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Abstract

Obesity is the major contributing factor for the increased prevalence of type 2 diabetes (T2D) in 

recent years. Sustained positive influx of lipids is considered to be a precipitating factor for beta 

cell dysfunction and serves as a connection between obesity and T2D. Importantly, fatty acids 

(FA), a key building block of lipids, are a double-edged sword for beta cells. FA acutely increase 

glucose-stimulated insulin secretion through cell-surface receptor and intracellular pathways. 

However, chronic exposure to FA, combined with elevated glucose, impair the viability and 

function of beta cells in vitro and in animal models of obesity (glucolipotoxicity), providing an 

experimental basis for the propensity of beta cell demise under obesity in humans. To better 

understand the two-sided relationship between lipids and beta cells, we present a current view of 

acute and chronic handling of lipids by beta cells and implications for beta cell function and 

health. We also discuss an emerging role for lipid droplets (LD) in the dynamic regulation of lipid 

metabolism in beta cells and insulin secretion, along with a potential role for LD under nutritional 

stress in beta cells, and incorporate recent advancement in the field of lipid droplet biology.

Keywords

FFAR1; lipotoxicity; lipolysis; lipid droplets; PLIN

Introduction

Nutritional overload is the major trigger for the development of type 2 diabetes (T2D).1 

Insulin resistance associated with nutritional overload is first compensated by increasing 

insulin secretion from pancreatic beta cells. However, eventual failure of the compensation 

results in the development of T2D.1 Importantly, the pathology behind the failure of 

pancreatic islets in T2D is not merely “insufficient” compensation. The loss of beta cell 

Address for correspondence: Yumi Imai, Department of Internal Medicine, Carver College of Medicine, University of Iowa, 200 
Hawkins Drive, PBDB 3318, Iowa City, IA 55242. Yumi-imai@uiowa.edu. 

Supporting information
Additional supporting information may be found in the online version of this article.

Competing interests
The authors declare no competing interests.

HHS Public Access
Author manuscript
Ann N Y Acad Sci. Author manuscript; available in PMC 2020 August 01.

Published in final edited form as:
Ann N Y Acad Sci. 2020 February ; 1461(1): 53–72. doi:10.1111/nyas.14037.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mass and function in T2D is a progressive change that continues after the initial clinical 

manifestation of T2D, and is largely responsible for progressive deterioration in glycemic 

control and increased dependency on insulin therapy in T2D.2,3 As overnutrition precedes 

the development of islet dysfunction in T2D, excess exposure of beta cells to lipids is an 

early event during the development of T2D and considered to contribute to the loss of beta 

cell mass and function (lipotoxicity).4 At the same time, lipids are indispensable for beta 

cells as an energy source, building blocks for biological membranes, and signaling 

molecules.5 In addition, fatty acids (FA) have a unique functional role in beta cells, as they 

acutely augment glucose-stimulated insulin secretion (GSIS).6 Thus, knowledge regarding 

islet lipid metabolism is critically important to understand the two-sided relationship 

between beta cells and lipids.

Here, we aim to present a comprehensive and up-to-date review of the regulation of lipid 

metabolism in beta cells and the response of beta cells to lipid overload with the following 

focus areas. We discuss recent advances in the understanding of molecular mechanisms by 

which FA support insulin secretion through receptor- and cell-mediated pathways. Although 

the concept of lipotoxicity was originally proposed over 20 years ago, a sequence of events 

that initiates beta cell dysfunction and drives progressive beta cell failure in human T2D 

remains poorly defined. We also discuss the current understanding of lipotoxicity in beta 

cells by incorporating recent publications. Finally, the recent advancement in lipidology has 

revealed that lipid droplets (LD) play a key role in the spatial and temporal regulation of 

intracellular lipid metabolism; we review recent research that has begun to define the nature 

and function of LD in pancreatic islets.

How do FA and lipid metabolites support GSIS?

Exogenous FA do not trigger insulin secretion from beta cells in the absence of glucose. 

However, a certain level of FA is essential for normal GSIS, and the acute rise in FA potently 

augments GSIS in vivo and in vitro.7,8 While both the chain length and saturation of FA 

affect the potency of the stimulation, palmitic acids (16:0, PA) and oleic acids (18:1, OA), 

two FA abundant in the circulation and cells, are both potent stimulators of GSIS.9,10 The 

augmentation of GSIS by FA is partially mediated by the activation of the cell surface FFA1/

GPR40 receptor (FFAR1).6 In addition, intracellular metabolism of FA in beta cells is 

considered to generate metabolic coupling factors (MCF) that contribute to insulin secretion.
6

The regulation of insulin secretion by cell surface fatty acid receptors

Glucose-dependent augmentation of insulin secretion by FFAR1 activation.—
FFAR1 is a G protein–coupled receptor highly expressed in beta cells and activated by 

medium- to long-chain FA.11 The receptor primarily signals by Gαq-mediated activation of 

phospholipase C (PLC) and increases insulin secretion in the presence of glucose. This 

glucose dependency makes FFAR1 an attractive therapeutic target for T2D, as the receptor 

will not trigger insulin secretion at low glucose levels, thereby reducing the risk of 

hypoglycemia.11 More than 50% of the augmentation of insulin secretion by FA is 

considered to be mediated by FFAR1, based on genetic and pharmacological suppression of 
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FFAR1 signaling, while the remainder is considered to require intracellular metabolism of 

FA.12 FFAR1 activation phosphorylates protein kinase D1 (PKD1) through diacylglycerol 

(DAG) generated by PLC, resulting in F actin remodeling and insulin secretion. FFAR1 

activation also increases intracellular calcium ([Ca2+]i) by releasing calcium from the 

endoplasmic reticulum (ER) through inositol triphosphate (IP3) receptor. However, the 

overall significance of ER calcium ([Ca2+]ER) release in GSIS under FFAR1 activation 

remains unclear, as influx of calcium from outside of cells appears to contribute to insulin 

secretion more than calcium released from the ER.11 Physiological ligands for FFAR1 in 
vivo have been debated since fatty acid concentration in the circulation is higher when 

insulin secretion is suppressed during fasting; one proposed mechanism is that chylomicron-

derived FA activate FFAR1 postprandially,13 though activation of FFAR1 by 20-

hydroxyeicosatetraenoic acid (20-HETE) has emerged as an alternative mechanism for 

postprandial activation of FFAR1.14

20-HETE is an omega-hydroxyl fatty acid generated by arachidonic acid (AA) that activates 

FFAR1 more potently than FA abundant in the circulation, such as PA in mouse and human 

beta cells.14 Although circulatory levels of 20-HETE are too low to stimulate FFAR1 in 
vivo, glucose has been shown to increase the production of 20-HETE by beta cells. Thus, 

20-HETE can activate FFAR1 in beta cells through an autocrine/paracrine loop in a glucose-

dependent manner. Interestingly, the production of 20-HETE is reduced in islets from mouse 

models of T2D and human islets from type 2 diabetic donors, indicating that lower 

production of 20-HETE may contribute to reduced GSIS in T2D. Identification of 20-HETE 

as a ligand for FFAR1 provides a mechanism by which FFAR1 is activated without an 

increase in fatty acid availability.15 Further studies are necessary to determine whether 

FFAR1 is primarily activated by 20-HETE or by FA in beta cells, since the reduction in 

GSIS in the absence of added FA has been noted in some,16 but not in others,17,18 studies 

when FFAR1 signaling is inhibited in mice in vivo and isolated islets in vitro.

Palmitic acid hydroxystearic acid (PAHSA) is a branched PA that is another potential 

endogenous ligand of FFAR1.18 Found in an adipose tissue and in the circulation, PAHSA 

has been shown to reduce insulin resistance and adipose inflammation.18 While its 

contribution to GSIS in vivo requires further study, PAHSA has been shown in vitro to 

activate FFAR1 directly in human islets and MIN6 cells.18

FFAR1 as a target to improve glucose homeostasis in T2D.—After its discovery 

in 2003 as a stimulator of insulin secretion,19 strong interest developed to use FFAR1 

activation for diabetic therapy. It was first questioned whether chronic activation of FFAR1 

by hyperlipidemia in T2D positively or negatively affects beta cell health and function. An 

early study showed that mice with pancreatic and duodenal homeobox 1 (Pdx1)-cre-

mediated deletion of FFAR1 were protected against hyperglycemia, while overexpression of 

FFAR1 using Pdx1 promoter impaired islet function, indicating that chronic activation of 

FFAR1 impairs islet function and glucose homeostasis in mice.20 However, later studies did 

not persistently show the benefit of FFAR1 deficiency under chronic fatty acid loading in 

mouse models in vivo and in vitro.11 In addition, FFAR1 activators were shown to improve 

glucose homeostasis and insulin secretion in mouse models of T2D.11
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In humans, FFAR1 is not among the T2D risk loci in genome-wide association study 

(GWAS), and nonsynonymous variants of FFAR1 have not shown correlation with the 

development of T2D.11 However, the expression level of FFAR1 in human islets is reported 

to correlate with insulin secretion and T2D status, indicating that a reduction of FFAR1 may 

play an active role in impaired insulin secretion in human T2D.21,22 Collectively, current 

evidence suggests that FFAR1 is a legitimate target to improve insulin secretion and glucose 

homeostasis in T2D. Indeed, the first-generation FFAR1 agonists, such as TAK-875 and 

MK-8666, showed promise in human clinical trials by improving hyperglycemia. 

Unfortunately, trials were eventually stopped because of hepatotoxicity due to the lipophilic 

nature of the agonists rather than a direct consequence of FFAR1 activation by agonists.23 A 

new generation of agonists with better safety profiles has been actively in development and 

may soon become a new class of therapeutic agents for T2D.11 Newer ligands that bind a 

different site within FFAR1 (ago-allosteric ligands) engage Gαs in addition to Gαq, leading 

to increased incretin secretion from enteroendocrine cells (L and K cells), allowing further 

enhancement of insulin secretion.15

A proposed role for GPR119 in the regulation of glucose hemostasis.—GPR119 

is a Gαs-coupled receptor that was originally proposed to stimulate insulin secretion in 

response to oleoylethanolamine.24 While activation of GPR119 in isolated islets increases 

insulin secretion, the deletion of the gene GPR119 from beta cells in mice surprisingly did 

not reduce insulin secretion or blunt response to GPR119 agonists, indicating that GPR119 

in beta cells is dispensable for GPR119-mediated insulin secretion in vivo.25 It was proposed 

that GPR119 increases GSIS indirectly through incretin release mediated by the GPR119 

receptor in enteroendocrine cells.25

Intracellular lipid metabolites as regulators of insulin secretion

Prior to the identification of FFAR1, much research was focused on identifying an 

intracellular pathway by which FA augment insulin secretion.8,26 Two key concepts that 

emerged were that intracellular lipid metabolism is tightly intertwined with glucose 

metabolism and, second, that esterification and lipolysis of neutral lipids (glycerolipids/fatty 

acid cycling) support GSIS in beta cells. Below, we present the current view of these 

concepts, incorporating newly available information from studies of both beta cells and lipid 

biology.

Fatty acid uptake and release by beta cells.—Fatty acid uptake serves as the first 

step when FA regulate GSIS through intracellular targets. Unlike glucose, which is 

hydrophilic and needs a transporter for uptake, FA have a low energy barrier to cross the 

phospholipid (PL) bilayer, enabling their easy passage.27 Although plasma membrane 

proteins, such as CD36, and fatty acid transport protein (FATP) facilitate crossing of FA 

through the plasma membrane, FA appear to cross the plasma membrane on the order of 

milliseconds, even in the absence of these proteins.27,28 CD36/SR-B2 is a class B scavenger 

receptor that shows high affinity for long-chain FA.29 CD36 is considered to concentrate FA 

within specific plasma membrane domains and increase fatty acid availability for subsequent 

membrane translocation. Several studies have shown that CD36 increases fatty acid uptake 

in beta cells.30,31 Although not studied in beta cells extensively, it is important to note that 
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CD36 modulates fatty acid signaling in addition to facilitating fatty acid transfer across the 

plasma membrane.32 FATPs are acyl-coenzyme A (CoA) synthases at the plasma membrane 

that promote movement of FA into aqueous cytosol by increasing water solubility through 

the addition of a Co-A moiety.27 In general, total uptake of FA by cells is primarily 

determined by the concentration gradient of FA across the plasma membrane. Thus, the 

increase in the extracellular concentration of FA and “metabolic trapping” of FA within cells 

through the formation of acyl-CoA (FATP), fatty acid esterification, and fatty acid oxidation 

all promote cellular fatty acid uptake.27 It is likely that these multiple factors, in addition to 

CD36, affect uptake of FA by beta cells. Reflecting ease of passage through the plasma 

membrane, FA can be released from the plasma membrane and the intracellular pool of beta 

cells in a glucose concentration–dependent manner.33 While it has been known that efficient 

GSIS requires exposure of beta cells to a certain concentration of FA,8 a recent study 

highlighted that FA released from the plasma membrane to the extracellular space play an 

important role in GSIS.34 Extensive washing of beta cells, or sequestration of secreted FA by 

fatty acid–free bovine serum albumin (BSA), reduced [Ca2+]i oscillation within seconds and 

blunted insulin release in MIN6 cells and mouse beta cells.34 FA released from the plasma 

membrane appear to increase GSIS by activating FFAR1, considering that FFAR1 antagonist 

caused the reduction of [Ca]i.34

The regulation of lipid metabolism by glucose in beta cells.—The availability of 

glucose alters intracellular metabolism of FA rapidly and significantly in beta cells.26,35 Two 

key changes brought by glucose in beta cells include the increase in malonyl Co-A and the 

formation of glycerol-3-phosphate (glycerol-3-p).35 Although both changes are not unique 

to beta cells and are seen in other types of cells including myocytes and hepatocytes, these 

changes are proposed to play a key role in regulating GSIS in beta cells.

Glucose increases malonyl Co-A by activating acetyl-CoA carboxylase (ACC) and 

increasing acetyl-CoA through citrate production from glucose (Fig. 1). Thus, malonyl Co-A 

has been regarded as a “fuel-sensor” in a wide range of cells.36,37 In beta cells, a function of 

malonyl-CoA appears to be integrated into the regulation of GSIS; beta cell–specific 

knockout of ACC1 impairs insulin secretion both in vivo and in vitro.26,38 It has been 

proposed that malonyl-CoA impacts GSIS in beta cells by its well-known function as a 

suppressor of carnitine palmitoyl transferase 1 (CPT1). Metabolic labeling of beta cells has 

confirmed that fatty acid oxidation is reduced upon glucose loading in beta cells, and 

blockade of beta-oxidation by etomoxir (CPT1 inhibitor) does not impair GSIS, indicating 

that beta-oxidation does not provide energy source for GSIS.39,40 In contrast, the promotion 

of fatty acid oxidation by either overexpression of CPT1 or by expression of a mutant form 

of CPT1 impaired GSIS in INS1 cells and rat islets.41 The reduction of beta-oxidation at 

high glucose in beta cells is proposed instead to support GSIS by increasing the intracellular 

pool of long-chain FA available for esterification and protein modification.35 Malonyl-CoA 

can be elongated by fatty acid synthase (FAS) to provide an endogenous source of long-

chain FA as well. However, there are conflicting data whether the suppression or reduction 

of FAS impairs GSIS.42,43 Thus, it remains to be determined whether long-chain FA directly 

derived from malonyl-CoA, or long-chain FA from the circulation, play a significant role in 

supporting GSIS.
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The formation of glycerol-3-p from glucose provides a glycerol backbone for esterification 

of endogenous and exogenous FA to form glycolipids, such as PLs, DAG, and 

triacylglycerol (TG) (Fig. 2).40,44 Earlier studies demonstrated that synthesis of DAG by 

esterification of FA increases quickly in response to glucose in beta cells.45,46 Recent 

metabolic studies provide further support that glycerol-3-p generated from glucose is used 

for synthesis of glycerolipids in beta cells.33,40,44 While the increase in glycerolipid 

formation with increased flux of glucose is not a unique feature of beta cells, the formation 

of glycerolipids from glycerol-3-p is considered to facilitate GSIS through several pathways. 

Glycerol-3-p generation consumes nicotinamide adenine dinucleotide (NADH) and produces 

NAD+ that can accelerate glycolysis. The glycerolipids that are generated, such as DAG, are 

proposed to augment insulin secretion (discussed further below; Fig. 2). At high glucose 

concentrations, the formation of glycerol-3-p allows removal of excess glucose by 

incorporation into TG or secretion as glycerol after removal of phosphate from glycerol-3-p.
33 Interestingly, a recent study in INS1 cells showed that the activation of FFAR1 also 

promotes glycerolipid formation in beta cells, indicating that increased GSIS by FFAR1 may 

not totally be independent from intracellular fatty acid metabolism.40

Glycerolipid/free fatty acid cycle and insulin secretion.—The glycerolipid/free 

fatty acid (GL/FFA) cycle consists of esterification of FA to synthesize TG and then lipolysis 

of TG to release glycerol and FA that can be re-esterified to continue cycling (Fig. 2).6 In 

beta cells, it has been proposed that de novo glycerolipid synthesis in response to glucose is 

coupled with lipolysis to form the GL/FFA cycle, and that the GL/FFA cycle plays an active 

role in promoting GSIS based on evidence extensively discussed in previous reviews.6,35 In 

brief, three key supporting arguments include (1) rapid formation of glycerolipids in 

response to glucose (as discussed above), (2) generation of metabolites known to modulate 

insulin secretion by the cycle, and (3) reduction of GSIS by suppression of lipolysis.

To understand the GL/FFA cycles, it is important to note that the sequential steps of lipolysis 

is not an exact reversal of TG synthesis in most mammalian cells, both for products and 

locations of reactions (Fig. 2). Sequential esterification of glycerol-3-p produces 

lysophosphatidic acids (LPA) and phosphatidic acids primarily at the ER. Phosphatidic acids 

are then converted to Sn-1,2 DAG by the action of lipin/phosphatidate phosphatase at the 

ER. Thereafter, diglyceride acyltransferase (DGAT)1 and DGAT2 will convert DAG to TG 

that will be incorporated into LD. Lipolysis of TG will be initiated at LD by adipose-

triglyceride lipase (ATGL), which preferentially removes FA from Sn-1 or 2, producing 

Sn-1,3 DAG and Sn-2,3 DAG.47 Sn-1,3 DAG and Sn-2,3 DAG are further metabolized to 1-

monoacylglycerol (MAG) or 2-MAG by hormone-sensitive lipase (HSL), which 

preferentially removes FA from Sn-3.47 This reaction is considered to occur at LD in 

general, but the expression of HSL in insulin granules is reported in beta cells, indicating 

that MAG may be generated in the vicinity of insulin granules.48 MAG is further hydrolyzed 

to produce glycerol and FA by lipases including alpha/beta-hydrolase containing domain 6 

(ABHD6) that resides at the plasma membrane in beta cells.49

Several metabolites generated by the GL/FFA cycles are implicated in regulating insulin 

secretion. Phosphatidic acids are reported to augment GSIS by reducing guanosine 

triphosphatase (GTPase) activity associated with insulin granules.50 Sn-1,2 DAG is another 
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metabolite that has been proposed to increase GSIS by activating protein kinase C (PKC) 

and PKD.51 Sn-1,2 DAG is also considered to increase exocytosis by activating Munc13-1.52 

However, phospholipase D, which is known to increase GSIS,53 can generate phosphatidic 

acids from plasma membrane PL. Similarly, PLC, the downstream target of both FFAR1 and 

muscarinic receptor in beta cells, can generate Sn-1,2 DAG from plasma membrane PL. It 

remains to be determined whether phosphatidic acids and Sn-1,2 DAG generated during TG 

synthesis at the ER directly contribute to GSIS to the same extent as those generated at the 

plasma membrane by PLC and phospholipase D. For the lipolysis arm, TG, Sn-1,3 DAG, 

Sn-2,3 DAG, and 2-MAG do not have proposed targets to regulate insulin secretion. 1-MAG 

generated by ABHD6 has been reported to promote exocytosis by interacting with Munc 

13-1 like Sn-1,2 DAG in mouse and human islets.54 At the same time, the pharmacological 

inhibition of MAG lipase reduced GSIS in INS1 cells and rat islets despite the increase in 

MAG.55 Further study is required to determine whether the location and type of enzymes, 

species of MAG generated, or host species contributes to differences between the two 

studies. Although FA and its activated form FA acyl-CoA have been proposed to augment 

insulin secretion, a precise mechanism regarding their contribution to GSIS remains elusive.
35 One possible mechanism involves secretion of FA and activation of FFAR1 (Fig. 2).

Another proposed mechanism involves acylation of proteins, a widely seen posttranslational 

modification.26 A variety of proteins highly relevant to GSIS, such as Cavβ2a calcium 

channel and synaptosome-associated protein 25 (SNAP25), require palmitoylation for 

membrane targeting.56,57 While dynamic regulation of protein palmitoylation during GSIS 

has been suggested, it remains unclear which proteins are palmitoylated in a glucose-

dependent manner and aid in insulin secretion.58 The ATP-sensitive potassium channel 

(KATP channel) is an attractive candidate as it is palmitoylated. However, the activity of the 

KATP channel increases by palmitoylation.26

Another proposed mechanism by which FA increase GSIS is activation of atypical PKC.59 

Although it may not acutely regulate GSIS, the activation of nuclear receptors by FA is a 

known mechanism by which lipolysis regulates gene expression in cardiomyocytes, liver, 

and adipose tissues,60,61 and may be relevant in modulating beta cell function in the long 

term.

Finally, the evidence for the contribution of lipolysis to GSIS benefits from careful review. 

Classically, linear increase in glycerol secretion in response to glucose has been taken as a 

key piece of evidence for the upregulation of lipolysis by glucose in beta cells.62 However, a 

recent study indicated that glycerol-3-p generated from glucose can be converted back to 

glycerol directly by glycerol-3-p phosphatase in beta cells, which questions the accuracy of 

glycerol as an index of lipolysis in beta cells.63 When the time course of changes in TG and 

DAG species in response to glucose was determined by lipidomics, it is implicated that 

lipolysis of TG produces DAG with 16:0 and 18:0 fatty acid chains in beta cells after 

glucose exposure.64 Beyond this, the acute reduction of GSIS by pan lipase inhibitor orlistat 

in rat islets and beta cell lines is the strongest evidence supporting an active role of lipolysis 

in the acute regulation of GSIS.6,65 As orlistat suppresses multiple neutral lipases, it has yet 

to be determined which lipase plays a primary role in supporting GSIS in beta cells.66 Beta 

cell–specific knockout and knockdown of the ATGL gene and mRNA, respectively, in mice 
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and INS1 cells have been associated with TG accumulation and impaired insulin secretion, 

supporting the notion that ATGL is the major TG lipase in beta cells and that sustained 

suppression of TG lipolysis negatively affects insulin secretion.67,68 In support of 1-MAG’s 

role in promoting exocytosis, islets from mouse insulin promoter (MIP)-Cre-mediated 

ATGL knockout mice contained less 16:0 and 18:0 MAG and showed lower GSIS, which is 

partly recovered by the presence of 1-MAG.68 Interestingly, this MIP-Cre-mediated ATGL 
knockout mice showed improved insulin sensitivity along with lower circulatory insulin, 

indicating interplay between beta cells and whole-body energy homeostasis.68 In a separate 

model, rat insulin promoter (RIP)-Cre-mediated ATGL knockout mice on a high-fat diet also 

showed impaired GSIS in isolated islets that is attributed to mitochondrial dysfunction due 

to reduced activation of peroxisome proliferator-activated receptor (PPAR)δ by FA.67 

Glucose homeostasis and insulin secretion from isolated islets were studied in several 

models of HSL knockout mice. Results were somewhat mixed but showed a certain degree 

of islet dysfunction in general.62 Thus, chronic reduction of ATGL and HSL in beta cells 

impairs GSIS through multiple targets depending on nutritional conditions or genetic 

background. However, it requires a further study with a specific inhibitor to suppress each 

enzyme to clarify actual contribution of each lipase in supporting GSIS acutely.

Collectively, significant circumstantial evidence exists for the contribution of the GL/FFA 

cycle to insulin secretion. However, the extent of contribution to insulin secretion, the 

regulation of the cycle, and molecular targets of the cycle are not firmly established yet.

Lipid signaling that regulates glucagon secretion

Glucagon secreted from alpha cells prevents hypoglycemia through its action primarily on 

the liver by promoting gluconeogenesis as a hormone. However, glucagon also fine tunes 

beta cell function in a paracrine manner.69 Newly emerging data have revealed that lipid 

metabolism and fatty acid signaling in alpha cells regulate alpha cell function.

While contribution of fatty acid oxidation for insulin secretion by beta cells is small, 

glucagon secretion under low glucose was shown to depend on fatty acid oxidation in both 

mouse and human islets.70 Fatty acid receptors in alpha cells also have an active role in the 

regulation of glucagon secretion. FFAR1 in alpha cells is reported to respond to increases in 

plasma FA during fasting and augment glucagon secretion.15 GPR119 in alpha cells may 

augment glucagon release under hypoglycemia.71

In summary, both fatty acid receptors and intracellular lipid metabolism are an integral part 

of the regulation of insulin and glucagon secretion and allow dynamic changes in their 

secretion in response to availability of glucose and FA.

The regulation of beta cell proliferation by FA

The increase in insulin secretion upon nutritional load is important not only for the 

maintenance of glucose homeostasis but also for the storage of nutrition for future use. To 

support the increase demands of insulin secretion for a sustained period, the expansion of 

beta cell mass becomes critical. While it is well accepted that glucose stimulates beta cell 

proliferation, there have been conflicting data about whether FA directly increase beta cell 

proliferation.72,73 There are several reports indicating that cultures of rat islets with FA, and 
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the infusion of FA over 2–4 days in rats, increases beta cell proliferation.72-75 The activation 

of mammalian target of rapamycin complex 1 (mTORC1) has been implicated in supporting 

proliferation by FA in one study of rat beta cells.76 However, in another report, fatty acid 

infusion blocked glucose-induced proliferation of beta cells in mice.77 In human islet in 

culture, both positive and negative results have been reported, depending on types of FA 

added.75,76,78 As there are numerous variables, including length of treatment, species and 

strains of rodents, age, and type of FA, it is currently difficult to reach consensus. Further 

studies, especially those that focus on humans, will be valuable.

Lipotoxicity and lipid metabolism

Continuous exposure to excess lipids, especially those rich in saturated FA, is proposed to be 

the major contributing factor for the initiation and the progression of beta cell failure in 

T2D.79 The negative effect of lipid exposure on beta cells is readily seen in vitro when 

clonal beta cells and islets are exposed to high concentration of FA, such as PA and OA. 

Numerous studies collectively have shown that prolonged (over 24–72 h) incubation of beta 

cells and islets with a high concentration of FA (0.2–0.5 mM) in the presence of glucose 

causes apoptosis and reduces insulin secretion (glucolipotoxicity) through activation of 

multiple stress pathways, including ceramide generation, ER stress, oxidative stress, 

mitochondrial dysfunction, and inflammation.79-81 While evidence exists for each stress 

pathway’s contribution to lipotoxicity, it remains inconclusive how these relate to the beta 

cell failure that occurs over decades in humans. Below, we review evidence connecting beta 

cell dysfunction in humans with the exposure of beta cells to lipids through recent clinical 

and metabolomic studies, the understanding of lipotoxicity in beta cells, and the gap in 

knowledge that requires future studies.

Review of clinical studies that connect pancreatic islet exposure to lipids and beta cell 
failure

As fatty acid uptake does not require transporters, the increase in environmental FA is 

expected to create positive balance of FA within cells and trigger lipotoxicity in beta cells. 

Hyperlipidemia is one potential source that exposes beta cells to excess lipids during T2D 

development in humans.1 Indeed, many human studies, including those with prediabetes, 

have demonstrated that the concentration of FA in circulation negatively correlates with 

parameters of beta cell function in both adults and youths from different ethnic populations;
82-84 however, it should be noted that absence of a correlation between the two has also been 

reported.85 Local accumulation of lipids in the pancreas also increases exposure of islets to 

lipids. Historically, lipotoxicity as a precipitating factor for beta cell failure was first 

proposed in a rodent model of T2D in which the accumulation of pancreatic fat precedes 

beta cell dysfunction.86 Advancement of imaging studies such as ultrasound, computer 

tomography, and magnetic resonance imaging enables measurement of pancreatic fat in 

humans and has revealed increased pancreatic lipid contents with obesity, metabolic 

syndrome, and T2D.87,88 Although it is not established whether pancreatic fat accumulation 

is sufficient for the development of beta cell dysfunction, or if reduction of pancreatic fat 

reverses beta cell dysfunction in humans,89-91 local fat accumulation is a possible source of 

lipids that affect beta cell health in humans. Collectively, human clinical studies provide a 

Imai et al. Page 9

Ann N Y Acad Sci. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



certain degree of evidence that the increase in circulatory and local lipids triggers beta cell 

failure in T2D.

Metabolomics implicates incomplete beta-oxidation as a culprit for beta cell failure in T2D

Acylcarnitines are intermediary metabolites of fatty acid oxidation that are increased in the 

circulation of insulin-resistant subjects and in T2D.92 Long-chain acylcarnitines (>C14), 

generated in mitochondria from long-chain fatty acid coenzyme A, are proposed to reduce 

insulin sensitivity in insulin target tissues, especially in skeletal muscle, by affecting ion 

channels and phosphorylation of the insulin receptor at the plasma membrane.92 A recent 

study implicated that the accumulation of acylcarnitines due to incomplete beta-oxidation of 

long-chain FA is a culprit of beta cell failure in T2D.93 Matrix-assisted laser desorption/

ionization mass spectrometry imaging (MALDI–MSI) based analysis of metabolites in islets 

from diabetic humans and two mouse models of T2D (Tally ho and db/db mice) showed an 

increase of acylcarnitines, including stearoylcarnitine, palmitoylcarnitine, linoleolcarnitine, 

and acetylcarnitine in islets.93 Stearoylcarnitine progressively increases as insulin content 

decreases in islets during the development of diabetes during both prediabetic and diabetic 

stages of mice.93 Combining metabolomic data and in vitro treatment of MIN6 cells with 

long-chain acylcarnitines, the study proposed that incomplete utilization of FA in the 

mitochondria increases acylcarnitines first in mitochondria and then in the cytosol, impairing 

both oxidative phosphorylation in mitochondria and insulin synthesis in cytosol.93 In a 

separate study in which mouse islets were incubated with FA and high glucose in vitro, the 

accumulation of carnitine ester 3-hydroxytetradecenoic acids was noted.94 Interestingly, 

medium-chain acylcarnitines (C6–C10) that are known to rise prior to long-chain 

acylcarnitines in mitochondria are increased in the blood of recent-onset T2D and subjects 

with gestational diabetes mellitus (GDM). Moreover, exposure to medium-chain 

acylcarnitines at the levels seen in GDM blunted insulin secretion in mice in vivo and in 

human and mouse islets in vitro.95 Collectively, data suggest that accumulation of 

acylcarnitines appears to be an early event during the development of beta cell dysfunction 

in T2D. While acute glucose challenge reduces fatty acid transport into mitochondria by 

suppressing CPT1 in beta cells (Fig. 1), beta cell dysfunction under chronic lipid exposure 

appears to be associated with incomplete fatty acid oxidation within mitochondria that likely 

stems from an influx of FA to mitochondria beyond their capacity for beta-oxidation.

Stress pathways that contribute to beta cell dysfunction under nutritional stress

Multiple stress pathways known to be activated by beta cell exposure to lipids in vitro 
provide evidence of their activation in human pancreatic islets affected by T2D.79,80,96 Since 

the activation of one stress pathway can induce other stress pathways, progressive beta cell 

demise in T2D likely is a result of simultaneous activation of multiple stress pathways. 

While it is beyond the scope of this review to detail each stress pathway implicated in 

lipotoxic damage of beta cells, below we briefly describe key information focused on recent 

research.

Ceramides are biologically active sphingolipids that can provoke ER stress, oxidative stress, 

and c-Jun N-terminal kinase (JNK) activation, reduce insulin gene expression, and 

dysregulate intracellular signaling, including protein kinase B (PKB) inhibition and Ras-
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related C3 botulinum toxin substrate 1 (Rac1) activation.97-99 However, the contribution of 

ceramide to beta cell demise in human T2D is not firmly established, as its accumulation is 

not necessarily seen in all models of T2D, especially at early stages.98 The prooxidant nature 

of FA, combined with low expression of antioxidative defense enzymes, is believed to 

provoke oxidative stress in beta cells and produce peroxidated lipids and proteins that cause 

inflammation and damage organelles in beta cells.100,101

Recently, ferroptosis was identified as one form of regulated cell death that depends on iron 

and reactive oxygen species.102 While there still is not direct demonstration of ferroptosis by 

lipotoxic stimuli in beta cells, the contribution of iron overload for the development of beta 

cell failure in human T2D has significant evidence making ferroptosis a potential pathway 

involved in beta cell demise under overnutrition.103

Insulin resistance associated with overnutrition pressures ER to meet increased demand for 

insulin production.104 High concentrations of FA have been shown to deplete [Ca2+]ER in 

beta cells105,106 by reducing expression of pumps that regulate [Ca2+]ER homeostasis, such 

as sarco/ER Ca2+-ATPase 2B (SERCA2B),107 sorcin,108 and stromal interaction molecule 1 

(STIM1).109 As ER maintains higher calcium concentration compared with cytosol to 

support protein folding and to regulate [Ca2+]i, [Ca2+]ER depletion results in ER stress and 

dysregulates insulin secretion. Overload of FA, especially that of saturated FA, is reported to 

alter the composition of membrane PLs and contribute to ER stress, mitochondrial 

dysfunction, and production of proinflammatory metabolites such as AA.110-112 

Interestingly, diet rich in omega-3 polyunsaturated eicosapentaenoic acids (EPA) was shown 

to change the cell membrane composition of pancreatic islets, reduce AA production, and 

improve beta cell function in BTBR leptinob/ob mice, indicating a significant contribution of 

membrane lipids for beta cell failure in diabetes.113 Dilation of the ER and swelling of 

mitochondria were reported in an electron micrscopic study of human beta cells in T2D.114 

In a study of INS1 cells, PA increased dynamin-related protein 1 (DRP1) phosphorylation 

and led to ER enlargement and mitochondrial fragmentation, providing one potential 

pathway by which FA alter the ER and mitochondria morphology.115 Human islets from 

T2D show signs of inflammation.96 PA has been shown to provoke an inflammatory 

response in beta cells and recruit inflammatory macrophages into islets.96,116,117 Interleukin 

1 beta (IL-1β) has been proposed as a key upstream molecule to initiate islet inflammation 

during the development of T2D.117 However, it should be noted that a recent large human 

trial of an IL-1β inhibitor, the Canakinumab Antiinflammatory Thrombosis Outcome Study 

(CANTOS), did not demonstrate prevention of diabetes over a medium period of 3.7 years 

despite the reduction in cardiovascular events also considered to have inflammatory basis.118 

IL-1β may therefore not be a critical node governing progression of beta cell failure during 

the development of T2D.

Despite the wealth of information regarding molecular pathways by which lipotoxicity 

causes beta cell demise, a case like IL-1β illustrates that we still lack critical information 

regarding the hierarchy of multiple stress pathways or the identity of early stress response 

that can be targeted to prevent further exacerbation of stress response. Thus, future studies 

that address sequence of events during the development of beta cell failure are important for 

identifying effective targets for prevention or reversal of beta cell dysfunction in human 
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T2D. For this goal, it is critical to recognize a limitation in simulating the development of 

beta cell failure in animal models, especially in mice that show significant difference in islet 

structure, gene expression, and functions compared with humans.119-121 When responses to 

high-fat diet are compared between mouse and human islets being transplanted to 

immunodeficient NOD/scid/gamma (NSG) mice, basal insulin secretion was increased in 

both mouse and human islets, but GSIS was reduced only in human islets.119 While mouse 

islets showed increases in beta cell proliferation and unfolded protein response, human islets 

did not but did develop oxidative stress.119 Interestingly, two histological differences noted 

between mouse and human islet transplants were amyloid accumulation and the formation of 

large LD.119 While the lack of amyloid formation in mouse islets is well known, the study 

implicated a potential significant difference between lipid metabolism and lipid droplet 

formation under chronic nutritional stress in human beta cells that might contribute to 

blunting in GSIS seen only in human islets.119 We next discuss the currently available 

knowledge regarding islet LD.

Islet LD in the regulation of lipid metabolism, insulin secretion, and defense 

against lipotoxic stress

General knowledge of LD from studies of nonbeta cells

LD are an intracellular organelle consisting of a neutral lipid core of TG and sterol esters 

(cholesterol ester and retinol ester) surrounded by a PL monolayer.122 The lipid droplet 

surface is studded by the perilipin (PLIN) family of proteins (PLIN1–5) that play an 

important role in stabilization of LD, lipolysis, and interaction of LD with other proteins and 

organelles (Table 1).123 LD provide temporal and spatial regulation of lipid metabolism and 

have diverse functions beyond lipid metabolism through interaction with a wide array of 

proteins and intracellular organelles, including the ER, mitochondria, the nucleus, and 

lysosomes.122 The best characterized function of LD is to regulate mobilization of stored 

lipids through interaction with lipases and lysosomes (autophagy), as recently reviewed.
60,123 LD are coated with Rab proteins and are mobile within cells. High-resolution imaging 

of mouse embryonic fibroblasts labeled with a fluorescent fatty acid probe revealed that LD 

serve as a shuttle to transfer FA from lysosomes to the mitochondria.124 Thus, a proposed 

role of the GL/FFA cycling in supporting GSIS makes LD an organelle highly relevant for 

regulation of GSIS (Fig. 2).

LD are also a potential target to mitigate lipotoxicity in beta cells as LD have been 

implicated in cellular processes highly relevant to lipotoxicity. LD generate from the ER, 

where triglyceride synthesis occurs, and often maintain contact with the ER.125 ER stress 

from overnutrition and the accumulation of unfolded protein has been noted to increase lipid 

droplet formation in yeasts and mammalian cells.122 In hepatocytes treated with tunicamycin 

and cardiomyocytes treated with PA, the promotion of lipid droplet formation mitigates ER 

stress.122 On the other hand, reduction of lipid droplet formation has been associated with 

lower ER stress in the liver of mice fed a high-fat diet, indicating that the contribution of LD 

to stress mitigation depends on the context of stress and cell types.126
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An increase in lipid droplet formation is also noted under oxidative stress in cancer cells, 

hepatocytes, and glial cells.122 Similar to ER stress, both positive and negative effects of 

lipid droplet formation on oxidative stress have been reported indicating the importance of 

cell-specific studies.127,128 LD often reside in the vicinity of mitochondria in cells with a 

high capacity for fatty acid oxidation.124,129 This close association is proposed to facilitate 

transfer of FA from LD to mitochondria for beta-oxidation124 and/or transfer of energy from 

the mitochondria to LD for lipid droplet expansion;129 two opposite directions of 

communication that likely occur depending on cell types and energy status. In addition, it is 

proposed that LD protect mitochondria by sequestering FA and preventing fatty acid 

overload of mitochondria.130 Collectively, LD are often incorporated in ER stress, oxidative 

stress, and mitochondrial dysfunction pathways, but cell type–specific studies are required to 

determine whether LD play a positive or negative role under a specific type of stress.

A potential role of LD in beta cell function and health

Despite its potential importance, the role of LD in beta cells has been underappreciated 

because mouse beta cells form very small LD. However, LD of rat and human beta cells are 

readily visible using bodipy 493/503 neutral lipid dye (Fig. 3).76,131 More importantly, the 

formation of LD in beta cells is dynamically regulated in mice, rats, and humans.76,131,132 

Rat and human islets cultured with FA accumulate LD in beta cells and increase expression 

of PLIN2 in an mTORC1–dependent manner.76 The expression of PLIN2 and PLIN5 in 

mouse islets is regulated by nutritional cues such as high-fat feeding and fasting in vivo.
131,132 Human islets transplanted into immune-deficient mice accumulate LD in beta cells in 

response to a high-fat diet.119 Proteomic analysis of LD isolated from INS1 cells confirmed 

that LD are enriched with proteins that are known to regulate lipid metabolism, including 

PLIN2, long-chain fatty acid–CoA ligase (ACLS) 3, ACLS4, and ATGL.133 In addition, 

proteins functionally associated with vesicle formation, mitochondria, and ER have been 

shown to be present in the proteome of LD from INS1 cells, providing further support that 

LD are a metabolically active organelle in beta cells.133

PLIN expression profile in pancreatic islets and beta cells

It is helpful to address the role of LD from the point of PLIN because unique molecular 

characteristics of each PLIN on the surface of LD play a critical role in determining the 

function of LD (Table 1).123 As shown in Figure 3, the profile of PLIN expression differs 

between beta cell lines and pancreatic islets. However, PLIN2 is the most abundantly 

expressed PLIN in both beta cell lines (MIN6 cells132 and INS1 cells) and pancreatic 

islets132 (Fig. 3). In human islets, the expression of PLIN3 is as high as that of PLIN2. 

PLIN3 is expressed at significant level in mouse islets as well, but its expression is not 

detectable in INS1 cells. PLIN5 is the third most abundant PLIN in both human and mouse 

islets. While it is unclear how different PLIN expression profiles affect lipid metabolism and 

lipid droplet formation in beta cell lines and pancreatic islets, recent studies of each PLIN in 

beta cells and pancreatic islets have begun to provide important clues regarding the role of 

LD in the regulation of lipid metabolism and beta cell function.
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PLIN2, the most abundant PLIN in beta cells

PLIN2 is widely expressed in nonadipocytes and shows a strong correlation with cellular 

triglyceride pool size partly because TG prevents ubiquitin-mediated degradation of 

PLIN2.134 Unlike PLIN1 that regulates lipolysis through protein kinase A (PKA)–dependent 

interaction with HSL, PLIN2 does not have a known association with lipases or a consensus 

site for phosphorylation by PKA, and it is considered to serve as a passive barrier for 

lipolysis.123 It has reportedly been demonstrated that overexpression of PLIN2 is sufficient 

to increase lipid droplet formation, while the downregulation of PLIN2 reduces lipid droplet 

formation in a wide range of cells, indicating that PLIN2 can actively determine lipid droplet 

pool size.123 In nonbeta cells, the modulation of PLIN2 expression is reported to affect 

multiple aspects of cellular lipid handling, including FA uptake, beta-oxidation, and 

activation of nuclear receptors in the liver, heart, macrophages, and white adipocytes.
123,135,136

PLIN2 protein levels closely correlate with cellular triglyceride contents in beta cells as 

well. PLIN2 protein is increased in beta cell lines, mouse islets, and human islets after fatty 

acid loading in vitro and in islets from obese mice (high-fat diet, ob/ob mice) and fasted 

mice.133,137

In MIN6 cells, the reduction of PLIN2 by antisense oligo nucleotide (ASO) significantly 

reduced TG contents, FA uptake, and FA oxidation indicating that PLIN2 in beta cells 

regulates lipid metabolism as well.133 While GSIS itself was relatively unaffected, 

augmentation of GSIS by PA was significantly blunted in MIN6 cells treated by ASO 

against PLIN2, indicating that PLIN2-coated LD are required for acute augmentation of 

GSIS by FA in MIN6 cells.133 To test whether PLIN2 protects beta cells from the cytotoxic 

effect of chronic lipid overload, PLIN2 was downregulated by shRNA in RINm5F and INS1 

cells;138 the reduction did not exacerbate or prevent cell death under chronic lipid overload, 

indicating that PLIN2 and LD formation have little effect on cell viability under lipotoxic 

stress in these beta cell lines.138 However, the impact of PLIN2 reduction for beta cell 

function under lipotoxic stress was not studied.138 The role of PLIN2 in beta cells under ER 

stress was studied using Akita mice that develop marked ER stress due to an insulin 2 gene 

mutation.137 Whole-body PLIN2 deficiency in Akita mice improved blood glucose levels 

compared with PLIN2-sufficient Akita mice, indicating that the loss of PLIN2 reduces ER 

stress in beta cells.137 In the study, the authors propose that the loss of PLIN2 reduces ER 

stress by upregulating autopahgy.137 Future work will be important to determine whether the 

loss of PLIN2 positively or negatively affects beta cell function in vivo under other stresses, 

especially overnutrition, considering that LD are reported to protect or exacerbate stress 

responses depending on type of stress.122

PLIN5, a potential regulator of lipolysis in beta cells

PLIN5 is proposed to control lipolysis of nonadipocytes in a PKA-dependent manner by 

interacting with both ATGL and the lipase activator CGI-58 (comparative gene 

identification-58, aka ABHD5).123 In addition, PLIN5 is proposed to translocate to nuclei 

upon PKA activation and upregulate genes important for mitochondrial function by 

activating PPAR-γ-coactivator 1-alpha (PGC1-α) through Sirtuin 1–mediated deacetylation.
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139 In accordance with a proposed function in facilitating lipolysis and mitochondrial fatty 

acid utilization, the expression of PLIN5 is high in cells that actively oxidize FA, such as 

cardiomyocytes, oxidative muscle, and brown adipose tissue.123 PLIN5 has a mitochondrial 

target sequence that is proposed to facilitate close association of LD with mitochondria.140 

The expression of PLIN5 is very low in many cultured cells, including MIN6 and INS1 cells 

(Fig. 3); PLIN5 expression in islets from fed mice is also relatively low (Fig. 3). However, 

gene and protein expression of PLIN5 increases drastically during fasting in mice.131 

Triglyceride contents are also increased in islets of fasted mice, indicating that circulatory 

FA released from adipose tissue during fasting accumulates in mouse islets and forms LD 

enriched with PLIN5.131 Although mRNA levels of PLIN2 do not increase upon fasting in 

mouse islets, PLIN2 protein levels do increase due to posttranslational stabilization by an 

increase in TG driven by PLIN5.132 It is known that the rise of circulatory FA is important 

for subsequent postprandial insulin secretion, since the prevention of a rise in circulatory FA 

reduces insulin secretion upon refeeding.7,141 Thus, upregulation of PLIN5 during fasting 

provides a mechanism to trap circulatory FA as TG within islets during fasting, and 

subsequently mobilizes stored TG upon refeeding when cyclic AMP (cAMP) levels increase 

(Fig. 1). The postprandial rise of cAMP contrasts beta cells from adipocytes and hepatocytes 

in which the rise in cAMP and lipolysis occurs during fasting.60 In support of PLIN5’s role 

in the regulation of lipolysis, overexpression of PLIN5 in MIN6 cells increases lipolysis. 

Moreover, overexpression of PLIN5 in MIN6 cells and mouse islets augments GSIS in 

response to FA and cAMP.132 As FFAR1 antagonism markedly reduces augmentation of 

GSIS by FA after PLIN5 overexpression, FA released by lipolysis appear to be secreted and 

increases GSIS through the activation of FFAR1.132 Importantly, PLIN5 expression in 

human islets is higher than that in mouse islets.131 Thus, PLIN5 may impact lipid 

metabolism and beta cell function significantly in human islets compared with mouse islets.

Other PLIN in beta cells

PLIN1 is selectively expressed in adipocytes and steroidogenic cells and serves as an on–off 

switch for lipolysis in these cells by preventing lipolysis at the nonstimulated condition and 

increasing lipolysis in response to PKA activation through recruitment of ATGL and HSL to 

the surface of LD.123 While there are reports of PLIN1 expression in rat and human beta 

cells, the expression level of PLIN1 is low compared with PLIN2, 3, and 5 in mouse and 

human islets, making the assessment of functional contribution of PLIN1 by downregulation 

in beta cells challenging (Fig. 3).131,138,142

PLIN3 is the second abundant PLIN in mouse and human islets, but it is virtually absent in 

beta cell lines, including MIN6 and INS1 cells (Fig. 3).131,132 A recent study of PLIN3-

deficient mice indicates that PLIN3 prevents lipolysis in adipose tissue, and its deficiency 

promotes beige adipocyte formation through PPARα activation, presumably by increased 

generation of FA by lipolysis.61 However, little is currently known about the specific 

function of PLIN3 in beta cells. Considering the low expression levels of PLIN3 in beta cell 

lines, an assessment of PLIN3 function in beta cells will require rodent or human islet 

models. PLIN4 has three times larger molecular weight compared with other PLINs, and the 

least studied among PLINs in nonbeta cells. Whole-body PLIN4-deficient mice had little 

metabolic phenotypes except for the reduced fatty accumulation in the heart.143 Recently, 
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PLIN4 was found to inhibit mitophagy in a neuroblastoma cell line.144 There currently is 

little information regarding the role of PLIN4 in beta cells. Of note, the expression of PLIN4 

in beta cells and pancreatic islets is very low (Fig. 3).

Unanswered questions for the role of LD and PLIN in beta cells

With increased awareness of the multifaceted nature of LD, more information is emerging 

for the role played by LD in lipid metabolism and stress responses in multiple cell sytstems.
122,123 However, there are still unanswered questions regarding the function of LD in beta 

cells. The GL/FFA cycle proposes that a rapid upregulation in lipolysis contributes to GSIS.
35 However, further study is required to determine how glucose regulates lipolysis in beta 

cells. While PLIN5 is a potential mediator by which glucose upregulates lipolysis in beta 

cells, its expression is very low in beta cell lines, indicating that additional mechanisms need 

to be considered if a unified mechanism exists to regulate the GL/FFA cycle in beta cell lines 

and islets. Marked differences in lipid droplet size and expression profiles of PLIN occur in 

mouse and human beta cells. Thus, appropriate models need to be used to understand the 

regulation of lipid metabolism by LD and the mitigation of stress responses under chronic 

nutritional stress in human islets.119 It is known that autophagy contributes to the 

mobilization of lipids through macroautophagy, chaperon-mediated autophagy, and 

microautophagy.60 Considering that acute upregulation of lipolysis by glucose is required 

for the GL/FFA cycle to contribute to GSIS, autophagy may have a limited contribution to 

the GL/FFA cycle in beta cells. However, cross talk between LD and autophagosomes may 

have a role in the progression of beta cell dysfunction under nutritional stress, requiring 

future studies.

Concluding remarks

Significant progress has been made in recent years in our understanding of the regulation of 

insulin secretion by lipids and the response of beta cells to nutritional overload. Cell surface 

FFAR1 is likely activated by FA from environment and by endogenous FA and non-FA (20-

HETE) secreted by beta cells. Currently, FFAR1 is one of the most promising targets in beta 

cells for T2D therapy. Recent metabolomic studies have provided strong confirmation that 

glucose acutely upregulates fatty acid esterification, which feeds into the GL/FFA cycle. 

However, it requires future studies to determine how lipolysis is regulated in beta cells to 

generate MCF from the GL/FFA cycle. In vitro models of lipotoxicity and mouse models of 

obesity have identified that nutritional stress activates stress pathways including oxidative 

stress, mitochondrial dysfunction, ER stress, and inflammation in beta cells. Further studies 

are required to determine what key molecular targets are effective to prevent or reverse the 

progression of beta cell demise in humans under nutritional stress. Of note, recent studies 

identified incomplete fatty acid oxidation as an early defect in beta cells, providing a 

promising lead to target early impairment in lipid metabolism in T2D. With a role in 

temporal and spatial regulation of lipid metabolism, further understanding of the function of 

LD in pancreatic islets is expected to aid answering some of unanswered questions, 

especially considering that LD are a prominent organelle in human beta cells.
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Figure 1. 
Cross talk between lipid metabolism and glucose metabolism in beta cells. (A) Fasting 

increases fatty acids (FA) in the circulation due to lipolysis in adipose tissues. FA are 

transported into mitochondria by carnitine palmitoyl transferase 1 (CPT1) for beta-oxidation 

and used as the primary source of energy during fasting in beta cells.5 In addition, a part of 

FA is esterified to triglycerides (TG) at the endoplasmic reticulum (ER) to form lipid 

droplets (LD).131 PLIN5 is a lipid droplet protein whose expression is upregulated during 

fasting in beta cells and considered to coat LD during fasting along with PLIN2.132 

Although not shown in beta cells, LD are also known to aid the transfer of FA to 

mitochondria for beta-oxidation during starvation.124 (B) Glucose plays a central role in 

triggering insulin secretion by increasing ATP/ADP through upregulation of glycolysis and 

the TCA cycle.6 In addition, glucose increases citrate and activates acetyl-CoA carboxylase 

(ACC), resulting in the increase of malonyl-CoA, which in turn suppresses CPT1 and 

reduces transport of fatty acid coenzyme A (FA-CoA) into mitochondria and beta-oxidation.
26 While this pathway is not necessarily unique to beta cells, the resultant increase in long-

chain FA is considered to support insulin secretion. Glucose also provides glycerol-3 

phosphate (glycerol-3-p) that is used for TG synthesis.35 In addition to TG synthesis, 

glucose is proposed to increase lipolysis in beta cells.35 Although there may potentially be 

multiple pathways involved, phosphorylation of PLIN5 is one proposed mechanism that 

mediates the increase in lipolysis postprandially in beta cells.124 The increase in TG 

synthesis and lipolysis is proposed to support insulin secretion through GL/FFA cycling. 

Metabolites generated by lipolysis, such as FA and 1-monoacylglycerol (1-MAG), are 

proposed to augment insulin secretion.6
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Figure 2. 
Triacylglycerol (TG) synthesis and lipolysis in beta cells. Fatty acids (FA) enter cells with or 

without the aid of facilitators and form FA-CoA.27 Glucose transporter 1 and 2 mediate 

uptake of glucose into beta cells.6 Glycerol-3-phosphate (glycerol 3-p) generated from 

glucose undergoes sequential reactions mediated by glycerol-3-phosphate acyltransferase 

(GPAT) and 1-acylglycerol-3-phosphate-O-acyltransferase (AGPAT) to attach two fatty acid 

chains to form phosphatidic acids at the endoplasmic reticulum (ER).125 Phosphate of 

phosphatidic acids is removed by lipin to form 1,2-diacylglycerol (1,2-DAG). The addition 

of a third fatty acid chain to 1,2-DAG within the bilayer of the ER membrane by 

diacylglycerol transferase (DGAT) 1 and 2, or at lipid droplets (LD) by DGAT2 forms 

triacylglycerol (TG).125 TG created within the bilayer of the ER membrane will bud off as 

LD or will be transferred to LD, as LD often maintain a connection with the (ER).125 Thus, 

TG primarily resides in LD that are covered by a single phospholipid layer and studded with 

lipid metabolism enzymes and a perilipin family of lipid droplet proteins. Human beta cells 

express PLIN2, 3, and 5.131 Adipose triglyceride lipase (ATGL) is a major TG lipase that 

initiates lipolysis by removing FA from Sn1 or Sn2 position.47 Hormone-sensitive lipase 

(HSL) has high activity against DAG and preferentially releases FA from Sn3.47 In beta 

cells, membrane-bound ABHD6 is reported to function as a monoacylglycerol lipase and 

releases the last FA from monoacylglycerol (MAG).49 FA being released can be secreted 

from beta cells and activate cell surface fatty acid receptors, such as FFAR1, or are 

converted to FA-CoA and reused for TG synthesis.6 *, Metabolites that have known targets 

to increase insulin secretion; **, metabolites that potentially increase insulin secretion but 

are not confirmed to be directly released from the ER; and ***, metabolites implicated for 

insulin secretion but that do not have confirmed targets.
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Figure 3. 
Lipid droplet formation and perilipin expression in beta cell models. (A) Dispersed human 

islets were stained for insulin (red), neutral lipid (bodipy 493/405, green), and nuclei 

(DAPI), and the image was captured using a fluorescent microscope using methods 

published.131 Expression levels of perilipin (PLIN) 1–5 were compared by qPCR using 

TaqMan primers using methods published131 in human islets from nondiabetic donors (n=7–

14) (B), INS1 cells (n=3–4) (C), and islets from a 4-month-old male ad libitum fed 

C57BL6NJ mouse (n = 6) (D). Data are mean ± SEM and expressed taking the average 

expression of PLIN2 as 1. N.D., not detected.
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