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Abstract

Introduction: Type 1 diabetes (T1D) is an autoimmune disease in which pro-inflammatory and 

cytotoxic signaling drive the death of the insulin-producing β cells. This complex signaling is 

regulated in part by fatty acids and their bioproducts, making them excellent therapeutic targets.

Areas covered: We provide an overview of the fatty acid actions on β cells by discussing how 

they can cause lipotoxicity or regulate inflammatory response during insulitis. We also discuss 

how diet can affect the availability of fatty acids and disease development. Finally, we discuss 

development avenues that need further exploration.

Expert opinion: Fatty acids, such as hydroxyl fatty acids, ω-3 fatty acids and their downstream 

products, are druggable candidates that promote protective signaling. Inhibitors and antagonists 

of enzymes and receptors of arachidonic acid and free fatty acids, along with their derived 

metabolites, which cause pro-inflammatory and cytotoxic responses, have the potential to be 

developed as therapeutic targets also. Further, because diet is the main source of fatty acid 

intake in humans, balancing protective and pro-inflammatory/cytotoxic fatty acid levels through 
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dietary therapy may have beneficial effects, delaying T1D progression. Therefore, therapeutic 

interventions targeting fatty acid signaling hold potential as avenues to treat T1D.
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1. Introduction

Type 1 diabetes (T1D) is a chronic metabolic condition that is estimated to affect 8.4 

million people worldwide [1]. It is caused by autoimmune destruction of the insulin-

producing β cells of the islets of Langerhans in the pancreas [2]. This islet autoimmune 

(IA) response, also known as insulitis, is characterized by islet inflammation and the 

appearance of circulating autoantibodies against β-cell proteins [3]. Many systemic and 

cellular components have been associated with T1D development including immune cell 

signaling, ER stress and lipids. Although lipids are recognized as structural entities of 

cellular membranes and energy storage molecules, they act as inflammatory mediators in 

T1D development [4]. This is supported by the recent findings of a pro-inflammatory lipid 

signature in children at high-risk for developing T1D and in the T1D non-obese diabetic 

(NOD) mouse model at the disease onset [5]. Lipids are also T1D biomarkers [6–8]. For 

example, triacylglycerol and phosphatidylcholine levels are reduced in plasma prior to the 

onset of T1D [6] along with lipoprotein-associated proteins that transport them [9]. There 

is also an increase in circulating free fatty acids (FFAs) [8], suspected to have a pathological/

negative effect in islets during T1D development. Besides the FFAs, many inflammatory 

mediators are fatty acids or oxidized products of fatty acids, making them excellent targets 

for therapeutic development. In fact, fatty acid signaling is the target for many inflammatory 

medicines, including popular over-the-counter drugs such as aspirin and acetaminophen 

[10,11].

Structurally, fatty acids are carboxylic acids of different aliphatic hydrocarbon chain lengths 

(Figure 1) [12]. These aliphatic chains can be further modified by methylation, desaturation, 
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oxidation and acylation [12], extending their repertoire of biological roles. Structurally fatty 

acid modifications are as important as the aliphatic chain length in determining the fatty acid 

physicochemical proprieties and biological role. Methylation of fatty acids, for example, 

leads to chain branching and can add stereoisomerism [13]. Beyond methylation, fatty 

acids can be hydroxylated and further acylated into fatty acid esters of hydroxy fatty acids 

(FAHFAs), such as the palmitic acid esters of hydroxy stearic acids (PAHSAs). Aliphatic 

chains can also undergo desaturation, a modification that adds double bonds to the aliphatic 

fatty acid chains by enzymes named desaturases. This modification of fatty acid chains has a 

major impact on their physicochemical properties. Double bonds result in sterically distinct 

trans or cis configurations (Figure 1) [12]. Whereas trans double bonds impart a linear 

structure to fatty acids, cis double bonds induce curvature and can increase the fluidity of 

membranes [12]. Unsaturated fatty acids are named according to the double bond position 

relative to the carboxyl end (Δ), or to the methyl terminus (ω) (Figure 1) [12]. Fatty acid 

desaturases add double bonds in the fatty acid’s carbon chain, and they are named based 

on the position of the Δ carbon undergoing dehydrogenation. For instance, the fatty acid 

Δ-9 desaturase adds a double bond between the C9 and C10 from the carboxyl end (Figure 

1) [14]. Fatty acids can also be classified based on the position of the double bound. For 

example, ω-3 and ω-6 fatty acids are important regulators of the immune response. These 

fatty acids are prone to both non-enzymatic and enzymatic oxidation. Oxidized products of 

ω-6 fatty acids, such as pro-inflammatory leukotrienes [15] are considered pharmacological 

targets for treating inflammation. There are also anti-inflammatory fatty acids, such as ω-3 

fatty acids, their derivates, and FAHFAs. In this review, we provide insights to explore fatty 

acids, their receptors, and related enzymes as potential targets for T1D treatment/prevention, 

describing their roles and mechanisms in the context of toxic and beneficial effects on 

β cells. We focused this article on T1D because despite T2D having a similar condition 

of inability of controlling the blood glucose levels, their mechanisms of development are 

completely different. Furthermore, fatty acids as potential targets for T2D therapies have 

been reviewed in numerous publications [16–19].

2. Polyunsaturated fatty acids (PUFAs) and the regulation of inflammatory 

response

In insulitis, bioactive lipids are generated in β cells by activation of phospholipases 

A2 (PLA2s), including the inducible calcium-independent PLA2 beta (iPLA2β) [20]. 

The PLA2s hydrolyze the stereospecific numbering (sn)-2 substituent of membrane 

glycerophospholipids to generate FFAs and lysophospholipids (Figure 2). The resulting 

FFAs can be metabolized into pro- or anti-inflammatory lipid mediators [5,21,22]. Reducing 

the expression of iPLA2β significantly decreases the production of pro-inflammatory 

lipids and insulitis, leading to preservation of β-cell mass and reduced T1D onset in 

NOD mice. Treating mice with the reversible iPLA2β inhibitor FKGK18 also shows a 

similar effect [21]. A prominent fatty acid released by iPLA2β is the ω-6 fatty acid 

arachidonic acid (AA), which upon hydrolysis can be oxidized by cyclooxygenases (COX), 

lipoxygenases (LOX) and the superfamily of cytochrome P450 (CYP450) to generate 

oxidized pro-inflammatory lipids named eicosanoids [23] (Figure 2). Eicosanoids induce 

immune responses [24] and reduce inflammation-resolving processes [25,26]. For instance, 
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pro-inflammatory eicosanoids induce macrophage phagocytosis, adhesion, and apoptosis, 

and further amplify eicosanoid release, and promote β-cell death in T1D development 

[2,27,28].

The LOX enzymes oxidize AA to produce leukotrienes and hydroxyeicosatetraenoic acids 

(HETEs) (Figure 2) [29]. In the context of T1D, these products trigger inflammation and 

attract immune cells to induce β-cell death [20]. The LOX products induce p38 kinase, 

reactive oxygen species (ROS)-generating nicotinamide adenine dinucleotide phosphate 

(NAPDH) oxidase (NOX), pro-inflammatory cytokine production, migration of leukocytes, 

and β-cell death [30–35]. Inhibition of NOX-1 by the chemical inhibitors ML171 or 

GKT137831 reduces diabetes onset in NOD mice [36] (Figure 4). 12-LOX is detectable in 

islet cells in recent-onset individuals [37]. Global 12-Lox-null NOD mice have reduced T1D 

incidence by downregulating macrophage production of the pro-inflammatory cytokines 

IL-1β, TNF-α and IFN-γ [38]. 12-Lox deletion specific in NOD mouse β cells reduces 

insulitis and results in almost complete protection from T1D [39]. Similar findings were 

observed with macrophage-specific deletion of the 12-Lox [40]. Chemical inhibitors of 

12/15-LOX ML127, ML355 and ML351, also afford protection by reducing oxidative stress 

and dysglycemia [41,42].

The pro-inflammatory lipids dihydroxyeicosatrienoic acids (DHETs) are generated by 

metabolism of AA by CYP450/soluble epoxide hydrolase (sEH) enzymes (Figure 2). 

Oxidation of polyunsaturated fatty acids by CYP450 enzymes also generates epoxy 

fatty acids (EpFAs), designated epoxyeicosatrienoic acids (EETs) (Figure 2), that are anti-

inflammatory and lead to resolution of inflammation [43]. However, sEH converts EETs 

into pro-inflammatory DHETs (Figure 2) [44]. Increases in DHETs are accompanied by 

decreases in EETs, which together serve to amplify a pro-inflammatory landscape [45]. 

Inhibitors of sEH, such as t-AUCB [46] and TPPU [47], reduce mice islets apoptosis or 

dysfunction. Another sEH inhibitor, GSK2256294, has been proposed to target diabetes 

[48].

The COX enzymes catalyze the formation of cyclic carbon rings on lipids to generate 

prostaglandins (PG) and thromboxanes (Figure 2). For instance, the pro-inflammatory 

prostaglandin E2 (PGE2) reduces cellular debris clearance [49] and apoptotic defects in 

macrophages and dendritic cells of NOD mice [50] in insulitis [51]. Additional PGs 

of potential relevance in T1D are the F-series prostaglandins (PGF), specifically PGF2α 
and 8-iso-PGF2α. The PGF2α is generated in almost all tissues, and it signals through 

PGF2α receptors (FPRs), being a biomarker of inflammation [52,53]. Clinical studies 

reveal that PGF2α is the most predominant PG formed at inflammatory sites [54]. 

Binding of prostaglandin F2α (PGF2α) to FPRs triggers multiple pathways, including 

NF-κB, and leads to the production of chemokines and pro-inflammatory cytokines 

[55]. Inflammation and oxidative stress pathways are integral to events that lead to T1D-

associated β-cell death [56,57], and decreases in PGF2α and 8-iso-PGF2α signaling are 

associated with reduced inflammation and oxidative stress and consequential amelioration 

of inflammatory pathologies [55,58]. Taken together, PGF2α and 8-iso-PGF2α signaling 

could play important roles in T1D development [5,21,41]. The COX-2 inhibitors, NS-398 
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and SC-236, prevent IL-1β inhibition of insulin secretion by blocking PGE2 synthesis [59]. 

Moreover, the PGE2 receptor EP4 antagonist grapiprant reduced insulitis in NOD mice [60].

In response to inflammation, various resolution processes also evolve. A component of these 

is an increased production of resolving bioactive lipids that are derived from metabolism 

of PUFAs: AA (lipoxins), and the ω-3 fatty acids eicosapentaenoic acid - EPA (E-series 

resolvins) and docosahexaenoic acid - DHA (D-series resolvins, maresins, and protectins) 

(Figures 2 and 3). Collectively, they are referred to as specialized resolving lipids mediators 

[61,62], and they can also be explored as therapeutic targets. Specialized resolving lipids 

mediators counter-regulate the early initiators (PGs and LTs) of acute inflammation, leading 

to inhibition of proinflammatory cytokines and upregulation of anti-inflammatory cytokines 

(e.g., IL-10) [63]. For instance, they participate in the switching from pro-inflammatory 

phenotype M1 state of macrophages to anti-inflammatory phenotype M2 [23]. In humans, 

PGE2 induces LOX-class switch from LTB4 to lipoxins, which represents a stop signal for 

polymorphonuclear cell recruitment and initiation of a resolution phase that promotes an 

anti-inflammatory macrophage phenotype and function (i.e., phagocytosis) [62]. Selexipag 

(Synonyms: NS-304; ACT-293987) an oral prodrug deriving in PGI2 receptor agonist [64], 

improves β-cell function in NOD mice [65]. Resolvins, in particular, exhibit a bi-pronged 

mode of effectiveness in reducing inflammation and promoting resolution, as evidenced by 

clearance of debris (i.e., antigens) from inflamed sites [66] in several inflammatory disorders 

[67]. Resolvins have strong therapeutic potential since they are natural lipids, potent at 

nanomolar levels, and devoid of causing systemic toxicity. To date, six D-series resolvins 

(RD1-6, RE1-4) have been reported to be highly potent in vivo and are at various phases of 

clinical trials due it anti-inflammatory effects [68].

The ω-3 fatty acids induce anti-inflammatory responses by activating the G-protein 

coupled receptor GPR120 (also known as free fatty acid receptor 4 – FFA4) (Figure 3) 

[69,70], making this receptor an excellent target for drug discovery. β-cell death caused 

by infiltration of autoreactive CD8+ T cells can be prevented by restoring the T helper 

(Th)1/Th2 ratio balance administrating ω-3 fatty acids or resolvins, which reduce the 

population of Th1 cells and increase the populations of Th2 and regulatory T cells [71]. 

The ω-3 fatty acids also attenuate the inflammatory state of macrophages by reducing the 

activation of the inflammasome and production of nitric oxide [72,73]. Moreover, diet rich 

in ω-3 fatty acids restores the gut barrier integrity inducing immune homeostasis in NOD 

mice by reducing intestinal inflammation [73].

Agonists of GPR120 showed to improve glucose tolerance in diet-induced obese mice [74]. 

However, no clinical tests have been conducted so far. The GPR120 agonist ‘compound A’ 

[75], reduces the unfolded protein response (UPR) by attenuating ER stress and improving 

the survival and function of β cells exposed to an environment of proinflammatory cytokines 

[75,76]. As ‘compound A’, TUG-891 and GSK137647A are both GPR120 agonists and 

presented antidiabetic activity [77]. Like GPR120, resolvin receptors are also excellent 

targets for drug development. A compounds screening has been performed for resolvin D1 

receptor (DRV1/GPR32), leading to the identification of anti-inflammatory molecules [78].
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3. Effects of free fatty acids (FFAs) on β cells

Saturated FFAs have been shown to have both beneficial and detrimental effects on β-cell 

function. For example, in early studies in rats, depletion of intra-islet FFAs levels impaired 

glucose-stimulated insulin secretion, whereas their restoration led to recovery [79]. These 

beneficial effects, likely mediated through FFA receptor 1 (GPR40) and FFA metabolism 

(Figure 4) [80,81], are thought to represent physiologic roles for FFAs in the context of 

lipid homeostasis. By contrast, excess FFAs can promote inflammation, oxidative stress, 

and β-cell death [82–86]. Although better characterized in the context of type 2 diabetes 

(T2D), growing lines of evidence, though indirect, suggest that FFA-mediated lipotoxicity 

may play a role in T1D development [87]. This includes observations of (1) there is an 

increase in circulating levels of FFAs in individuals with IA during the pre-diabetic period 

frequently characterized by reduced β cell function [84,85]; (2) palmitic acid-mediated 

induction in human islets of several pro-inflammatory cytokines (IL-1β, TNF-α, IL-6, IL-8) 

and chemokines (CXCL1 and CCL2) [8], which are associated with T1D development [3]; 

(3) FFAs induce NF-κB and COX-2 via TLR4 in murine macrophages (Figure 4) [88], 

another pathway that induces the expression of pro-inflammatory cytokines [89]; (4) FFAs 

decreases the expression of the anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) in β cells, 

thereby increasing their susceptibility to apoptosis [90–92]; and (5) FFAs increases ROS 

production in β cells via activation of NOX [80,93] (Figure 4).

Medium- to long-chain FFAs promote both insulin secretion and reduce insulin production, 

leading to short-term hyperinsulinemia and long-term β-cell exhaustion. Medium to long 

chain FFAs acutely activate G protein-coupled receptor 40 (GPR40) in β cells and stimulate 

insulin secretion via protein kinase PKD1 signaling [94]. They also activate the mammalian 

target of rapamycin (mTOR) pathway via L-type Ca2+ channels to promote cytokine and 

chemokine expression, as part of the unfolded protein response [95]. Longer term, however, 

multiple detrimental effects of FFAs have been observed in β cells. These include promotion 

of an M1-like state of macrophage inflammation [96], increasing β-cell ROS, inducing 

mitochondrial dysfunction [97,98], promoting endoplasmic reticulum stress (with attendant 

reductions in insulin processing, alterations in calcium homeostasis, and reductions in 

pancreatic and duodenal homeobox protein-1 levels) [94,99], and altering autophagy [100]. 

Targets to reduce lipotoxicity-related dysfunction of β cells has been recently reviewed 

[86], but the approaches are largely related to their downstream effects on β-cell stress and 

signaling pathways (macrophage inflammation, ROS overproduction, endoplasmic reticulum 

stress and autophagy). Although these potential therapies (e.g. GLP-1 analogs, pioglitazone, 

ER chaperones, LOX inhibitors, verapamil, NOX inhibitors) have not been approved for use 

in human T1D, several have shown potential benefit in preclinical models of T1D, including 

pioglitazone [101] and LOX [41] and NOX inhibitors [102–104]. Still others are in clinical 

trials, such as ER chaperone TUDCA (ClinicalTrials.gov Identifier: NCT02218619) and 

verapamil [105].

4. Fatty acid esters of hydroxy fatty acids (FAHFAs)

FAHFAs were first reported in 2014 by Barbara Kahn’s group as molecules that improve 

glucose tolerance, β-cell function and reduce inflammation [106]. FAHFAs are synthesized 
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by trans-esterification of hydroxylated fatty acyl chains of triacylglycerols by the adipose 

triglyceride lipase ATGL, which is further released from the glycerol moiety (Figure 5) 

[107]. FAHFAs can vary the acylation position and the composition of both fatty acid 

chains, resulting in a variety of structures with different potencies and activities [108]. More 

recently, palmitic acid ester of hydroxy stearic acid (PAHSA) delayed T1D onset in NOD 

mice [109,110]. Mechanistically, FAHFAs have been proposed to activate GPR120 and 

GPR40 (Figure 5). FAHFAs binding to GPR120 reduce ER stress and attenuate ERK1/2 and 

JNK1/2 MAP kinases-mediated signaling [109,110]. This leads to reductions in cytokine-

mediated β-cell apoptosis and necrosis, thus preserving β-cell mass. FAHFAs also induce 

glucagon-like peptide 1 (GLP-1), a powerful insulin secretagogue. Therefore, as drug targets 

for T1D, FAHFAs can reduce β-cell death and improve insulin secretion.

As anti-diabetic and anti-inflammatory compounds, FAHFAs are considered excellent 

targets for drug development [110]. Therapeutic levels of PAHSA in circulation can be 

achieved through oral administration in pharmacological levels [111]. Another approach 

would be to target the signaling network of these molecules. For instance, the GPR40 

agonist fasiglifam (TAK-875) had a clinical trial for treating T2D, which could also 

be effective in countering T1D [112]. However, its development into a therapeutic was 

interrupted because of liver toxicity concerns [74]. Another GPR40 agonist, SCO-267, 

stimulated insulin and GLP1 secretion, improving glucose tolerance in rats [113]. The 

GPR40 agonist rosiglitazone, an approved drug for T2D, was shown to preserve β-cell 

function in recent onset T1D but failed to promote glycemic control when the disease was 

already established [114,115]. Agonists for the other FAHFA receptor, GPR120, have also 

been studied as discussed above for ω-3 fatty acids. However, despite FAHFAs and ω-3 

fatty acids targeting the same receptor more studies are need for determine if they somehow 

interact or cooperate in inducing protective signaling to the pancreatic islets.

5. The impact of dietary fatty acids on T1D development

The role of fatty acids in the development of islet autoimmunity and T1D has been 

investigated in a few large prospective cohorts of children with increased genetic risk of 

T1D, i.e., DAISY, DIPP, TEDDY, and TRIGR studies. Total longitudinal fat intake (adjusted 

for energy) during the first 6 years of life was associated with decreased risk of islet 

autoimmunity and T1D [116]. A child’s higher intake or status of ω-3 fatty acids was 

relatively consistently associated with decreased risk of islet autoimmunity prospectively, 

particularly in young children [117], but not with progression from islet autoimmunity to 

T1D [118]. On the other hand, both inverse [27] and direct [119], associations between 

serum/erythrocyte levels of saturated fatty acids with islet autoimmunity were shown in 

infants aged 3 to 6 months while associations observed in 1 to 6-year-old children were 

direct [27] [118–121]. Maternal fatty acid intake or status during pregnancy or lactation has 

not been associated with childhood T1D endpoints [122,123].

5.1. PUFAs.

Child’s higher intake of total and ω-3 fatty acids to decreases in up to 55% in risk for 

developing islet autoimmunity in prospective cohort studies [116,117]. Similarly, dietary 
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DHA and EPA have been shown to reduce the onset of T1D in 60% of NOD mice [71]. 

In the DAISY study, ω-3 fatty acid content in erythrocytes showed a protective association 

with islet autoimmunity development over a 6-year follow-up [117], while in the TEDDY 

study erythrocyte EPA and DHA content at 3 months of age was protectively associated 

with IA risk [119]. In the DIPP study, DHA was associated with protection against IA 

at 3 months of age in non-breastfed children. Furthermore, EPA at 3 and 6 months and 

DHA at 6 months showed protective associations with primary insulin autoimmunity [27]. 

In the DIPP study, α-linoleic acid showed a direct association with islet autoimmunity at 

3 months of age, whereas in the TEDDY study an inverse association was seen but only 

in non-breastfed children [27,119]. In the TRIGR study, only a weak protective association 

was detected between cord blood DPA with IA [120]. The most important dietary sources 

of ω-3 fatty acids are fish and vegetable oils, although they are also formed endogenously 

from α-linoleic acid. A child’s fish intake has also been protectively associated with islet 

autoimmunity [124]. Taken together, the evidence that ω-3 fatty acids may protect from IA 

is relatively strong, supported by recent oxylipin findings [125]. The ω-3 PUFAs influences 

the immune system activation and development, maturation of gut microbiota, permeability, 

barrier function, inflammatory responses, viral infections, and immune response [126,127].

Regarding ω-6 fatty acids, contrasting associations of AA intake and status with islet 

autoimmunity have been observed [116,117]. The same applies to conjugated linoleic acid 

levels, which have shown both inverse and direct associations with islet autoimmunity [119].

5.2. Monounsaturated and saturated fatty acids.

The impacts of monounsaturated and saturated fatty acid (MUFA) intake [116] or status 

[27] in relation to T1D-related endpoints have also been examined. Intake of MUFA during 

the first 6 years of life was inversely associated with islet autoimmunity [116]. In contrast 

erythrocyte oleic acid at 3 months of age and nervonic acid content at 1-6 years of age 

was directly associated with islet autoimmunity [119]. In infancy, serum palmitoleic and 

cis-vaccenic acid levels were inversely associated with the risk of IA and primary insulin 

autoimmunity [27].

In infancy, levels of the saturated fatty acid pentadecanoic acid were associated with 

decreased islet autoimmunity risk [27] and palmitic acid with both decreased and increased 

islet autoimmunity risk [27,119]. In childhood, some even- (myristic, stearic) and odd-chain 

(pentadecanoic, heptadecanoic) saturated fatty acid levels showed direct associations with 

islet autoimmunity, but not with T1D endpoints [119–121]. Odd chain saturated fatty 

acids pentadecanoic acid and heptadecanoic acid and conjugated linoleic acid are known 

biomarkers of dairy or human milk intake (although other factors like fiber intake also 

influence their formation) [27,128,129]. There is some indication that breastmilk may 

protect from IA, whereas cow’s milk consumption has been consistently linked to increased 

IA and T1D risk [130].

One phenomenon that should be kept in mind is the endogenous formation of saturated fatty 

acids in the liver from shorter-chain fatty acids, and by de novo lipogenesis [131]. Their 

contributions to T1D endpoints are largely unknown [119]. The major even-chain SFAs 

[palmitic (16:0), stearic (18:0)], and MUFAs [oleic (18:1(9Z)) and nervonic (24:1(15Z)) 
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acids] levels in erythrocytes were associated with an increased risk of islet autoimmunity. 

Furthermore, for a multiple islet autoimmunity endpoint, stearic (18:0) and cis vaccenic acid 

(18:1(11Z)) showed increased risk [119].

Overall, dietary fatty acids are strongly associated with islet autoimmunity and the 

development of T1D and can be targeted to promote a protective effect.

6. Conclusion.

In this article, we summarize lipids, receptors and enzymes that are relevant targets for both 

IA and T1D development. There is a crescent number of drug candidates that target fatty 

acid signaling. As the mechanistic knowledge of the complex fatty acid signaling network 

increases, it will open opportunities for identifying new druggable targets. Screening large 

libraries of small chemical compounds can speed up this process. The coming years will 

offer new therapies focused on T1D fatty acid-related pathways targets to prevent both IA 

and T1D. The effectiveness improvement of these putative treatments will likely require 

years and will be developed as complementing therapies to the existing insulin-based 

treatments. The success of this approach will also rely on sustained investments and research 

on testing different therapeutic candidates in cells, tissues, animals, and humans.

7. Expert opinion

T1D therapies targeting fatty acid signaling are in different stages of development, from 

initial discovery to in vivo testing, to early stages of clinical trials. Extensive knowledge 

obtained in these pathways to treat other autoimmunity, inflammatory, and even infectious 

diseases can contribute to speeding up the process of drug development. For instance, 

using a pharmacological targets database [132], we identified 763 drugs that target fatty 

acid signaling pathways, out of which only 42 target-specific drugs are approved by the 

U.S. Food & Drug Administration (FDA), for a variety of diseases and conditions Table 1, 

opening opportunities for repurposing them for treating T1D. Anyway, these drugs were not 

approved to treat T1D by FDA. In addition, in Table 2 we report a list of 18 compounds, 

targeting fatty acid-mediated pathways relevant in both IA and T1D that were tested in 

rodent and human-derived diabetes models out of which 2 are FDA approved: rosiglitazone 

and selexipag to treat T2D and high pulmonary pressure, respectively. Although compounds 

listed here can potentially improve the T1D therapies, scaling to clinical trials needs further 

investigation. Below we give insights about how these pharmaceutical compounds can be 

developed into therapies.

7.1. Inhibitors of pro-inflammatory enzymes and antagonists of pro-inflammatory 
receptors.

Most of the enzymatic drug targets in fatty acid signaling for T1D belong to the AA-

signaling pathway. The phospholipase iPLA2β inhibitor FKGK18 has been successfully 

tested in NOD mice [21]. However, no clinical trials have been conducted so far. The case 

is similar for the lipooxygenases 12-LOX and 15-LOX inhibitors, ML127 and ML351. 

The COX-2 inhibitors NS-398 and SC-236 have been mainly tested in rat and human 

islets [59,133]. In addition, there are 27 FDA-approved drugs targeting COX-2, including 
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the over-the-counter drugs acetaminophen, aspirin, and ibuprofen, opening opportunities 

to test them as potential targets for T1D therapies. Acetaminophen intake was addressed 

in the TEDDY study, but no association of the drug was found with the onset of IA 

[134]. However, to be effective, these drugs might need to be administrated in multiple 

doses during IA and tested in a clinical trial rather than an observational study. Most of 

the clinical trials with COX-2-targeting drugs evaluate their efficacy and safety towards 

improving hyperglycemia-induced complications, such as thrombosis and renal disease. The 

sEH inhibitors t-AUCB [46] and TPPU [47] have been only tested in mice. However, 

there are currently two approved drugs targeting sEH, the anti-asthmatic drug Zafirlukast 

and the anti-inflammatory drug Oxaprozin [135]. None of them have been tested against 

insulitis and could be candidates for T1D therapy. Zafirlukast induces insulin secretion by 

triggering calcium signaling, which is independent on the glucose levels [136], and might 

be an undesired side effect if this compound is developed into a drug. Regarding NOX 

inhibitors, GKT137831 has currently being evaluated in clinical trials for treating diabetic 

kidney disease [137,138], rather than directly targeting the β-cell survival or function.

Antagonists of PG receptors are also candidates for T1D therapies. For instance, the PGE2 

receptor EP4 antagonist grapiprant reduced insulitis in NOD mice, but it’s efficacy in 

preventing T1D development has not been tested [60].

7.2. Agonists of anti-inflammatory receptors.

Anti-inflammatory receptors that bind to fatty acids and their bioactive products represent 

excellent drug targets. The fatty acids and their active bioproducts themselves can be 

considered as drug candidates. For instance, GPR120 is activated by both protective ω-3 

fatty acids and FAHFAs. Research in FAHFA has only been conducted in vitro and in 

animals [80,106–110]. However, ω-3 fatty acids are extensively studied in clinical trials, 

with over 1500 studies currently registered in ClinicalTrials.gov. There are currently 11 

ω-3 fatty acid clinical trial studies registered for T1D. One concluded study followed 

for one year the supplement of ω-3 fatty acids by individuals with recent onset of T1D, 

which showed a reduced demand for insulin in the ω-3 supplemented group [139]. As 

mentioned above, ω-3 fatty acids can reduce the risk of developing IA [117]. FPR2/ALX, 

GPR18, GPR32, ChemR23 and BLT1 are receptors for lipoxins and resolvins. There are 

currently, 23 and 30 studies registered in ClinicalTrials.gov for lipoxins and resolvins, 

respectively. Selexipag, the antagonist of PIG2 receptor, an approved drug for pulmonary 

arterial hypertension [140], preserves β-cell function in NOD mice [65]. However, it still 

needs to be systematically tested for T1D. Even though none of these studies are in T1D, the 

results can bring important information regarding safety and efficacy in other autoimmune 

or inflammatory disease. Despite that FAHFAs, ω-3 fatty acids, resolvins, and lipoxins 

being active themselves and have potential to be developed into drugs, there is still a value 

for screening new compounds that are more stable. FAHFAs can be degraded by lipases, 

whereas ω-3 fatty acids, resolvins and lipoxins can be oxidized into inactive byproducts.

7.3. Diet as a potential intervention.

In terms of targeting dietary fatty acids for T1D therapies, changes in diet tending, such as 

reducing FFAs intake may have an impact by regulating metabolic processes that induces 
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increased levels of circulating FFAs [141]. Diet accompanied by exercise and changing in 

lifestyles can further decrease the levels of FFAs [141]. Diets rich in ω-3 PUFAs can reduce 

the risk of developing islet autoimmunity, i.e., preclinical T1D [117]. While fatty acids 

themselves are not considered as drugs, ω-3-rich fish-oil or from other sources can be taken 

as supplements [142], or by eating foods rich in these fatty acids, such as fish from cold 

waters and nuts.
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Article highlights

• Fatty acids are key mediators in islets inflammation, autoimmune response, 

and β-cell death in T1D development.

• Dietary fatty acids can alter the risk of developing T1D.

• Fatty acid signaling-targeting compounds and dietary supplements are 

potential T1D therapeutic targets.

• FDA-approved drugs have potential to be repurposed for T1D therapies.
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Figure 1 –. Structure and nomenclature of fatty acids.
The figure shows examples of A) saturated, B) branched and, D) unsaturated fatty acids. 

An example of desaturation reaction is shown in D). Double bonds are named based on 

their position relative to the Δ carbon or classes of unsaturated fatty acids are named based 

on the position of the ω carbon. “E” or “Z” is designated to specify the trans and cis 
stereochemistry, respectively. Abbreviations: CoA, Coenzyme A; FAHFA, fatty acid esters 

of hydroxy fatty acid.
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Figure 2. Arachidonic acid pathway.
The pathway shows examples of bioactive products of arachidonic acid oxidation 

along with their binding receptors. Receptors are colored based on their pro- or anti-

inflammatory activity or both. Agonists (blue), inhibitors/antagonists (red), and drug 

candidates (underlined) are highlighted. Abbreviations: ALX, lipoxin A4 receptor; COX, 

cyclooxygenase; CYP, cytochrome P450; CysLT1, cysteinyl leukotriene receptor 1; CysLT2, 

cysteinyl leukotriene receptor 2; DHET, dihydroxyeicosatrienoic acid; DP, prostaglandin 

D2 receptor; EET, epoxyeicosatrienoic acid; EP1, prostaglandin E2 receptor 1; EP2, 

prostaglandin E2 receptor 2; EP3, prostaglandin E2 receptor 3; EP4, prostaglandin E2 

receptor 4; FP, prostaglandin E2 receptor; FPR2, formyl peptide receptor 2; HETE, 

hydroxyeicosatetraenoic acid; IP, protacylcin receptor; iPLA2β; Calcium-independent 

phospholipase A2β; LT, leukotriene; LTB4R; leukotriene B4 receptor; LTB4R2, leukotriene 

B4 receptor 2; LOX, lipoxygenase; NOX, NADPH oxidase; PG, prostraglandin; TP, 

thromboxane A2 receptor.
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Figure 3 –. ω-3 fatty acid pathway.
The pathway shows examples of bioactive lipids of ω-3 fatty acid pathway along with 

their binding receptors. Agonists (blue), and drug candidates (underlined) are highlighted. 

Receptors are colored based on their pro-inflammatory activity. Abbreviations: ALX, lipoxin 

A4 receptor; BLT1, leukotriene B4 receptor 1; ChemR23, Chemerin-like receptor 1; DHA, 

docosahexaenoic acid; EPA, eicosapentaenoic acid; FPR2, formyl peptide receptor 2; 

GPR18, G-protein coupled receptor 18; GPR32, G-protein coupled receptor 32; GPR120, 

G-protein coupled receptor 120; iPLA2β; Calcium-independent phospholipase A2β; LOX, 

lipoxygenase.
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Figure 4 –. Free fatty acid pathway.
The pathway shows an example of bioactive lipid, palmitic acid, along with binding 

receptors and an enzyme. Receptors and enzymes are colored based on their pro-

inflammatory activity. Agonists (blue), inhibitors (red), and drug candidates (underlined) 

are highlighted. Abbreviations: FFAs, free fatty acids; GPR40, G-protein coupled receptor 

40; NOX, NADPH oxidase; TLR4, Toll-like receptor 4.
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Figure 5 –. Fatty acid ester of hydroxy fatty acid (FAHFA) pathway.
The pathway shows the formation of FAHFAs along with their binding receptors. Agonists 

(blue), and drug candidates (underlined) are highlighted. Receptors are colored based on 

their pro-inflammatory activity. Abbreviations: FAHFA, fatty acid ester of hydroxy fatty 

acid; GPR40, G-protein coupled receptor 40; GPR120, G-protein coupled receptor 120.
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TABLE 1 –
List of drugs targeting fatty acid-mediated signaling.

Contains a list of drugs targeting fatty acid signaling pathways associated with T1D from the curated database 

of International Union of Basic and Clinical Pharmacology (IUPHAR)/ British Pharmacological Society 

(BPS) Guide to PHARMACOLOGY (https://www.guidetopharmacology.org/) [132]. Columns (from left to 

right) indicate: 1) the type of target (enzyme or receptor), 2) the abbreviated name of the target, 3) the total 

number of drugs identified for the specific target, 4) the number of drugs identified to interact primarily with 

the indicated target, 5) the number of drugs known to interact primarily with the specified target approved by 

the FDA and 6) the drug names of column 5.

Type of target Target Drugs 
identified

Target-
specific 
drugs

FDA approved1 

target-specific 
drugs

FDA approved1 target-
specific drug names

Receptor Leukotriene receptor B1 21 0 0

Receptor Chemerin receptor 23 8 0 0

Enzyme Cyclooxygenase-2 44 28 23

lumiracoxib, benzquinamide, 
valdecoxib, flurbiprofen, 

diclofenac, celecoxib, 
meclofenamic acid, 

carprofen, meloxicam, 
rofecoxib, nimesulide, 
ketoprofen, etoricoxib, 

ibuprofen, aspirin, naproxen, 
ketorolac, suprofen, 

mefenamic acid, oxaprozin, 
etodolac, piroxicam, 

phenylbutazone

Receptor Cysteinyl leukotriene receptor 1 30 6 6
zafirlukast, montelukast, 
pranlukast, pranlukast, 

zafirlukast, montelukast

Receptor Cysteinyl leukotriene receptor 2 29 0 0

Receptor Prostaglandin D2 receptor 1 38 0 0

Receptor Prostaglandin D2 receptor 2 45 4 0

Receptor Prostaglandin E receptor 1 50 3 3 PGE2, PGE1, PGI2,

Receptor Prostaglandin E receptor 2 59 2 2 PGE1, PGE2

Receptor Prostaglandin E receptor 3 84 1 1 misoprostol (methyl ester)

Receptor Prostaglandin E receptor 4 83 1 0

Receptor Prostaglandin F receptor 37 5 4
latanoprost (free acid form), 
latanoprost (isopropyl ester), 

bimatoprost, tafluprost

Receptor Formyl peptide receptor 2 57 0 0

Receptor G protein-coupled receptor 120 13 1 0

Receptor G protein-coupled receptor 18 9 0 0

Receptor G protein-coupled receptor 32 4 0 0

Receptor G protein-coupled receptor 40 19 2 0

Receptor G protein-coupled receptor 12 2 0 0

Enzyme 12-lipoxygenase 1 1 0

Enzyme 15-lipoxygenase 4 1 0

Receptor Leukotriene B4 receptor 2 14 0 0

Expert Opin Ther Targets. Author manuscript; available in PMC 2024 September 14.

https://www.guidetopharmacology.org/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ludovico et al. Page 26

Type of target Target Drugs 
identified

Target-
specific 
drugs

FDA approved1 

target-specific 
drugs

FDA approved1 target-
specific drug names

Enzyme NADPH oxidase 1 4 3 0

Enzyme Prostaglandin I2 41 4 3 treprostinil, iloprost, 
treprostinil

Enzyme Phospholipases A2 3 0 0

Enzyme Soluble epoxide hydrolase 14 2 0

Receptor Thromboxane A2 receptor 50 0 0

1
Target-specific drugs approved by FDA for a variety of diseases. None of them is approved for T1D.
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Table 2 –
List of fatty acid signaling drugs tested in diabetic models.

Contains a list of compounds targeting fatty acid signaling pathways discussed in the text, as a potential 

treatment for T1D. Columns (from left to right) indicate: 1) the compound name found in bibliography or 

common drug for the compound; 2) the abbreviated name of the specific target; 3) the mechanism of action 

reported for the specific target; 3) the diabetic experimental models where the compound has been tested in; 3) 

FDA approval information in humans to treat not-T1D pathologies (https://www.accessdata.fda.gov/scripts/

cder/daf/index.cfm); 4) references for the mentioned diabetic experimental models.

Compound name Target Type Experimental models
FDA 

approved1 Reference

Fasiglifam G protein-coupled receptor 40 Agonist Human having T2D No [111,112]

FKGK18 Ca2+-Independent Phospholipase 
A2β Inhibitor NOD mice No [21]

GKT137831 NADPH Oxidase 1 Inhibitor NOD mice & human with T1D No [36,137,138]

Grapiprant receptor EP4 Agonist NOD mice No [60]

GSK137647A G protein-coupled receptor 120 Agonist Diet-induced obesity mice model No [77]

GSK2256294 Soluble epoxide hydrolase Inhibitor Mice islets No [48]

ML127 12/15-lipoxygenase Inhibitor NOD mice, human islets & mice 
islets No [41,42]

ML171 NADPH Oxidase 1 Inhibitor NOD mice No [36]

ML351 12/15-lipoxygenase Inhibitor NOD mice, human Islets & mice 
islets No [41,42]

ML355 12/15-lipoxygenase Inhibitor
NOD mice, human islets, human 
Islets from T2D donors & mice 

islets
No [41,42]

NS-398 Cyclooxygenase-2 Inhibitor Rat Islet & human Islets No [59,133]

Rosiglitazone G protein-coupled receptor 40 Agonist Human with T1D Yes [114,115]

SC-236 Cyclooxygenase-2 Inhibitor Rat pancreatic islet No [59]

SCO-267 G protein-coupled receptor 40 Agonist N-STZ-1.5 Rats No [113]

Selexipag Prostaglandin I2 receptor Agonist NOD mice Yes [64,65,140]

t-AUCB Soluble epoxide hydrolase Inhibitor Mice islets No [46]

TPPU Soluble epoxide hydrolase Inhibitor Mice islets No [47]

TUG-891 G protein-coupled receptor 120 Agonist Diet-induced obesity mice model No [77]

1
Target-specific drugs approved by FDA for a variety of diseases. None of them is approved for T1D.
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