Diabetologia (2015) 58:549–557
DOI 10.1007/s00125-014-3452-0

ARTICLE

Selective inhibition of 12-lipoxygenase protects islets and beta cells
from inflammatory cytokine-mediated beta cell dysfunction
David A. Taylor-Fishwick & Jessica Weaver & Lindsey Glenn & Norine Kuhn &
Ganesha Rai & Ajit Jadhav & Anton Simeonov & Angela Dudda & Dieter Schmoll &
Theodore R. Holman & David J. Maloney & Jerry L. Nadler

Received: 14 July 2014 / Accepted: 23 October 2014 / Published online: 23 November 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract
Aims/hypothesis Islet inflammation leads to loss of functional
pancreatic beta cell mass. Increasing evidence suggests that
activation of 12-lipoxygenase leads to inflammatory beta cell
loss. This study evaluates new specific small-molecule inhibitors of 12-lipoxygenase for protecting rodent and human beta
cells from inflammatory damage.
Methods Mouse beta cell lines and mouse and human islets
were treated with inflammatory cytokines IL-1β, TNFα and
IFNγ in the absence or presence of novel selective 12lipoxygenase inhibitors. Glucose-stimulated insulin secretion
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(GSIS), gene expression, cell survival and 12-Shydroxyeicosatetraenoic acid (12-S-HETE) levels were evaluated using established methods. Pharmacokinetic analysis
was performed with the lead inhibitor in CD1 mice.
Results Inflammatory cytokines led to the loss of human beta
cell function, elevated cell death, increased inflammatory gene
expression and upregulation of 12-lipoxygenase expression
and activity (measured by 12-S-HETE generation). Two 12lipoxygenase inhibitors, Compounds 5 and 9, produced a
concentration-dependent reduction of stimulated 12-S-HETE
levels. GSIS was preserved in the presence of the 12lipoxygenase inhibitors. 12-Lipoxygenase inhibition preserved survival of primary mouse and human islets. When
administered orally, Compound 5 reduced plasma 12-S-HETE
in CD1 mice. Compounds 5 and 9 preserved the function and
survival of human donor islets exposed to inflammatory
cytokines.
Conclusions/interpretation Selective inhibition of 12lipoxygenase activity confers protection to beta cells during
exposure to inflammatory cytokines. These concept validation
studies identify 12-lipoxygenase as a promising target in the
prevention of loss of functional beta cells in diabetes.
Keywords 12-Lipoxygenase . Cytokines . Diabetes . Drug
discovery . Inhibitors . Islets
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Introduction
Islet inflammation is a key contributor to loss of functional
pancreatic beta cell mass in both type 1 and type 2 diabetes
[1–3]. Studies have implicated inflammatory cytokines and
immune cell infiltration leading to pathways, including oxidative and endoplasmic reticulum (ER) stress activation, that
damage beta cell viability [4–11]. Despite advances, key
therapeutic targets leading to new drug-based strategies to
prevent the loss of functional beta cell mass have not been
clearly identified [12]. There is accumulating evidence that
activation of 12-lipoxygenase is a key link between cytokinemediated inflammation and beta cell damage [13]. 12Lipoxygenase is an oxygenase for arachidonic acid (AA)
and other fatty acids, leading to proinflammatory lipids including 12-S-hydroperoxieicosatetraenoic acid (12-SHPETE) and 12-S-hydroxyeicosatetraenoic acid (12-SHETE) [14, 15]. 12-Lipoxygenase is expressed in rodent
and human islets [11, 15–18] and is upregulated under conditions of metabolic and cytokine stress. Direct addition of 12-SHETE can impair beta cell function or can lead to loss of
human beta cell viability [13, 15, 16, 19–22]. Recent evidence
indicates that increased expression of 12-lipoxygenase in islets is a common feature of both rodent and human models of
type 1 and type 2 diabetes [11, 13, 15, 17, 22]. Deletion of 12lipoxygenase protects mice against hyperglycaemia induced
with low dose streptozotocin. In the NOD mouse, 12lipoxygenase deletion confers a near complete protection
against type 1 diabetes and also reduces immune cell activation [17, 23]. Interestingly, two independent groups have
shown that 12-lipoxygenase activation also participates in
high-fat-induced insulin resistance and adipose tissue inflammation [24, 25]. Deletion of 12-lipoxygenase significantly
inhibits the development of insulin resistance in mice fed a
high-fat diet. Products of 12-lipoxygenase lead to ER stress,
oxidative stress and generation of proinflammatory cytokines
[11, 13, 14, 26]. Very recent evidence has shown that 12lipoxygenase can generate IL-12 production in the islet [23,
27]. Local IL-12 production may propagate an immune inflammatory state that further induces beta cell damage [27]. In
human islets obtained from donors with type 2 diabetes, 12lipoxygenase is upregulated and is associated with early islet
dysfunction and increased migration of CD45+ leucocytes
[11]. Studies to date have not shown any adverse effects
associated with a targeted genetic deletion of 12lipoxygenase in rodent models. Thus, pharmacological inhibition of 12-lipoxygenase could be a promising target by
which to prevent or even help stop the loss of functional beta

cell mass in diabetes. Historically, this field of research has
been limited by the lack of selective 12-lipoxygenase inhibitors. We previously reported the discovery, synthesis and
optimisation of inhibitors that are highly selective for 12lipoxygenase [28]. The current proof-of-concept study demonstrates the efficacy of these small-molecule inhibitors of 12lipoxygenase in protecting rodent and human beta cells from
damage associated with inflammation.

Methods
Ethics Protocols and procedures were reviewed and approved
by relevant institutional regulatory committees.
Mouse islets, human islets and cell culture Mouse islets were
freshly isolated from 6-week-old male C57BL/6J (Jackson
Laboratory, Bar Harbor, ME, USA) by common-bile-duct
cannulation and collagenase digestion as previously reported
[29]. Islets were hand picked prior to use. Human islets were
obtained from Integrated Islet Distribution Project (http://iidp.
coh.org) and cultured in CMRL media (Mediatech, Manassas,
VA, USA). MIN6, βTC-3 and INS-1 beta cells were cultured
in standard media as previously reported [30]. Media and
supplements were obtained from (Life Technologies, Grand
Island, NY, USA). Cells were cultured at 37°C in a 5% CO2/
humidified atmosphere.
Treatment and real-time PCR Cells or islets were treated with
species-specific triple-cytokine cocktail (IL-1β 5 ng/ml,
TNFα 10 ng/ml and IFNγ 100 ng/ml; R&D Systems, Minneapolis, MN, USA) with or without inhibitor. Compounds 5
or 9 were added 30 min before stimuli and retained for the
remainder of the experiment. cDNA was prepared from isolated RNA as previously reported [13, 27, 31]. Speciesspecific Taqman primers were used for ALOX12, IL-12p40
(also known as IL12B), IFNγ (IFNG), monocyte
chemoattractant protein-1 (MCP1), actin and glyceraldehyde3-phosphate dehydrogenase (GAPDH) (Life Technologies).
Real-time PCR reactions were performed in triplicate on a
CFX96 Thermal Cycler (Bio-Rad, Hercules, CA, USA). The
housekeeping genes actin and GAPDH were used to normalise
the data. The 2−ΔΔCt method was used to analyse the data.
Glucose-stimulated insulin secretion For determination of
glucose-stimulated insulin secretion (GSIS), cells or islets
were stimulated for 4 h with light-protected 12-S-HETE in
ethanol or triple-cytokine cocktail as described for real-time
PCR. Compounds 5 or 9 were added 30 min before application of stimuli and retained for the remainder of the experiment. Each condition had 40 islets or, for cell lines, an 80%
confluent well (6-well plate). After stimulation islets/cells
were incubated in low-glucose KRB for 1 h at 37°C. For
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GSIS, insulin, following 30 min incubation in 3 mmol/l
glucose-KRB (low-glucose) or 16.7 mmol/l glucose-KRB
(high-glucose), was measured by ELISA (Mercodia, Winston
Salem, NC, USA) as previously reported [27].
12-S-HETE ELISA Before treatment, cells and islets were
incubated in media without serum for 1 h. Serum-free media
was replaced by media containing 1% BSA. Cells were treated
with 100 μmol/l AA (ENZO Life Sciences, Farmingdale, NY,
USA) and 5 μmol/l A23187 (Sigma, St. Louis, MO, USA) for
4 h at 37°C without or with inhibitor. Compounds 5 or 9 were
added 30 min before application of stimuli and retained for the
remainder of the experiment. 12-S-HETE was measured in
extracted samples. The methodology for extraction and
ELISA followed the manufacturer’s instructions (ENZO Life
Sciences).
Apoptosis detection Apoptosis was detected by using a
caspase-3 assay and fluorescence microscopy. For the
caspase-3 assay, pro-caspase-3 cleavage was measured in
treated cells or islets using a Caspase-3 Assay kit (BD
Pharmingen, Franklin Lakes, NJ, USA) following the manufacturer’s instructions. Results were normalised to islet number. Fluorescence was measured (excitation wavelength
380 nm, emission wavelength 440/460 nm) using a
SpectraMax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA).
For fluorescence microscopy, treated islets (up to 200 per
condition) were washed with cold PBS and incubated for
30 min at 4°C in PBS containing 0.1 μmol/l YO-PRO-1 and
1 μg/ml propidium iodide (Life Technologies). Fluorescence
was quantified as previously reported [13, 27]. Briefly, after
islets were washed in cold PBS, green/red/bright field images
were captured with an Axiophot microscope (Zeiss, Jena,
Germany) and green fluorescent intensity was quantified
using Axiovision image analysis software (Zeiss). A minimum of five random fields from each of three separate experiments was analysed. All islets (>1,000 μm2) were analysed in
each field. The densitometric fluorescence value for YOPRO-1, as a ratio of islet area, was normalised to background.
Data is expressed either as relative fluorescent units (RFU) or
as an apoptotic index (the relative normalised expression with
stimuli [positive control] signal being defined as unity).
Oral pharmacokinetics Pharmacokinetic variables were evaluated following a single oral bolus administration of 50 mg/kg
Compound 5 as wet-milled suspension in HEC/Tween (99.5%
HEC (0.5% / 0.5% Tween 80) to male CD1 mice (Harlan
Winkelmann, Paderborn, Germany). Plasma samples taken at
each time point (n=3) were analysed using Sciex 4000 LC/
MS/MS (AB SCIEX, Framingham, MA, USA). Pharmacokinetic variables were calculated using WinNonlin V 5.2.1
(Pharsight Corporation, Mountain View, CA, USA). Plasma
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12-S-HETE was detected in extracted samples by ELISA
according to the manufacturer’s instructions (ENZO Life
Sciences).
Statistical analysis Experiments were performed in triplicate
(separate experiments) at a minimum. Student’s t test (twotailed) or one-way ANOVA with Tukey’s post hoc testing
(Prism 4.0; GraphPad Software, La Jolla, CA, USA) were
used to determine statistical significance (95% CI and
p<0.05). Data shown are mean±SEM.

Results
12-S-HETE is a mediator of proinflammatory cytokineinduced beta cell dysfunction Exposure of human donor islets
to a cocktail of three inflammatory cytokines (IFNγ, IL-1β,
TNFα) resulted in loss of beta cell function, elevated gene
expression and an increase in cell death. Concomitant with
induced islet dysfunction, treatment of human donor islets
with the cytokine cocktail resulted in elevated gene expression
for ALOX12, the transcript of 12-lipoxygenase. Five separate
donor preparations of human islets were assayed for ALOX12
expression (D1–D5, Fig. 1a). Relative to untreated control an
overall significant 5.94±1.2-fold increase in 12-lipoxygenase
expression occurred following cytokine stimulation (p<0.01).
One product of 12-lipoxygenase enzyme activity is the
bioactive lipid metabolite 12-S-HETE. To determine whether
the eicosanoid 12-S-HETE contributes to islet dysfunction,
human donor islets were stimulated directly with 12-S-HETE.
In control (vehicle-treated) human donor islets exposure to
16.7 mmol/l glucose resulted in a significant increase in
insulin secretion; this response was significantly attenuated
in human donor islets following a 4 h incubation with 1 nmol/l
or 100 nmol/l 12-S-HETE (Fig. 1b). Cell death was measured
microscopically (representative images and quantification
shown in Fig. 1c–e) (p<0.0001) and was elevated in human
donor islets exposed to 100 nmol/l 12-S-HETE overnight,
relative to control (vehicle-treated) islets.
To establish whether cytokines induce 12-S-HETE, human
donor islets were treated with cytokines and a dilution series
of AA, a substrate for 12-lipoxygenase. After a 4 h stimulation, 12-S-HETE levels in the culture media was measured by
ELISA. An elevation of 12-S-HETE in the culture media was
not detectable after incubation with cytokines alone. Addition
of AA resulted in a concentration-dependent increase in media
12-S-HETE. Detectable 12-S-HETE in the media was significantly elevated when cytokine stimulation was combined
with AA, relative to AA alone (p<0.01, Fig. 1f).
These data suggest that activation of 12-lipoxygenase in
human donor islets results from cytokine stimulation. The
bioactive lipid, 12-S-HETE, is a potential mediator of
cytokine-induced islet dysfunction.
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Fig. 1 12-S-HETE is a candidate mediator of inflammatory cytokineinduced human islet dysfunction. (a) Expression of ALOX12 in five
distinct human donor islet preparations (D1–D5) and combined islet
preparations (All) following stimulation with cytokines (IFNγ, IL-1β,
TNFα). Fold increase in ALOX12 expression relative to unstimulated
(control) islets is shown. (b) GSIS in human islets treated with 12-SHETE. Insulin secretion was measured in 3 mmol/l (white bars) and
16.7 mmol/l (black bars) glucose. (c–e) Cell death in human islets treated

with 100 nmol/l 12-S-HETE. Quantified apoptosis, determined by YOPRO-1 staining is shown graphically (e), with representative images for
control (c) and 12-S-HETE-treated islets (d). (f) 12-S-HETE production
in human islets stimulated with AA in the absence (circles) or presence
(squares) of cytokines. All experiments were performed across a minimum of three donors. *p<0.05, **p<0.01, ****p<0.0001 vs control
(a, e) or AA alone (f); (b) ††p<0.01 vs control 3 mmol/l glucose,
*p<0.05, **p<0.01 vs control 16 mmol/l glucose

8-Hydroquinolines inhibit 12-lipoxygenase activity in mouse
beta cell lines A high-throughput screening campaign identified an 8-hydroquinoline (8-HQ)-based chemical series that
demonstrated nanomolar potency for inhibition of 12lipoxygenase [28]. The compounds were found to be selective,
having no significant activity against 5- or 15-lipoxygenases or
cyclooxygenase (COX) enzymes (electronic supplementary
material [ESM] Table 1). Compounds 5 and 9 (structures
shown in ESM Fig. 1) showed a robust and selective inhibition
of 12-lipoxygenase in cell-free assays. The ability of these
compounds to inhibit 12-lipoxygenase in beta cell lines was
measured. Homogeneous mouse beta cell lines were stimulated
with AA and calcium ionophore (IONO) to elevate 12lipoxygenase activity. The resultant production of 12-S-HETE
was measured in the absence or presence of Compounds 5 or 9.
Treatment with AA/IONO for 4 h resulted in a significant
elevation of 12-S-HETE detected in the culture media: 12-SHETE levels rose to 7,548±864 pg/ml in AA/IONO-treated
MIN6 cells relative to basal levels of 531±63 pg/ml in
unstimulated MIN6 cells (p<0.01). Inclusion of Compound 9
and Compound 5 resulted in a concentration-dependent inhibition of AA/IONO-stimulated 12-S-HETE detected in media
from MIN6, with a calculated IC50 value of 0.78 μmol/l and
0.59 μmol/l, respectively (Fig. 2a). A similar effect was observed in βTC-3 cells (Fig. 2b). Suppression of the AA/IONOstimulated 12-S-HETE increase by these compounds was also
observed in the rat beta cell line INS-1 (ESM Fig. 2).

Structural analogues that exhibited low potency in the 12lipoxygenase biochemical assay did not significantly inhibit
12-S-HETE (Fig. 2c). Compound F has an 8-HQ scaffold and
a low 12-lipoxygenase inhibitory potency (IC50 >70 μmol/l;
ESM Fig. 1). Unlike Compound 9, no significant inhibition of
AA/IONO-induced 12-S-HETE in βTC-3 cells was observed
with Compound F at concentrations up to 15 μmol/l. 12-SHETE in βTC-3 cells was significantly elevated when cytokine stimulation was combined with AA, relative to AA alone
(p<0.01, Fig. 2d).
These data show that Compounds 9 and 5 selectively
inhibit 12-lipoxygenase in whole cells, as measured by inhibition of 12-S-HETE production in murine beta cell lines.
Inhibition of 12-lipoxygenase preserves function of beta cell
lines exposed to proinflammatory cytokines To assess beta
cell function, measurement of GSIS in a static model was
performed. Insulin secretion following transition from
3 mmol/l glucose media (low-glucose) to 16.7 mmol/l glucose
media (high-glucose) was significantly increased in the mouse
beta cell lines MIN6 and βTC-3 (Control, Fig. 3a, b;
p<0.05). After a 4 h exposure to the triple-cytokine
cocktail the GSIS response was absent ( p =NS). The
GSIS response in cytokine-treated cells was preserved
by addition of 10 μmol/l Compound 5 or Compound 9
( p<0.05). Compounds alone did not affect the GSIS
response (ESM Fig. 3a, b).
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Fig. 2 Inhibition of 12lipoxygenase activity in beta cell
lines. (a) Inhibition of AA/IONO
(AA/I)-stimulated 12-S-HETE in
MIN6 cells by Compounds 5
(squares) and 9 (circles); a similar
effect was seen in βTC-3 cells
(b). (c) AA/I-stimulated 12-SHETE in βTC-3 cells in the
presence of Compound 9 and
inactive Compound F. (d) 12-SHETE production in βTC-3 cells
stimulated with AA in the
absence (triangles) or presence
(diamonds) of cytokines. [Cpd],
concentration of compound.
*p<0.05; **p<0.01 vs AA/I
(a–c) or AA alone (d), n=3
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12-lipoxygenase inhibitors. Cytokine-induced cell death in the
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marker of cytokine-induced changes in mouse islets,
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Inhibition of 12-lipoxygenase preserves survival of primary
mouse islets exposed to proinflammatory cytokines Increased
cell death is an outcome of longer exposure of islets and beta
cells to proinflammatory cytokines. To determine whether
activation of 12-lipoxygenase is an effector of this pathway,
primary islets from mice were studied. Islets were incubated
with the triple-cytokine mixture overnight in the absence and
presence of Compound 5 or 9. Apoptosis was determined by
measuring caspase-3 activity (Fig. 4a) and also microscopically, through quantification of YO-PRO-1/propidium iodide
fluorescent stains (Fig. 4b). Cytokine-induced caspase-3
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Fig. 3 Preserved GSIS in mouse beta cell lines exposed to cytokines.
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and cytokine-stimulated cells in the absence or presence of 10 μmol/l
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Fig. 4 Preserved GSIS and cell survival in primary mouse islets exposed
to inflammatory cytokines. Cytokine-induced apoptosis in islets from Bl6
mice measured by caspase-3 activation (a) and quantitative microscopic
analysis (b) and induced gene expression for Mcp1 (c) or Il-12p40 (d) in
the absence and presence of 10 μmol/l Compound (Cpd) 5 or 9. PIC,
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reduced over 60% by Compound 5, with peak inhibition
occurring at 2 h post administration and levels returning
towards pre-treatment levels thereafter. Reduction in plasma
12-S-HETE correlated with plasma compound exposure.
These data in mice support evidence of acute systemic
efficacy for inhibition of 12-lipoxygenase activity by Compound 5, identify a clear relationship between Compound 5
exposure and efficacy and indicate that the inhibition of 12lipoxygenase by Compound 5 is reversible.

The fold induction of these genes relative to control
(unstimulated and time-matched) islets is shown in
Fig. 4c, d. The cytokine-mediated increases in gene
expression were significantly reduced by co-culture with
Compound 5 or 9 ( p < 0.05). Islets from non-diabetic
NOD mice were used to study the protective effect of
Compound 9 against the effects of cytokines (ESM
Fig. 5). Islets co-treated with Compound 9 were significantly protected from cytokine-induced apoptosis and
upregulation of Mcp1 and Il-12p40 ( p<0.05).
These data from primary mouse islets support the proposed
role of 12-lipoxygenase in mediating islet cell death induced
by inflammatory cytokines.

Inhibition of 12-lipoxygenase preserves function and survival
of human donor islets exposed to proinflammatory
cytokines The ability of 12-lipoxygenase inhibitors to confer
protection against damage associated with exposure to inflammatory cytokines was assessed in human donor islets. Stimulation of human islets with AA/IONO elevated the levels of
12-S-HETE in culture media from a basal level of 2,482±
204 ng/ml to a stimulated level of 6,460±249 ng/ml (p<0.01).
Both of the 12-lipoxygenase inhibitors, Compound 5 and
Compound 9, resulted in a concentration-dependent inhibition
of AA/IONO-stimulated 12-S-HETE (Fig. 6a). Human islet
dysfunction mediated by inflammatory cytokines was measured by GSIS following a 4 h cytokine exposure and by
apoptosis following overnight cytokine exposure. Cytokinemediated uncoupling of GSIS (Fig. 6b) and induction of
apoptosis (Fig. 6c) were significantly reduced by co-culture
of human islets with the 12-lipoxygenase inhibitors (p<0.05).
Compounds alone did not affect the GSIS response (ESM
Fig. 3c). Assessment of gene expression for IL-12p40
(Fig. 6d) and IFNγ (Fig. 6e) was made across a minimum of
six human donor islet preparations. Stimulation with the
cytokine cocktail elevated IL-12p40 and IFNγ; this elevation was inhibited by co-treatment with Compound 5
or 9 ( p <0.05). No significant reduction in cytokineinduced gene expression of IL-12p40 or IFNγ was
observed with structural analogues that were not potent
for inhibition of 12-lipoxygenase activity (IC 50 ≥
70 μmol/l, data not shown).

Inhibition of 12-lipoxygenase activity in vivo To determine
whether systemic administration of Compound 5 reduced
basal 12-S-HETE, mice were given the compound by intraperitoneal injection. Euglycaemic NOD mice were dosed
daily for 3 days to assess compound tolerability. The dosing
regimens were 30 mg/kg twice daily, 50 mg/kg twice daily or
50 mg/kg daily, with three or four mice per group. Mice were
assessed using the Body Condition Score [32]. No significant adverse reactions were noted. Thirty minutes
after the final injection blood was collected by cardiac
puncture and the plasma was analysed for 12-S-HETE
(Fig. 5a). Relative to vehicle control, a dose-related
inhibition of plasma 12-S-HETE was observed in mice
treated with Compound 5.
To explore the oral efficacy of Compound 5, male CD1
mice (three mice per time point) were administered a single
bolus of 50 mg/kg Compound 5 by gavage. Plasma concentrations of the compound and the plasma level of 12-S-HETE
were analysed at each time point post compound administration (Fig. 5b). The peak plasma concentration (1,820 ng/ml) of
Compound 5 was reached at 30 min post administration and
steady elimination occurred thereafter. The plasma half-life
for 50 mg/kg Compound 5 given by the oral route was
calculated to be 2.72 h. The plasma level of 12-S-HETE was
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Fig. 6 Preserved GSIS and cell survival in primary human donor islets
exposed to inflammatory cytokines. (a) AA/IONO stimulated 12-SHETE in human islets treated with Compound (Cpd) 5 (squares) or 9
(circles). Circled X on the y-axis shows AA/IONO alone. (b) Insulin
secretion in response to 3 mmol/l (white bars) or 16.7 mmol/l (black bars)
glucose in untreated (Control) and cytokine-treated human islets in the
absence or presence of 5 μmol/l of Compound (Cpd) 5 or 9. (c–e)
Quantified apoptosis (c) following treatment with cytokines in the absence or presence of 5 μmol/l Compound 5 or 9 and gene expression of
IL-12p40 (d) or IFNγ (e). PIC, proinflammatory cytokines. Data is from
≥four donors *p<0.05 and **p<0.01 for indicated comparison or relative
to control; †p<0.05 and ††p<0.01 relative to cytokines

The data acquired using human donor islets suggest that 12lipoxygenase is a mediator of inflammatory cytokine-induced
islet dysfunction. Selective inhibition of 12-lipoxygenase activity serves to preserve human islet function in vitro.

Discussion
Several lines of study accumulated over the last decades have
identified a role for 12-lipoxygenase in disease pathophysiology. Review of 12-lipoxygenase and links to biological systems highlights the important role of 12-lipoxygenase in the
development of type 1 diabetes [11, 15, 17, 23, 33, 34].
Studies of mouse models with transgenic deletion of 12lipoxygenase suggest that activity of the 12-lipoxygenase
enzyme strongly associates with beta cell dysfunction [17,
19, 33]. Islet-specific deletion of 12-lipoxygenase confers
protection of islets from high fat, streptozotocin and cytokines
[35].

These observations raise the possibility that selective inhibition of 12-lipoxygenase may find use as a therapeutic strategy for diabetes. Identifying a central role for 12-lipoxygenase
in beta cell dysfunction has been limited by the lack of
selective inhibitors. Previously purported inhibitors of 12lipoxygenase (e.g. baicalein) have exhibited limited selectivity, being active against other lipoxygenase enzymes [36].
Following a high-throughput campaign, we reported a new
series of first-in-class selective inhibitors of 12-lipoxygenase
[28]. The identified 8-HQ series exhibited a greater than 100fold selectivity for inhibition of 12-lipoxygenase relative to
other lipoxygenases tested (5-lipoxygenase, 15-lipoxygenase)
and COX1 and COX2 [28]. These compounds have made it
possible to evaluate 12-lipoxygenase as a mediator of inflammatory cytokine-induced beta cell dysfunction.
Acute exposure of islets and beta cell lines to a threecytokine cocktail (TNFα, IL-1β, IFNγ) promotes beta cell
dysfunction and elevated levels of islet apoptosis [13, 16,
27]. This cytokine cocktail induces expression of genes
encoding for IL-12 and IFNγ in islets and beta cells [27].
With relevance to clinical diabetes, inflammation is a
recognised component of the development of both type 1
and type 2 diabetes [1–3]. Concomitant with beta cell dysfunction and decreased islet survival, inflammatory cytokine
stimulation increased 12-lipoxygenase gene expression. These observations suggest that bioactive products resulting from
elevated 12-lipoxygenase activity may connect inflammation
and islet dysfunction. To determine whether 12-lipoxygenase
is involved in the damaging effect of cytokines on human
islets, human donor islets were treated with 12-S-HETE and
read-outs attributed to inflammatory cytokine exposure were
measured. 12-S-HETE is a stable bioactive lipid, produced as
a result of 12-lipoxygenase activity. Consistent with the effects of inflammatory cytokines, direct acute stimulation of
human donor islets with 12-S-HETE uncoupled GSIS, elevated islet apoptosis and induced the expression of genes
encoding for IL-12 and IFNγ. These data, consistent with
previous reports, indicate that 12-lipoxygenase is a mediator
of inflammatory cytokine-induced islet/beta cell dysfunction
[16].
Selective inhibition of 12-lipoxygenase offered the ability
to explore the importance of 12-lipoxygenase activity in the
mediation of inflammatory cytokine-induced beta cell dysfunction. Use of homogeneous beta cell lines additionally
allowed exploration of the activity of 12-lipoxygenase in beta
cells directly as opposed to its activity in other cells such as
macrophages [23]. The 8-HQ compounds inhibited the stimulated 12-S-HETE production in mouse beta cell lines with
IC50 values of 0.78–0.59 μmol/l. Importantly, the 8-HQ compounds blocked inflammatory cytokine-induced beta cell dysfunction as measured by static GSIS. The 8-HQ compounds
similarly preserved islet function and survival in primary
mouse or human donor islets exposed to inflammatory
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cytokines. Interestingly, the 8-HQ compounds inhibit cytokine induction of an IL-12/IFNγ axis. Production and function of IL-12 in beta cells, as previously reported, suggest that
IL-12 is associated with cytokine-mediated islet dysfunction
[27]. Activity of 12-lipoxygenase has been described in other
model systems as residing upstream of IL-12 [37].
Efficacy of 8-HQ compounds in human islets highlights the
potential for 12-lipoxygenase inhibition to be translated to clinical studies. The 8-HQ compounds inhibit 12-S-HETE levels
following systemic administration. This encouraging finding is
further supported by a clear direct relationship between exposure and efficacy following oral administration. Initial pharmacokinetic studies indicate that the members of the 8-HQ compound class are bioavailable but have poor aqueous solubility.
Medicinal chemistry optimisation of the 8-HQ class has proved
challenging given that only modest improvements in potency
are achieved. Less-than-desirable aqueous solubility has limited
the development of parenteral formulations with which to perform long-term proof-of-concept studies in animal models of
diabetes. This limitation is expected to be overcome in future
studies following the recent identification of a new chemical
class of selective 12-lipoxygenase inhibitors [38].
Collectively, these studies describe the efficacy of smallmolecular-weight compounds in the selective inhibition of 12lipoxygenase. The results provide concept validation for the
use of 12-lipoxygenase inhibitors to confer islet protection.
Preservation of beta cell function and survival is pertinent to
the management of diabetes. Inflammation contributes to the
initiation and progression of beta cell loss in both type 1 and
type 2 diabetes. Clarification of the cellular mediators of
cytokine-induced beta cell dysfunction and their selective
inhibition are expected to offer new therapeutic strategies in
diabetes that can be translated to the clinic to preserve functional beta cell mass.
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