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Abstract: A high caloric intake, rich in saturated fats, greatly contributes to the development of
obesity, which is the leading risk factor for type 2 diabetes (T2D). A persistent caloric surplus
increases plasma levels of fatty acids (FAs), especially saturated ones, which were shown to negatively
impact pancreatic β-cell function and survival in a process called lipotoxicity. Lipotoxicity in β-
cells activates different stress pathways, culminating in β-cells dysfunction and death. Among all
stresses, endoplasmic reticulum (ER) stress and oxidative stress have been shown to be strongly
correlated. One main source of oxidative stress in pancreatic β-cells appears to be the reactive oxygen
species producer NADPH oxidase (NOX) enzyme, which has a role in the glucose-stimulated insulin
secretion and in the β-cell demise during both T1 and T2D. In this review, we focus on the acute
and chronic effects of FAs and the lipotoxicity-induced β-cell failure during T2D development, with
special emphasis on the oxidative stress induced by NOX, the ER stress, and the crosstalk between
NOX and ER stress.
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1. Introduction

Type 2 diabetes mellitus (T2D) is characterized by a dysfunction in glucose, lipid, and
protein metabolism caused by a combination of impaired insulin secretion and insulin
sensitivity, resulting in overt hyperglycemia. Of the three major types of diabetes mellitus
(type 1, type 2, and gestational), T2D is by far the most prevalent, representing more
than 90% of cases [1]. Three major abnormalities contribute to hyperglycemia in T2D:
decreased insulin sensitivity in (1) muscle; (2) liver; and (3) impaired insulin secretion.
Insulin resistance in muscle is characterized by reduced glucose uptake in the postprandial
phase, whereas in the liver, the hallmark of insulin resistance is increased hepatic glucose
production (HPG) in the face of hyperinsulinemia [2].

Despite T2D having an important genetic component [3–5], the recent rise in T2D cases
can be mostly attributed to the increase in obesity and lack of physical activity; both being
insulin resistance-promoting states [1,2]. Moreover, central (or visceral) adiposity is better
linked to insulin resistance and plasma levels of glucose, insulin, cholesterol, triglycerides
and high-density lipoprotein cholesterol than total adiposity. In persons with prediabetes
(impaired fasting glucose, impaired glucose tolerance, without overt hyperglycemia),
insulin resistance is compensated by insulin secretion to maintain normoglycemia. It is
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only when pancreatic β-cell’s capacity is overwhelmed and insulin secretion fails—via
either loss of β-cell function or mass (discussed later)—that overt hyperglycemia and T2D
ensue [6,7]. The consequent glucose intolerance can further impair insulin sensitivity and
promote micro- and macrovascular complications, typical of T2D.

There is a strong association between lipotoxicity-induced pancreatic β-cell dysfunc-
tion and death during the development and progression of T2D [8]. Two main stresses
are strongly correlated to this condition, namely the oxidative stress and the endoplasmic
reticulum (ER) stress [9]. Of note, both stresses are also involved in the pathogenesis of
diabetic complications. In this review, we will discuss the different types of fatty acids
(FAs) and their effect on β-cells dysfunction and death, with special interest in the role of
one main source of oxidative stress, the NADPH oxidase, and the ER stress.

2. Fatty Acids and the Obesity-Related Hyperglycemia in T2D

The alarming increase of obesity and T2D is related to high caloric intake, mainly from
foods rich in carbohydrates and saturated fats. This is closely linked to hyperglycemia,
where peripheral tissues and pancreatic β-cells play a significant role.

Lipids are a broader class of organic compounds insoluble to water and with variable
structures, including triacylglycerols (TAGs), FAs, cholesterol, etc. [10]. FAs are important
structural components of cell membranes and represent a significant metabolic fuel for
several cell types. Their molecules are formed by an apolar region, containing a carbon
chain with variable number of carbons, bonded to a polar region, which is a carboxyl
moiety (Figure 1). According to their chain length, FAs are classified into: short-chain (<C5),
medium-chain (C6-C12), long-chain (C13-C21), and very long-chain (>C22) [10] (Figure 1).
FAs may also be saturated, with no double bonds in its carbon chain, or unsaturated,
containing one or more double bonds. Regarding its nomenclature, there is an abbreviated
notation in which the number of carbons and the number of double bonds are written as
C18:2, meaning a FA with 18 carbons and 2 double bonds [10]. In addition, the location of
the first double bond may also be indicated as 18:2n-6, known as linoleic acid. Different
FAs can have beneficial or detrimental effects on pancreatic β-cells’ function, depending
on the time of exposure and the type of FA, as discussed later.

Both saturated and unsaturated FAs are commonly found in the human nutrition and
once absorbed in the intestinal tract, they circulate in the blood bonded to plasma proteins.
FAs are imported into cells by free diffusion and/or through membrane FA transporters,
such as CD36 [11–13]. High intake of FAs, especially saturated ones, leads to decreased
insulin sensitivity in peripheral tissues (Figure 2).

The major abnormality of muscle insulin resistance is decreased glucose uptake and
glycogen synthesis [14] (Figure 2). This is caused by increased delivery of free fatty acids
(FFAs) to muscles, due to obesity and consequently elevated plasma levels of TAGs, FFAs,
and very low-density lipoproteins (VLDLs), together with increased intramuscular and
intramyocellular TAGs levels (ectopic fat deposition) (Figure 2). In fact, intramuscular
and intramyocellular TAGs are a better predictor of insulin resistance than total adipos-
ity and circulating plasma FFAs. Additionally, muscle lipid accumulation and insulin
resistance are associated with decreased lipid oxidation mediated by reactive oxygen
species (ROS)-induced mitochondrial damage and age-related reduction in mitochondrial
biogenesis [15,16].

Under normal conditions, the liver is responsible for insulin-induced reduction of
glucose production and insulin-stimulated increase of glycogen synthesis after caloric
intake. The increased FFAs flux to the liver and the consequent steatosis (increased hep-
atic ectopic lipid deposition) induces hepatic insulin resistance in a similar fashion to
muscle [14] (Figure 2). Lipid-induced hepatic insulin resistance is marked by decreased
insulin-stimulated glycogen synthase flux and impaired insulin-induced inhibition of
glucose production [14] (Figure 2).
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Figure 1. Nomenclature of different types of fatty acids (FAs) and their effects in pancreatic β-cells according to chain
length and degree of saturation. FAs are composed by a carboxyl moiety bonded to an aliphatic tail, with variable number
of carbons. Depending on the number of carbons, FAs can be divided in short-chain (C ≤ 5), medium-chain (C6-C12),
long-chain (C13-C21) and very long-chain (C ≥ 22). They can also be: (i) saturated, with no double bonds, as stearic
acid (C18:0); (ii) unsaturated, with one double bond, as oleic acid (C18:1); and (iii) poly-unsaturated, with more than two
double bonds, as linoleic acid (C18:2) and γ-linolenic acid (C18:3). FAs are known to increase the glucose-stimulated insulin
secretion (GSIS), but can also be toxic in the long-term. The potency of GSIS amplification is positively influenced by the
carbon chain length and negatively influenced by the degree of unsaturation.

Adipocyte dysfunction can contribute to insulin resistance and impaired insulin se-
cretion. Insulin resistance in adipocytes eliminate insulin-induced repression of lipolysis
(Figure 2). This is associated with increased plasma levels of FFAs [17]. Impaired adipo-
genesis and dysfunctional hypertrophy of adipocytes in situations of persistent caloric
surplus also increase plasma FFAs [18] (Figure 2). Furthermore, enlarged adipocytes are
more insulin resistant and have limited storage capacity. The consequent increase in the
release of circulating FFAs will in turn contribute to ectopic fat deposition and hepatic
and muscle insulin resistance, as discussed above [2]. Additionally, dysfunctional adipose
tissue releases increased levels of insulin resistance-inducing pro-inflammatory adipokines
and decreased levels of insulin-sensitizing anti-inflammatory adipokines, a phenomenon
termed “subclinical inflammation”. The release of pro-inflammatory adipokines (e.g., TNF,
IL-6, MCP-1) from adipocytes, preadipocytes and resident macrophages is increased during
obesity; while the release of anti-inflammatory factors (e.g., adiponectin) is decreased in
the same state.
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Figure 2. Obesity-induced pancreatic β-cells dysfunction and insulin resistance (IR) in peripheral
tissues. Genetic predisposition, overnutrition, and a sedentary lifestyle are involved in obesity and
type 2 diabetes development. The lipotoxicity involved in chronic obesity and hyperglycemia leads
to an increase of insulin demand due to IR in peripheral tissues. While in a first moment, β-cells
try to compensate for IR by increasing insulin synthesis, they start to decompensate in late stages,
with decrease of β-cell function and mass. IR in adipocytes eliminate insulin-induced repression
of lipolysis. Impaired adipogenesis and dysfunctional hypertrophy of adipocytes increase plasma
levels of free fatty acids (FFAs). Additionally, dysfunctional adipose tissue releases increased levels
of insulin resistance-inducing pro-inflammatory adipokines, leading to local inflammation. The
increased FFAs flux to the liver and skeletal muscle leads to increase of fat deposition, decrease of
glycogen synthesis and mitochondrial dysfunction. Additionally, the hallmark of insulin resistance
in the liver is increased hepatic glucose production (HPG).
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3. Acute Versus Chronic Effects of FAs in Pancreatic β-Cells
3.1. FAs-Increased Glucose-Stimulated Insulin Secretion (GSIS)

The effects of several FAs on pancreatic β-cell function are pleiotropic and depend on
the type of FA, with respect to their degree of unsaturation and chain length, in addition to
the concentration and time of exposure [19–22] (Figure 1). Once inside the β-cell, FAs are
esterified to form long-chain acyl-CoAs (LC-CoA) by acyl-CoA synthetase. In low glucose
conditions, FAs represent an important source of ATP, and thus they are transported to
mitochondria or peroxisomes to be oxidized in acetyl-CoA, in a process known as β-
oxidation [23]. Very long-chain FAs are β-oxidized in peroxisomes, whereas short-chain,
medium-chain, and long-chain FAs are preferentially β-oxidized in mitochondria [23,24].
After the β-oxidation, acetyl-CoA is fully oxidized to CO2 in the Krebs Cycle and the
electrons generated are transferred to O2 via the electron transport chain, supplying the
energy to generate ATP by oxidative phosphorylation.

In high glucose conditions, FAs no longer represent the major fuel and their oxidation
is downregulated. The transport of LC-CoA to the mitochondria is inhibited and the
subsequent increase of cytosolic LC-CoA leads to the activation of PKC, which leads to the
phosphorylation of proteins involved in the exocytosis of insulin granules [25–29]. Thus,
acute exposure to long-chain FAs is known to increase GSIS of pancreatic β-cells. Besides,
it has been previously shown that under certain circumstances, such as in fasted states,
FAs are critically required for an efficient GSIS [30]. The potency of GSIS amplification is
positively influenced by the carbon chain length and negatively influenced by the degree
of unsaturation [27,31] (Figure 1).

Another mechanism by which FAs amplify GSIS is via activation of G-protein cou-
pled receptors, known as GPRs [32–35]. There are several types of GPRs activated by
FAs with different carbon chain lengths. One of the most studied is GPR40, activated
by medium- and long-chain FAs, saturated or unsaturated, such as palmitic (C16:0) and
oleic (C18:1n9) acids [26,32,34]. The binding of the FA to GPR40 activates the Gαq pro-
tein, causing phospholipase C (PLC) stimulation, leading to the formation of DAG and
inositol-1,3-biphosphate (IP3), which activates PKC and mobilizes calcium from the ER,
respectively [34,36–39]. GPR40 is expressed in rat and mice pancreatic islets [32] and in
insulin-secreting cell lines [25,26]. It has been shown that human pancreatic islets of T2D pa-
tients had decreased expression of GPR40 [40] and obese individuals had higher mutation
frequency of GPR40, leading to impaired intracellular calcium influx and, consequently,
impaired insulin secretion [41]. Thus, because of its role in GSIS amplification, GPR40
has been studied as a promising target in the development of drugs for the treatment of
T2D [32,42–48].

3.2. FAs-Induced Lipotoxicity in β-Cells

Despite the beneficial acute effects in GSIS potentiation, various studies have shown
that T2D patients present high levels of plasma FFAs [49–51] and that deleterious parame-
ters related to this condition, such as impaired insulin secretion and glucose intolerance are
associated with the elevated levels of saturated FAs, including palmitic acid (C16:0) and
stearic acid (C18:0) [52–54].

In fact, high concentrations of glucose and lipids have negative impacts on β-cell
function and mass, phenomena referred to as glucotoxicity and lipotoxicity, respectively.
Since hyperglycemia and hyperlipidemia commonly coexist in T2D and synergistically
induce β-cell dysfunction and death, the term glucolipotoxicity is often preferred. De-
creased insulin expression, reduced GSIS and β-cell apoptosis are the major manifestations
of glucolipotoxicity and they involve many pathways mediated by a myriad of factors,
excellently reviewed elsewhere [8,55,56]. Importantly, and as previously discussed, quality,
and not only quantity, of FFAs determines glucolipotoxicity: Different degrees of saturation
have different effects on dysfunction, with saturated FAs, as palmitic acid, having the worst
effects and the highest hazard ratio for T2D [8]. Additionally, glucose is permissive to
glucolipotoxicity by means of modulation of FAs metabolism: High glucose diverts FAs
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way from β-oxidation and towards esterification. However, it is unlikely that, being inert,
triglyceride accumulation itself is the molecular mechanism of glucolipotoxicity, being
rather a marker of this phenomenon, and many intermediates of esterification have been
implicated in β-cell dysfunction [55,56].

It is important to recognize that glucolipotoxicity might represent one of the stages
of β-cell response to insulin resistance and hyperglycemia in a spectrum ranging from
glucolipoadaptation, to glucolipotoxicity, to β-cell failure [55]. Under this framework,
insulin resistance would be compensated by increased β-cell function—termed “glucol-
ipoadaptation” by Prentki and Nolan [57]—to maintain normoglycemia [55]. This response
consists in increased β-cell mass, insulin biosynthesis and secretion, likely relying on
enhanced responsiveness to FFAs. In genetically predisposed individuals, however, β-cells
have limited capacity to compensate for increasing insulin demand resulting from insulin
resistance, hyperglycemia and hyperlipidemia. Hence, glucolipotoxicity plays a major
role at this stage. β-cells begin to decompensate insulin resistance: Insulin expression and
secretion and β-cell mass all start to decline, via the mechanisms described above and,
consequently, glycemia and lipidemia start to rise. Finally, chronic hyperglycemia and
hyperlipemia will further promote β-cell dysfunction and death and contribute to overt
T2D [55,56].

Several in vitro and in vivo studies show that chronic exposure to high levels of
saturated FAs appear to be highly detrimental to β-cells. They may cause β-cell dysfunction
with reduced insulin biosynthesis [58–60], reduced insulin secretion [61,62], and induction
of apoptosis [63,64]. As previously discussed, these deleterious effects due to chronic
exposure to FAs are known as lipotoxicity [8,65]. In contrast, several previous reports
show that long-chain monounsaturated FAs (MUFAs), such as oleic acid (C18:1n9), and
long-chain polyunsaturated FAs (PUFAs), such as omega 3 eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), not only present a mild or absent toxicity for the β-cell
function [64], but also mitigate the toxic effects of saturated FAs [66–69].

To date, several in vitro studies have focused on MUFAs and PUFAs and their pow-
erful cytoprotective effects in β-cells. For instance, the in vitro incubation of a human
pancreatic β-cell line with the saturated palmitic and stearic acids, and not with the unsatu-
rated palmitoleic and oleic acids, induced cell death [70]. Moreover, long-chain MUFAs
inhibited the palmitate-induced toxicity in a rat β-cell line in a dose-dependent manner
with a defined potency order: C18:1 (oleic acid) > C16:1 (palmitoleic acid) > C14:1 (myris-
toleic acid) [71]. Of note, the configuration of the double bond was also important with cis
geometric configuration, which means that the hydrogen atoms are located at the same size
of the double bond, being more potent than trans forms [71]. In addition to preserve β-cell
viability, MUFAs and PUFAs also counteracted the saturated FAs-induced impairment in
GSIS in mice and human islets in vitro [67,72]. Interestingly, it has also been shown that
unsaturated FAs, such as oleic and palmitoleic acids, were able to protect against apoptosis
of a β-cell line induced not only by saturated FAs, but also by other apoptotic inducers,
such as serum withdrawal and proinflammatory cytokines [73].

During T2D, although loss of β-cell mass may occur over the years, the impair-
ment in insulin secretion is essentially due to β-cell dysfunction [74,75]. Inflammation,
oxidative stress, mitochondrial dysfunction, ER stress, and impaired autophagy are ex-
amples of mechanisms activated during glucolipotoxicity in β-cells. Glucose and FFAs
can inhibit insulin promotor activity, an effect mediated by activation of extracellular
signal-regulated kinases 1/2 (ERK1/2), JNK, and Per-Arnt-Sim kinase (PASK), resulting in
inhibition of transcription factors crucial for β-cell development and differentiation, such
as pancreas/duodenal homeobox factor-1 (PDX-1) and especially v-maf musculoaponeu-
rotic fibrosarcoma oncogene homologue A (MafA). Structural disorganization of insulin
granules and Ca2+ channels and PKCε activity are implicated in FFAs inhibition of GSIS.

During T2D development, the chronic exposure to glucose and saturated FAs, and
the high demand for insulin, leads to an increase of misfolded and unfolded proteins in
the ER lumen, due to the high demand for protein synthesis and due to Ca2+ disbalance in
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the ER, inducing ER stress. In addition, there is an increase of ROS production in β-cells
and a consequent oxidative stress [9]. Both stresses are interconnected and can initiate
the production of chemokines and inflammatory cytokines, which attract and activate
immune cells in the islet microenvironment [9]. The exacerbation of this condition leads to
disturbance of secretory function, culminating in β-cell apoptosis [9,76].

The lipotoxicity-induced activation of oxidative and ER stresses is also dependent
on the type of FA. In this regard, a recent study with EndoC-βH1 human β-cells exposed
to different types of saturated or unsaturated long-chain (LC) and very long-chain (VLC)
FAs showed a very evident relationship between the degree of saturation and chain length
with lipotoxicity [77]. As expected, lipotoxicity intensified with increasing chain length,
with VLCs being the most toxic and polyunsaturated being non-toxic [77]. Moreover, VLC
saturated or unsaturated FAs greatly increased ROS formation in both peroxisomes and
mitochondria, while LC saturated or unsaturated only slightly influenced ROS formation
in the peroxisomes, and interestingly, only saturated VLC FFAs activated ER stress [77].

4. Oxidative Stress in Lipotoxicity
4.1. Reactive Oxygen Species (ROS): Duality of Effects

Oxygen is vital for the generation of energy, as it is the final acceptor of electrons
and hydrogen ions during energy metabolism, allowing for an efficient ATP production in
mitochondrial oxidative phosphorylation. Thus, redox reactions are fundamental for the
maintenance of life, through respiration, metabolism, and energy supply. However, when
using oxygen, cells can generate reactive species.

Reactive species can contain oxygen (ROS) or nitrogen (RNS) and are chemically
reactive molecules formed by cells in redox reactions during normal or altered aerobic
metabolism. ROS and RNS are ubiquitous molecules comprising: (i) free radicals, which
have an oxygen or nitrogen atom with unpaired electrons in its outermost shell (valence
shell), such as nitric oxide (NO•), superoxide (O2

•−), and hydroxyl radical (OH•) and
(ii) non-radical reactive species, such as hydrogen peroxide (H2O2) [72]. ROS and RNS can
also be divided between anions, such as O2

•− and peroxynitrite (ONOO−), and non-anions,
such as H2O2 [78].

ROS produced by immune cells are of great importance for host defense, to eliminate
bacteria and other pathogens [79–81]. In addition, ROS are important second messengers,
acting as signaling molecules in several cell types [82]. Consequently, ROS have several
implications for signal transduction, contributing to cell proliferation, differentiation,
migration, and survival [82–84]. The participation of ROS in intercellular and intracellular
signaling is named redox signaling. In pancreatic β-cells, ROS are important second
messengers in GSIS [85–87]. In this regard, the redox signaling has recently been established
not only as an important, but crucial requirement for proper GSIS, since an increase in ATP
along with an increase in H2O2 are essential in this process [87,88].

H2O2 is known to be the main ROS involved in redox signaling [89] and its intracel-
lular actions occur mainly through oxidation of thiol groups of target-molecules. Most
modifications alter conformation and interactivity of those target-molecules, contributing
to their biological effects. However, due to its reactive nature, high concentrations of H2O2
can lead to additional and irreversible oxidations, leading to permanent alterations and
damage to several molecules. Different reactive species may also react with each other and
form other species, as in the case of ONOO−, generated from the reaction between NO•

and O2
•−. ONOO− is extremely reactive, being a potent inducer of cell death [90].

Our organism is, in general, able to counteract the possible damages caused by ROS
and RNS through an antioxidant defense system present in cells. Among the known
antioxidant enzymes, we have the one responsible for the conversion of O2

•− in H2O2,
called superoxide dismutase (SOD) [91]. H2O2 can be eliminated through the action
of several enzymes, such as catalase, glutathione peroxidase, thioredoxin, glutaredoxin,
and peroxiredoxin.
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In situations where there is a high or too prolonged production of ROS/RNS and/or
the antioxidant defense systems are not able to counteract this production, we may have a
situation known as oxidative or nitrosative stress, leading to disruption of redox signaling,
uncontrolled spread of oxidative damage, and cell repair overload. The consequences of
oxidative stress include injury, senescence, and cell death. Notably, oxidative stress is one
of the causes leading to β-cell dysfunction and death during T2D [92,93].

In comparison to other mammalian cell types, pancreatic β-cells present low expres-
sion of classical antioxidant enzymes responsible for the elimination of H2O2, such as
catalase and glutathione peroxidase [94–96]. This fact raises the hypothesis that pancreatic
β-cells are particularly sensitive to sustained elevation of ROS, making them more vul-
nerable to oxidative stress [94–97]. Therefore, under conditions of sustained activation of
intracellular reactive species production, β-cells would quickly undergo oxidative stress
and failure [96]. Of note, the expression and activity of SOD is not significantly different
in β-cells in comparison to other tissues [95], favoring the accumulation of H2O2, which
may be convenient for enabling the use of acute H2O2 as a second messenger. Thus, this
classical view of β-cells’ vulnerability does not seem plausible since these cells are highly
specialized and allow for an effective coupling of oxidative phosphorylation with GSIS.
Actually, β-cells express thioredoxin, glutaredoxin, and peroxiredoxin isoforms [98], and it
was recently shown that peroxiredoxin/thioredoxin are important in the elimination of
H2O2 at the micromolar range in these cells [99]. Moreover, thioredoxin, glutaredoxin, and
peroxiredoxin are capable of redox relays, which are defined as the transfer of the redox
information forward, allowing for conducting and spreading redox signals.

On the other hand, although these data suggest that β-cells are not as vulnerable to
oxidative damage as initially thought, chronic substrate overload, as seen in T2D, and
persistent prooxidative environment can disrupt the redox homeostasis. Experimental
in vivo and in vitro evidence have pointed out to a close link between oxidative stress and
T2D. It has been recently shown that T2D patients present dysregulation, up- or downregu-
lation, of nine genes involved in redox balance [100]. Moreover, the long-term exposure
of β-cells to high glucose and saturated FAs, as observed in T2D, leads to impairment
in insulin secretion, decrease of insulin gene expression and β-cell death [56]. Chronic
in vitro exposure to high glucose and/or palmitate led to impaired insulin secretion of
different β-cell lines, derived from rodents or humans (INS-1 832/13 and 1.1E7) [101,102].
Although not all the specific mechanisms involved are completely understood, increased
levels of ROS have been linked to β-cell dysfunction and death in conditions that mimic
T2D [103–107].

ROS are normally short-lived species [78] and, therefore, must be more relevant
specially in sites close to their production. There are several sources of reactive species,
such as complexes I and III of the electron transport chain of the mitochondrial matrix,
peroxisomes, xanthine oxidase, lipid peroxidases, ER, enzymes of the cytochrome P450,
and the NADPH oxidases (NOX) [108–113]. ROS are normally produced as byproducts.
However, the only source whose sole function is to produce ROS are the NOX enzymes.

4.2. NOX in Lipotoxicity

NOX are enzymatic complexes, formed by multiple protein subunits, and are respon-
sible for production of O2

•− or H2O2, through reduction of O2, using NADPH as the
electron donor [110]. The complex is formed by a catalytic core located in the membrane
and also called NOX, and structural and regulatory proteins located in the cytosol and
in the membrane (Figure 3). The mammalian genome encodes seven homologous genes:
NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2 [114,115] (Figure 3).

The first NOX isoform described, NOX2, was initially found in phagocytic cells, such
as macrophages, eosinophils, and neutrophils [116], and is the most studied to date. The
subunits located in the membrane are NOX2 (or gp91phox), which consists of the catalytic
core of the enzyme, and p22phox, NOX2, and p22phox subunits form the flavocytochrome
b558. Additional subunits are recruited from the cytosol during complex activation. They
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include the proteins p67phox (activator subunit), p47phox (organizer subunit), and p40phox

(regulatory subunit, which helps p67phox as activator subunit), as well as the small GT-
Pases Rac 1 or 2 [110] (Figure 3). Of note, the existence of different subunits in different
compartments assures that the enzyme will only be activated after a specific stimulus
that induce cytosolic subunits migration to the membrane and their association with the
membrane subunits.

Figure 3. NADPH oxidase (NOX) family: NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1, and DUOX2. NOX1-4 are stabilized
by p22phox subunit. NOX1 is activated by NOXO1/NOXA1 and Rac subunits, and NOX2 by p47phox/p67phox/p40phox and
Rac. NOX3 has constitutive activity, but binding to NOXO1/NOXA1 increases reactive oxygen species (ROS) production.
NOX4 is constitutively activated. NOX4, NOX5, and DUOX1-2 do not interact with regulatory subunits. NOX5 and
DUOX1-2 do not depend on p22phox for stabilization and are activated by Ca2+. NOX1, NOX2, NOX3, and NOX5 produce
superoxide (O2

•−), and NOX4 and DUOX1-2 produce hydrogen peroxide (H2O2).

Currently, it is known that NOX is ubiquitously expressed; however, its different
isoforms are regulated and expressed in a tissue-specific manner. Our group was the first
to describe the expression of some components of NOX2 in rat pancreatic β-cells [117]
and in human β-cells [118]. In addition to NOX2, rodent and human pancreatic β-cells
express NOX1 and NOX4 [117–120], and human β-cells express NOX5, absent in rodent
β-cells [121]. We have also detected the expression of DUOX1 and DUOX2 in islets and
rodent β-cell lines (unpublished data).

Our group and others have shown the participation of NOX in the physiology of
insulin secretion. In this regard, NOX inhibition with a non-specific inhibitor (DPI) or
with p47phox oligonucleotide antisense caused a reduction of GSIS in islets [86], and NOX
inhibition with Rac1 siRNA also led to the decrease of GSIS in INS 832/13 β-cells [122].
Furthermore, NOX inhibition with DPI inhibited palmitate-induced increase in O2

•− and
insulin secretion in rat islets [123]. The crucial involvement of NOX4-derived H2O2 in the
GSIS was recently shown and is reviewed elsewhere [88].

Despite its role in β-cell physiology, the sustained activity of NOX may contribute
to the dysfunction of these cells associated with the development and progression of
DM [124,125], with significant implications for the onset of metabolic dysfunction under
stressful conditions [107,126]. In addition to its implication in DM, several NOX isoforms
have been associated to the pathogenesis of a wide variety of diseases, such as cancer [127],
hypertension [128,129], pulmonary fibrosis [130], kidney disease [131], and neurodegener-
ative diseases [114], among others.
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The involvement of NOX in β-cell dysfunction and death under conditions that mimic
T2D, such as exposure to high concentrations of glucose and saturated FAs, has been
studied over the last decades. It has been shown that some NOX subunits have increased
expression in animal models of T2D [132,133] and in diabetic human islets [133]. Although
it seems clear that the expression of NOX is increased in β-cells under glucotoxic conditions
in vitro [134–136], there are some conflicting results in the literature regarding the direct
involvement of NOX in the glucotoxicity of these cells. INS-1 (rat β-cells) and 1.1B4 (human
β-cells) acutely exposed to high glucose had activated Rac1, together with apoptosis and
ROS production, all of which were attenuated by Rac1 specific inhibition [136]. In line with
these, NIT-1 (mice β-cells) exposed to 48 h of high glucose concentration had increased
apoptosis and NOX2 expression, in addition to decreased GSIS. This was rescued by NOX2
siRNA [134]. Taken together, these observations imply NOX2 as a culprit in glucotoxicity.

We have shown that islets from NOX2 KO mice cultured for 1–2 days in 10 mM of
glucose, which is the standard glucose concentration in culture conditions, had increased
GSIS compared to wild-type islets [137]. This result points to NOX2 as a negative modulator
of GSIS, as also observed by Li and col [138]. However, after long-term (1 week) or
prolonged (3 weeks) culture in 10 mM of glucose, there was no differences in GSIS patterns,
and islets from both genotypes had a similar rate of glucose-induced apoptosis, and thus
NOX2 might not be responsible for the glucotoxicity in β-cells [137].

Regarding the involvement of NOX in lipotoxicity in β-cells, our laboratory found
that rat islets exposed to palmitate had increased protein expression of the NOX subunit
p47phox, and increased NOX-derived O2

•−, as this effect was reversed by NOX inhibition
with DPI or p47phox oligonucleotide antisense [139]. Using another non-specific NOX
inhibitor (apocynin), the enzyme was shown to play a role in the dysfunction of insulin
secretion caused by 24-h exposure to palmitate in BRIN-BD11 β-cell line and in mice
islets [140]. In addition, we recently showed a relationship between the activation of NOX
and the activation of GPR40 in BRIN-BD11 β-cells [141].

The specific role of NOX2 in lipotoxicity was demonstrated in NIT-1 β-cells, as the
use of NOX2 siRNA protected against palmitate-induced dysfunction and apoptosis [142].
The specific role of NOX4 was also evidenced in high-fat diet-induced glucose intolerance
in C57BL/6 mice using NOX4-selective inhibitor, GLX351322 [120]. Interestingly, a recent
study used three inhibitors: ML171, Phox-I2, and GLX7013114, respectively, specific-
inhibitors of NOX1, NOX2, and NOX4, in order to assess the impact of each isoform on
the dysfunction of human islets and the human β-cell line EndoC-βH1 exposed to high
glucose and palmitate [143]. They showed that NOX1 has no role in this scenario, while
both NOX2 and NOX4 play a role in the glucolipotoxicity [143].

Confirming the role of NOX2 in the lipotoxicity in β-cells, using transgenic mice
expressing a genetically-encoded H2O2 sensor, we recently demonstrated that palmitate
leads to an early and transient H2O2 production via NOX2, which is mainly responsible
for the early loss of β-cell function and viability [144]. Thus, NOX2 modulation could be a
potential therapy against FA-induced β-cell dysfunction in obese and T2D patients.

Therefore, previous studies with inhibitors without specificity to the enzyme or to its
different isoforms, such as DPI and apocynin, provided clues about the pathophysiological
role of NOX. Furthermore, the development of several specific and selective inhibitors to
different NOX isoforms has brought interesting results in recent years [145–147] and, thus,
evidences indicate that NOX2/4 inhibition may represent a target for the preservation of
β-cell function in the context of lipotoxicity during the development of T2D.

5. ER Stress in Lipotoxicity

ER stress has been implicated in lipotoxicity in pancreatic β-cells and in the de-
velopment of diabetes [148–151]. The ER is an important organelle for lipid and protein
biosynthesis and Ca2+ storage, with an important role in the capacity of secretory cells, such
as β-cells, to adequately respond to increase in secretory demands [150,152]. During ER
stress, characterized by accumulation of unfolded and misfolded proteins in the ER lumen,
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the capacity of the organelle to adequately fold proteins is disrupted. In order to restore the
ER folding capacity, the unfolded protein response (UPR) is activated [148–150,152,153].

The UPR consists in three main signaling branches, initiated by sensor transmem-
brane proteins, namely: protein kinase RNA-like ER kinase (PERK), transcription factor 6
(ATF6), and inositol requiring ER-to nucleus kinase-like ER-associated kinase (IRE1). These
three proteins remain inactivated when bonded to the ER chaperone immunoglobulin
heavy-chain-binding protein (BiP), also known as glucose-regulated protein 78 (GRP78)
or heat-shock protein A5 (HSPA5); however, accumulation of unfolded and misfolded
proteins leads to BiP release from these transmembrane proteins, leading to activation of
UPR [148–150,152–154]. Of note, there are some indications that unfolded proteins can
interact directly with IRE1, and probably PERK, triggering their activation [155,156].

Activated PERK phosphorylates the α-subunit of the eukaryotic translational initi-
ation factor 2 (eIF2α), which attenuates general protein translation, decreasing ER load,
but at the same time facilitates translation of specific proteins, such as the transcription
factor ATF4 [148–150,152,153,155]. ATF4 leads to expression of xbp1, gene involved in
antioxidant response, and C/EBP homologous protein (CHOP) [148–150,152,153,155]. To-
gether with CHOP, ATF4 upregulates expression of the DNA damage-inducible protein-34
(GADD34) [148–150,152,153], which is important to restore translational recovery, since
it promotes eIF2α dephosphorylation [157,158]. Although this is an important func-
tion, prolonged CHOP expression on ER stress conditions is related to apoptosis induc-
tion [148–150,152,153].

Activated IRE1α alternatively splices the mRNA for X-box-binding protein 1 (XPB-1),
which leads to translation of the XBP-1 transcription factor [148–150,152,153]. XBP-1
transcribes genes important for ER expansion, ER protein folding, and the ER-associated
degradation (ERAD) pathway [148,155]. Another beneficial effect is due to its endonuclease
activity, IRE1 promotes degradation of other mRNAs, attenuating ER load; however, it
also leads to degradation of ER chaperones mRNAs, and during prolonged or stronger ER
stress this contributes to cell death [150,155]. Of note, prolonged activation of this branch
is also involved in activation of JNK and IRE1-dependent decay of mRNA (RIDD), which
contribute to β-cell death during ER stress [159,160].

BiP-released ATF6 is transferred to the Golgi apparatus, via vesicular transport, where
it is cleaved by Golgi-proteases, releasing the p50 fragment, which functions as a tran-
scription factor [148–150,152,153]. ATF6 upregulates expression of ER chaperones and
XBP-1 [161], showing a crosstalk with the IRE1 branch of the UPR. Of note, expression
of IRE1 is also induced by PERK-ATF4 branch [162]. These crosstalks between the UPR
branches seem to be important to modulate responses depending on the duration or
intensity of the stress.

Thus, the combination of these pathways promotes decrease in the ER load by at-
tenuation of protein translation, increase of misfolded protein degradation, ER folding
capacity, ER size, and expression of ER chaperones. If homeostasis is achieved, the UPR
sensors are inactivated, by BiP binding, and the cell continues to work properly. However,
when homeostasis is not restored, keeping PERK and IRE1 branches activated, this will
induce pro-apoptotic pathways, such as expression of CHOP, activation of JNK, inhibition
of B-cell lymphoma 2 (Bcl-2) and activation of death protein 5 (DP5) and p53-upregulated
modulator of apoptosis (PUMA) [149,155,163–165].

Due to their secretory capacity and adaptation to secrete high amount of insulin in
response to increase in glucose concentration, pancreatic β-cells are especially sensitive to
ER stress [148–150,152]. Protein accumulation in the ER lumen of β-cells can be induced
by different mechanisms, such as diminished capacity to appropriately fold protein, in-
creased demand for insulin production or disruption on ER-Golgi protein traffic [150]. One
of the main causes for disruption of protein folding capacity is the decrease of ER Ca2+

concentration, since high concentration of this ion is necessary for ER-chaperones function.
Disruption of the SERCA2 pump, by decreasing its expression or activity, is one of the
main mechanisms by which cytokines and glucotoxicity act [150,166]. However, in the
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case of lipotoxicity, although decrease in ER Ca2+ is observed in β-cells exposed to specific
FFAs [148–150], in animal models of obesity and T2D humans [150,167] there are still some
controversies on how it is achieved, with some evidence pointing it as a consequence of
the lipotoxicity-induced protein overload in the ER, rather than a direct effect [150,167,168].
Other studies, however, suggested a more direct effect of FFAs in the regulation of ER Ca2+

concentration. Of note, in non-β-cells the effect of the ER membrane lipid composition
on SERCA2 function and ER stress induction was already shown [150,169]. In β-cells
lipotoxicity-induced downregulation of sorcin, a Ca2+ sensor important for ER Ca2+ main-
tenance, may also be involved in this process [170]. Of note, overexpression of sorcin in
β-cells improves glucose tolerance and β-cell function in mice exposed to a high-fat diet,
increasing the ATF6 signaling [170].

The induction of oxidative stress by lipotoxicity is also involved in an ER-Ca2+ decrease
in β-cells [104,152], and may involve ROS production by NOX and mitochondrial oxidative
stress [152]. In addition, oxidative stress in the ER lumen is induced by oxidative unbalance
during oxidative protein folding process, leading to increased formation of H2O2. The
protein disulfide isomerase (PDI) promotes formation of disulfide bonds in ER proteins,
being reduced in this process [78,152]. For a proper oxidative folding in the ER, the reduced
PDI is oxidized by the ER oxidoreductase ER members (ERO1α and ERO1β), generating
H2O2, which in normal conditions is rapidly inactivated by specific enzymes [78]. Thus,
redox homeostasis is important to maintain ER folding capacity [78,152]. Overexpression
of ERO1α is induced in β-cells exposed to palmitate [171], and hyperactivation of this
enzyme can increase H2O2 formation and ER stress activation [172]. Indeed, accumulation
of H2O2 in the ER lumen was shown to be necessary for FFA-induced ER stress in β-
cells [173], linking oxidative stress to ER stress in lipotoxicity. This interconnection has
important harmful consequences, since oxidative stress induced by lipotoxicity leads to
ER-Ca2+ decrease, compromising ER folding capacity, which increases ROS production by
ERO1α [152]. In addition, type I IP3 receptors (IP3R) are stimulated by ERO1α-produced
ROS, which further contributes to ER Ca2+ release. In this scenario, overexpression of
ERO1α is induced by both palmitate and prolonged ER stress-induced CHOP, in a positive
feedback that amplifies and prolongs the ER stress [152].

Particularly for β-cells, in which pro-insulin production accounts for 50% of the total
protein, this generates a delicate situation, since proper pro-insulin folding is dependent
on oxidative folding mechanisms [78,152]. Thus, the oxidative stress leading to ER stress
induced by FFA in β-cells may also be linked indirectly to the second cause for induction
of protein accumulation in the ER, namely increased demand for insulin production. This
would increase the production of H2O2, and it is suggested that ER has limited enzymatic
antioxidant activity, being more susceptible to increases in protein folding demands [78,152].
In normal conditions β-cell can handle this increased demand [150], however exposure to
some FFAs, such as palmitate, can interfere in redox and Ca2+ ER homeostasis, as described
above, which will contribute to β-cell death, by inducing prolonged and strong ER stress.

A third mechanism that can induce ER protein accumulation is the disruption on
ER-Golgi protein traffic [150]. Exposure of β-cells to FFAs, especially saturated, can disrupt
ER-to-Golgi protein trafficking [150,168,174]. This effect may be due to the capacity of FFAs
to modulate the expression of proteins involved in the transport of glycoproteins from
ER-to-Golgi, such as lectin mannose-binding 1 and 2 (LMAN1 and LMAN2) [171]. FFAs can
also downregulate expression of enzymes involved in pro-hormones processing, impairing
insulin processing, which could lead to a disruption of protein trafficking and contribute
to accumulation of proteins in the ER [150]. Modification of the ER membrane lipid
composition is also suggested as a mechanism for lipotoxicity to disrupt ER-to-Golgi protein
trafficking, influencing transport vesicle formation, and lipid rafts’ organization [150,175].

Induction of ER stress by FFAs is shown in different models of β-cell failure, impli-
cating its role in the lipotoxic effects on β-cell function and death [148–150,152]. However,
the use of specific types of FFAs in different models show that ER stress intensity and
specific patterns of UPR branches activation will depend on the type or combination of
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different FFAs [77,149,151,176,177]. In general, saturated FFAs will lead to stronger ER
stress activation compared to unsaturated ones [149,177]. Many studies use palmitate and
oleate, as representant of saturated and unsaturated FFA, respectively, since they are the
most abundant FFAs in humans [148,149]. Thus, palmitate leads to stronger activation of
the PERK and IRE1 branches compared to oleate, with similar activation of ATF6 [151].
This translates to increased β-cell death marked by CHOP expression by palmitate, but not
by oleate [149,151].

As discussed above, FFAs’ effects on ER stress induction may be direct or indirect, and
involve not one, but many mechanisms that contribute to both straitening and prolonging
the ER stress, compromising β-cell viability and function. It may involve oxidative stress
in other cellular components and contribution of NOX [104,178–180], as further discussed
in the last topic of this review. In addition, there are other factors that will contribute for
the intensity of the lipotoxic effects in vivo, such as high glucose concentration, due to
insulin resistance, as well as the inflammation increase caused by dyslipidemia [76,153],
which may also influence ER stress in these cells. Taken together, induction of ER stress by
lipotoxicity and the crosstalk with oxidative stress is an important feature observed both
in vitro and in vivo, and may represent an important target for recovery of β-cell function
during lipotoxic conditions.

6. NOX and ER Stress

As previously discussed, oxidative and ER stresses are highly interconnected biological
processes that regulate a wide variety of signaling steps in the cell. The two cellular stresses
profoundly impact normal physiology, as well as forming a vicious cycle in a wide variety
of pathological conditions, including metabolic, neurodegenerative and inflammatory
diseases [181]. Therefore, therapies that target both stresses may be more effective in
treating these illnesses.

The association between ROS generation and ER stress has been studied in several
cell types, including pancreatic β-cells. β-cells from CHOP-deficient diabetic mice were
shown to be more resistant to oxidative stress [182] and in a phosphorylated eIf2α deficient
mouse model, β-cells exhibited increased apoptosis and oxidative stress [183]. Regarding
a crosstalk between NOX and ER stress, some examples in different tissues, including
pancreatic islets, are shown in Table 1.

In cardiac cells of diabetic mice, NOX inhibition (with apocynin) also inhibited ER
stress activation. A similar effect was found in Rac1 KO mice [184]. In macrophages,
the induction of ER stress increases NOX expression. In contrast, NOX deletion in these
cells decreases apoptosis and the expression of some markers of ER stress (ATF4 and
CHOP) [185]. In neutrophils, NOX activation (with PMA) caused UPR activation via
PERK and IRE-1 pathways, and NOX inhibition with DPI caused UPR attenuation [186]. In
addition, it has been shown that NOXs affect ER Ca2+ receptors such as ryanodine receptors
(RyR) and inositol triphosphate receptors (IP3R), and therefore lead to UPR activation by
modulating ER Ca2+ levels [187,188].

Despite existing evidence in other cell types, the relationship between NOX and
ER stress, leading to apoptosis and dysfunction of pancreatic β-cells, has been clarified
only recently. We have shown that the transient increase in cytosolic H2O2 levels in islets
exposed to palmitic acid coincides with the previously reported time-point of palmitate-
induced UPR [144,151]. This suggests that NOX2-derived H2O2 could play a role in the
activation of ER stress. However, when inhibiting NOX with a pharmacological inhibitor,
VAS2870, we saw no protection from palmitate-induced activation of UPR response [144].
Using islets exposed to proinflammatory cytokines, we have recently proposed that NOX2-
induced H2O2 production is ER stress dependent, as the phosphorylation of two important
UPR proteins (p-eIF2-α and p-IRE1) precedes H2O2 production by NOX2 and that the
attenuation of ER stress delays the cytokine-induced cytosolic H2O2 peak [189].
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Table 1. Examples of studies involving NOX and ER stress crosstalk in different tissues.

NOX Influence on ER Stress Model Details Ref

NOX inhibition→ ER stress inhibition Cardiomyocytes NOX inhibition with apocynin or Rac1
KO mice [184]

NOX inhibition→ ER stress inhibition Macrophages NOX2 siRNA or NOX2 KO mice [185]

NOX inhibition→ ER stress inhibition Neutrophils HL60 cell line; NOX inhibition with DPI [186]

NOX activation→ ER stress activation Neutrophils HL60 cell line; NOX activation with PMA [186]

NOX inhibition→ no effect in ER stress Mice islets NOX inhibition with VAS2870 [144]

ER Stress Influence on NOX Model Details Ref

ER stress induction→ NOX increased expression Macrophages ER stress induction by cholesterol or
7-ketocholesterol [185]

ER stress attenuation→ NOX inhibition Mice islets ER stress attenuation with 4-PBA;
NOX2-derived H2O2 peak was delayed [189]

7. Concluding Remarks

Obesity and related increase in FFA lead to diverse effects on pancreatic β-cells
culminating in cell dysfunction, death and ultimately diabetes, as summarized in Figure 4.
Among the several pathways, NADPH oxidase activation and ER stress are two important
contributors for β-cells failure. Although very well studied individually, only recently
the crosstalk between these apparently independent pathways has been suggested in
pancreatic islets. However, the detailed mechanisms, hierarchy, and interplay is unknown.
It will be very interesting to further investigate how each of these stresses contributes in
activating and/or modulating each other and their potential for drug targeting.
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Figure 4. Summary of acute versus chronic effects of fatty acids (FAs) in pancreatic β-cells. Glucose enters the β-cell through
specific transporters located at the plasma membrane, GLUT2 (in rodents). After its phosphorylation by glucokinase,
it undergoes various modifications by enzymes from the glycolysis, until the generation of pyruvate. This enters the
mitochondria and is oxidized in the tricarboxylic acid (TCA) cycle. The electrons are transferred to the electron transport
chain, resulting in the generation of reactive oxygen species (ROS), as byproducts, and ATP. (A) In acute conditions, FAs
enter the cells and are converted into long-chain fatty-acyl CoA (LC-CoA), which is translocated to the mitochondria
via carnitine palmitoyltransferase 1 (CPT1) to be oxidized in the β-oxidation, generating ATP and ROS. The increase of
ATP/ADP leads to the closure of K+ channels sensitive to ATP (KATP) at the plasma membrane. The consequent membrane
depolarization leads to the opening of L-type voltage-gated Ca2+ channels (L-VGCC). The rapid Ca2+ influx mobilizes
insulin granules, which are released. Long-chain saturated or unsaturated FAs can also bind to Gαq-protein coupled
receptor GPR40 at the plasma membrane. This activates the phospholipase C (PLC)/diacylglycerol (DAG) pathway, which
respectively activates PKC and mobilizes Ca2+ from the endoplasmic reticulum (ER), potentiating GSIS. Activation of
PKC may also activate NADPH oxidase 2 (NOX2) at the plasma to produce ROS, which are second messengers for GSIS.
(B) Chronic exposure to FAs leads to depletion of ER Ca2+ and activation of ER stress, and potentiates ROS formation in all
compartments (cytosol, mitochondria, and ER). Prolonged and unresolved oxidative stress, ER stress, and mitochondrial
dysfunction culminate in apoptosis and dysfunction.
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