell mass
and function. Some such as 12-HETE and 5-HETE act predominantly to inhibit beta-cell
function and decrease beta-cell mass, while others such as PGE2 can exert positive or negative
effects depending on the downstream receptor through which it signals (Tables 1 and 2).
Alteration of these metabolites and/or their downstream signaling pathways has shown
promise in the treatment of both T1D and T2D, both in the regulation of beta-cell function
and mass as well as immune system function. However, broad inhibition of enzymes such as
COX2 or PLA2 would lead to loss of positive-acting metabolites as well as negative-acting
ones, and thus specific targeting is needed to ensure the desired beneficial effect is achieved.
Additionally, a single AA metabolite may act through opposing pathways, as with PGE2
signaling through EP3 and EP4. Therefore, synergistic activation of a positive-acting pathway
and inhibition of a negative-acting pathway using receptor-specific compounds may be
needed to achieve the maximal effects on beta-cell mass and function, as seen in studies
with EP3 inhibition and GLP-1R activation. Further studies are needed to identify receptors
through which many AA metabolites act as well as the signaling pathways through which
they exert their effects.
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