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Abbreviations

°OH	 Hydroxyl radical
8-OHdG	 8-hydroxy-2′-deoxyguanosine
AGE	 Advanced glycation end products
AIF	 Apoptosis-inducing factor
Apaf-1	 Apoptotic protease-activating factor 1
ATF6	 Activating transcription factor 6
ATM	 ATM serine/threonine kinase protein
Bak	 Bcl-2 homologous antagonist killer
Bax	 Bcl-2-associated X protein
Bcl-2	 B-cell lymphoma 2
Bcl-xl 	 B-cell lymphoma-extra large
BH (1–4)	 Bcl-2 homology 1–4 domains
Bok	 Bcl-2 related ovarian killer
Caspase	 Cysteine-aspartic proteases, cysteine aspartases
CHOP	 C/EBP homologous protein
ChREBP	 Carbohydrate response element binding protein
Drp1	 Dynamin-related protein 1
eif2α	 Eukaryotic translation initiation factor 2α
ER	 Endoplasmic reticulum
ERS	 Endoplasmic reticulum stress
EZH2	 Enhancer of zeste homologue 2
FADD	� Fas-associated death domain
Fas	 Death receptor
FFA	 Free fatty acids
Fis1	 Mitochondrial fission 1 protein
FOXA1/2  Forkhead box A1/2
G3P	 Glyceraldehyde 3-phosphate
GADD34	� Downstream growth arrest and DNA damage-

inducible protein
GAPDH 	 Glyceraldehyde 3-phosphate dehydrogenase
GATA4/6	 GATA-binding protein 4/6
GLUT	 Glucose transporter
GSIS 	 Glucose-stimulated insulin secretion

H3K27me3 	 Histone H3 tri methyl K27
HNF1β	 Hepatocyte nuclear factor 1β
IAPP 	 Islet amyloid polypeptide
IFNγ	 Interferon gamma
IGF1	 Insulin-like growth factor 1
IL-1β	 Interleukin 1 beta
iNOS	 Inducible nitric oxide synthases
Ins 	 Insulin gene
INS1 	 Insulin-secreting beta cell-derived line
IRE1α 	 Inositol-requiring enzyme 1α
IRS-2 	 Insulin receptor substrate-2
Isl	 Islet
MafA	 Musculoaponeurotic fibrosarcoma protein A
Mdm2	 Murine double minute 2
Mff	 Mitochondrial fission factor
Mfn 	 Mitofusin
Mouse db/db � Model of obesity, diabetes, and dyslipidemia 

with a mutation in leptin receptor
mTOR 	 Mammalian target of rapamycin
NAD+	 Nicotinamide adenine dinucleotide
NADH	 Nicotinamide adenine dinucleotide reduced
NADPH oxi	� Nicotinamide adenine dinucleotide 

phosphate-oxidase
NeuroD1	 Neurogenic differentiation 1
NF-κB	 Nuclear factor kappa B
Nkx	 Homeobox protein
NLRP3	 NACHT, LRR, and PYD domains-contain-
ing protein 3
NLRs	� Nucleotide oligomerization domain (NOD)-

like receptors
NO	 Nitric oxide
NOD	 Nucleotide oligomerization domain
Notch	 Transcription factor
O.-2	 Superoxide anion
O-GlcNAc	 O-linked β-N-acetylglucosamine
Opa1	 Opa1 mitochondrial dynamin like GTPase
P/CAF	 P300/CBP-associated factor
p16	� Cyclin-dependent kinase inhibitor 2A, 

multiple tumor suppressor 1
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p21	� Cyclin-dependent kinase inhibitor 1 or 
CDK-interacting protein 1

p27	 Cyclin-dependent kinase inhibitor 1B
p300/CBP	� E1A binding protein p300/CREB-binding 

protein
p38 MAPK	 P38 mitogen-activated protein kinases
p53	 Tumor protein p53
PARP	 Poly (ADP-ribose) polymerase
Pax4	 Transcription factors paired box gene 4
Pdx1	 Pancreatic and duodenal homeobox 1
PERK 	 Protein kinase-like ER kinase
PI3k	 Phosphatidylinositol-3-kinase
PKC 	 Protein kinase C
PP-1 	 Protein phosphatase-1
Ptf1α 	 Pancreas transcription factor 1α
RAMP1	 Receptor activity-modifying protein 1
Rfx 6	 Regulatory factor x 6
RING finger	 Really Interesting New Gene
RINm5F	 Rat insulinoma cells
ROS	 Reactive oxygen species
Sox9 SRY	 Sex-determining region Y-box 9
SPT 	 Serine C-palmitoyltransferase
T2D	 Type 2 diabetes
TLRs 	 Toll-like receptors
TNFRI 	 Tumor necrosis factor receptor type I
TNFα	 Tumor necrosis factor alpha
TXNIP 	 Thioredoxin-interacting protein
UCP2 	 Uncoupling protein 2
UDP-GlcNAc	 Uridine diphosphate N-acetylglucosamine
UPR	 Unfolded protein response
ΔΨm	 Mitochondrial membrane potential

�Introduction

Insulin produced and secreted by β-cells is responsible 
for blood glucose level regulation. The major stimulus for 
insulin secretion is glucose itself. When the latter is taken 

by β-cells in a process mediated by the glucose transporter 
2 (GLUT 2), it enters the glycolytic pathway, the Krebs 
cycle, and oxidative phosphorylation, and it promotes the 
increase of the ATP/ADP ratio. Subsequently, this leads to 
the closure of the ATP-dependent potassium channels, to 
membrane depolarization, and to Ca2+ influx through the 
voltage-dependent Ca2+ channels. An increase of cytosolic 
Ca2+ is the signal that triggers glucose-stimulated insulin 
secretion (GSIS). Alterations of insulin secretion and glyce-
mia increases lead to the settlement of type 2 diabetes (T2D). 
Additionally, this disease depends on external factors such 
as diet, body weight, and genetic background that may delay 
or enhance all clinical sings of the disease. It is known that, 
in modern society, an increased carbohydrate intake and 
the lack of exercising lead to the development of obesity. 
This condition increases insulin demand in order to main-
tain normal glycemia, thus the ability of β-cells in order to 
fulfill the insulin requirements is critical to preserve glucose 
homeostasis. The initial response toward an increased insu-
lin demand is adaptive hyperplasia and an increased synthe-
sis of the hormone. However, if insulin resistance persists 
during extended time periods, β-cells become exhausted and 
their mass decreases due to an increase of the apoptotic rate 
and consequently hyperglycemia appears. This latter condi-
tion activates several metabolic pathways impairing β-cells, 
such as glucolipotoxicity, mitochondrial alterations, reactive 
oxygen species (ROS) as well as oxidative stress and endo-
plasmic reticulum stress (ERS), proinflammatory cytokines, 
deposition of amyloid polypeptide, and p53 translocation 
to mitochondria (Fig. 12.1). Recently, it has been proposed 
that p53 protein is a major apoptosis trigger in β-cells dur-
ing hyperglycemia conditions [1, 2]. These events impair 
β-cells by hampering their proliferative ability and also by 
decreasing insulin expression and secretion and promoting 
their death. Several of these alterations, either separate or 
combined, may be observed in T2D models, thus it is likely 
that β-cell loss in humans is linked to the activation of the 
aforementioned mechanisms and not to just one of them [3]. 
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Fig. 12.1  Metabolic pathways by hyperglycemia-induced β-cell death. 
ER endoplasmic reticulum

Chapter Objectives
•	 To briefly describe the embryonic development of 

pancreatic β
•	 To analyze the universal literature on the mecha-

nisms that underlie the loss of pancreatic β-cell 
mass

•	 To provide information on the regulation of p53 by 
hyperglycemia and its participation in the induction 
of pancreatic β-cell apoptosis
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The contribution from each one of such mechanisms to the 
decrease of pancreatic β-cell amounts will be reviewed in 
this chapter.

�The Origin of β-Cells

�Embryonic Development and Differentiation

During embryonic development or even during the first post-
natal days, β-cell may be generated by stem or progenitor cells 
within the pancreatic ducts, bone marrow, or even pancreatic 
islets. Islet genesis initiates on the week 12 of gestation in 
humans. In weeks 13–16, the early endocrine precursor cells 
on the duct’s wall form cell aggregates and generate an early 
islet. In weeks 17–20, the connection between islets and duct 
is lost and the islets are properly formed. At this stage, they 
contain only pancreatic polypeptide, somatostatin and gluca-
gon derived from immature precursor cells. In weeks 21–26, 
β-cells are located at the islet center [4].

Studies conducted on rodents have allowed the identifi-
cation of the molecular mechanisms regulating pancreatic 
β-cell establishment and differentiation. In mouse, it begins 
on the E8.5 day of development, and it depends on several fac-
tors secreted by neighboring early gut cells and mainly from 
vessels. During pancreas development several transcription 
factors intervene, such as the pancreatic transcription factor 
(Ptf1a) and the pancreatic and duodenal homeobox (Pdx1). 
Other factors such as SRY (sex-determining region Y)-box 
9 (SOX9), forkhead box (FOX) A1/2, hepatocyte nuclear 
factor (HNF) 1β, and GATA4/6 have a critical participation 
during the establishment of the pancreatic progenitor cell 
pool. The development of endocrine progenitors requires 
Notch activation, whereas the formation of β-cells depends 
on Nkx 6.1, NeuroD1, the regulatory factor x (Rfx) 6, islet 
1(Isl), Nkx2.2, and Pax4. The first hormone-producing cells 
are detected on E9.5 and their numbers increase by E13.5. 
At that time, the expression of β-cell-specific genes may be 
observed, such as GLUT 2 [5, 6].

�Postnatal Development of the Pancreas

After birth, when feeding initiates, pancreatic mass increases 
because of the rapid expansion of the exocrine tissue. During 
the first 2 years of life, β-cell population keeps a 3–4% rep-
lication rate, and the pancreas reaches its maximum volume 
by 5–10 years old due to a decreased replication rate (0.05–
0.1%) [7]. By the third decade of life, pancreatic mass is 
stabilized and constant until approximately 60 years of age. 
From that moment on, pancreas size begins to decrease [8] 
because of an increase of cell proliferation inhibitors such as 
p16, p26, p27, and cyclin D3, whereas Pdx1 decreases. The 

latter is needed for β-cell differentiation [4]. In rodents, the 
β-cell population is established during the first 4 weeks of 
life. In rats, between postnatal days 3 and 24, a proliferation 
rate of 3% occurs, and during this period apoptosis also con-
tributes to β-cell population curtailing. However, this stage is 
highly influenced by the prevailing nutritional environment 
[9].

In adults, during physiological conditions such as preg-
nancy or during adaptation toward weight increase, it is 
possible to observe an increase of β-cell replication rates 
[10]. It has been demonstrated that β-cell replication may be 
induced in rodents by providing a high-fat diet or a chronic 
glucose infusion [11]. Hyperglycemia also stimulates cell 
proliferation by activating glycolysis and by shortening the 
quiescence period of the cell cycle and also by promoting the 
G1-S transition through the activation of the ChREBP (car-
bohydrate response element binding protein) transcription 
factor [3]. This confirms β-cell adaptive ability when facing 
a metabolic demand.

�β-Cell Dysfunction and the Loss of Pancreatic 
Β-Cell Mass

Chronic exposition of β-cells to high glucose levels impairs 
their functions, and it may induce dedifferentiation and 
even death and a decreased pancreatic β-cell mass (β-cell 
failure). The onset of β-cell progressive deterioration and 
loss of function occurs at an earlier stage, before TD2 
symptoms even appear, which are evident due to decreased 
insulin synthesis and secretion [12]. Postmortem studies 
on human pancreas from patients with a clinical history 
of fasting glucose alterations demonstrated approxi-
mately a 50% decrease of β-cell mass caused by apoptosis 
[13]. Similarly, an increased glucose-stimulated insulin 
secretion was observed due to the remaining 50% [14]. 
However, the decreased β-cell mass is not only induced by 
an enhanced apoptosis as alterations of cell proliferation 
rates have also been documented. Additionally, during 
hyperglycemia conditions other studies have reported that 
β-cell undergo dedifferentiation or regression processes 
characterized by a decreased expression of the specific 
genes for these cells [15].

�β-Cell Apoptosis

Apoptosis is a physiological mechanism for cell suppression 
that enables the elimination of some cells without affecting 
neighboring cells and without releasing the cell contents, 
unlike necrosis that is concomitant with an inflammatory 
reaction (Table 12.1). Apoptosis may be triggered through 
the activation of two major pathways: intrinsic or extrin-
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sic. The latter is activated by death ligands that bind to cell 
surface receptors, thus transmitting death signals. Fas and 
TNFRI are the best described death receptors. They pos-
sess a cysteine-rich extracellular domain and a cytoplasmic 
death domain. Fas ligand (FasL) binds to one of three Fas 
molecules, and it promotes receptor oligomerization and 
FADD (Fas-associated protein with death domain or Mort-1) 
interaction with the receptor’s death domain. Subsequently, 
FADD binds to procaspase-8 leading to its activation. In 
turn, caspase-8 leads to the activation of other caspases, such 
as caspase-9. These are located within cytoplasm as inactive 
proenzymes, and they may be activated by other caspases, 
death receptors, or cytochrome c [16] through its interaction 
with the apoptosis protease-activating factor 1 (Apaf-1) and 
procaspase-9, thus leading to apoptosome formation and the 
triggering of the caspase-activating cascade.

The extrinsic pathway initiates with the release of sev-
eral proapoptotic factors, such as cytochrome c, from the 
mitochondrial intermembrane space toward cytosol. As 
mentioned above, this event leads to caspase activation 
through the formation of the apoptosome, the activation of 
caspase-9, and the subsequent activation of executing cas-
pases 3, 6, and 7 and with these the apoptosis proteolytic 
cascade. Mitochondria also release the apoptosis-induced 
factor (AIF), a flavoprotein that translocate to the nucleus 
where it triggers chromatin condensation and DNA fragmen-
tation. Mitochondrial membrane potential (ΔΨm) alterations 
are also observed as well as respiratory chain uncoupling, all 
of them identified as early dysfunctions leading to cell death. 
Ceramides, oxidative agents, and pathologic increases of 
cytosolic Ca2+ may also induce the disruption of mitochon-
drial external membrane. Other proteins involved in permea-
bilization the mitochondrial membrane are those belonging 
to the Bcl-2 family. All of its members possess one to four 
preserved residues, known as the Bcl-2 homology domains 
(BHI to BH4). The apoptosis inhibitors Bcl-2 and BcI-xl 
possess BH1 and BH2, whereas apoptosis inducers such as 
Bax, Bak, and Bok display BH1, BH2, and BH3. There are 
some other proteins that only possess BH3 also known as 
death proteins. The Bcl-2 family members either promote or 
inhibit apoptosis in response to different stimuli such as lack 

of growth factors, Apaf-1 sequestration, and oxidative stress, 
among others [17].

At physiologic level, apoptosis is crucial for pancreas 
remodeling in newborns [18]. In adults, β-cell mass may 
increase and subsequently return to their normal size during 
some physiologic situations such as pregnancy and depend-
ing on the organism requirements. In other conditions as 
obesity and insulin resistance, it has been proposed that 
β-cell hyperplasia may be reverted by body weight decreases 
and the increase of the apoptosis rate [19].

Whereas glucose-mediated stimulation is essential for 
physiologic maintenance of β-cells, chronic hyperglyce-
mia induces severe damage to these cells, and it creates a 
vicious cycle contributing to the progressive loss of func-
tional β-cell mass. Chronic hyperglycemia decreases β-cell 
sensibility toward glucose and induces exhaustion and tox-
icity. Desensitizing is a reversible protective mechanism 
facing a steady demand for insulin. When glycemia levels 
are restored and stimulation ceases, β-cells may regain their 
sensibility toward glucose [20]. Conversely, if hyperglyce-
mia persists, β-cells become exhausted, thus implicating the 
loss of insulin granules and that of two transcriptional fac-
tors regulating insulin expression: the musculoaponeurotic 
fibrosarcoma protein A (MafA) and PDX-1. It is important 
to mention that these effects may also be restored when 
glycemia decreases [21, 22]. However, if insulin resistance 
is persistent and glycemia increases, an overstimulation of 
β-cells occurs, thereby altering their functions and mainly 
the mechanisms for insulin synthesis and secretion [1, 19, 
23–25]. If hyperglycemia is not adequately controlled, per-
sistent stimulation of β-cells may eventually lead to degranu-
lation, exhaustion, and apoptosis. In vitro studies have shown 
that culturing insulin-producing cells (RINm5F) in the pres-
ence of high glucose levels, an increased ROS production is 
observed and it triggers apoptosis [1]. In these conditions, 
Bax oligomerization also increases along with cytochrome c 
release and caspase-3 activation [19], but the precise mecha-
nisms involved in β-cell apoptosis have not been completely 
elucidated.

�Glucolipotoxicity

However, free fatty acids (FFA) in physiologic levels contrib-
ute to preserve glucose-stimulated insulin secretion (GSIS), 
exposition toward high FFA levels for prolonged periods, 
along with hyperglycemia, affects the expression of the Ins 
gene and induces insulin resistance and also pancreatic β-cell 
dysfunction. FFA contribute to apoptosis triggering in β-cells 
through activation of protein kinase C (PKC, apoptosis 
mediator), increases in ceramide synthesis and Bcl-2 inhibi-
tion [26], as well as increased levels of the type 2 uncoupling 
protein (UCP2) [27], thus decreasing ATP production [28] 

Table 12.1  Apoptosis vs. necrosis

Apoptosis Necrosis
Single cells Cells group
Cell shrinkage Cell swelling
Lysosomal enzymes are not 
involved

Involvement of lysosomal 
enzymes

Oligonucleosomal nucleus 
fragmentation

Complete nucleus dissolution

Apoptotic bodies Cell disintegration
Phagocytosis by adjacent cells Intracellular content release
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and glucose-stimulated insulin secretion, besides contribut-
ing to both oxidative stress and endoplasmic reticulum stress 
[29, 30]. It has been observed that unsaturated fatty acids 
(e.g., palmitic acid) are more toxic when compared to their 
monounsaturated counterparts (e.g., palmitoleic acid), as 
the latter may even exhibit a protective effect because they 
are rapidly esterified in order to form triacylglycerols [31]. 
However, it is currently accepted that FFA-induced damage 
depends on concentration, exposure time, and blood glucose 
levels [30, 32]. When these factors converge, fatty acids 
and glucose compete for metabolism through the glycolytic 
pathway. During hyperglycemia, oxidative phosphorylation 
becomes saturated with glycolytic products, thus promoting 
the formation of malonyl-CoA that inhibits the β-oxidation 
of fatty acids. This effect forces β-cells to divert fatty acids 
to other metabolic pathways in order to metabolize them; 
thereby it increases the production of esterified fatty acids 
such as ceramides [33]. Accumulation of the latter occurs 
from sphingomyelin cleavage and/or de novo ceramide syn-
thesis by condensing serine and non-oxidized palmitoyl-
CoA through the activity of serine C-palmitoyltransferase 
(SPT) located in mitochondria and endoplasmic reticulum. 
Ceramides affect mitochondrial membrane potential and per-
meability and they represent a ROS production mechanism. 
They also enable the release of apoptosis induction factors 
such as cytochrome c and procaspases, thus leading to β-cell 
death [34]. Some experiments have demonstrated apoptosis 
induction mediated by ceramides after inhibiting their syn-
thesis. In such conditions fatty acid-induced apoptosis also 
decreases [33]. Additionally, ceramides induce the activation 
of the NF-κB transcription factor that increases inducible 
nitric oxide synthase (iNOS) and nitric oxide (NO) produc-
tion. The interaction between NO and superoxide anion (O2) 
produces peroxynitrite, thus inducing DNA damage and 
the activation of poly (ADP-ribose) polymerase (PARP), a 
NAD+-dependent enzyme [34]. Therefore, its over-activation 
decreases both the NAD+ pool and glycolytic rate and elec-
tron transport and ATP synthesis. Besides negatively affect-
ing insulin secretion, this situation may lead to pancreatic 
β-cell death [35].

�Oxidative Stress

Whereas low ROS levels exert a beneficial effect on β-cells 
[9], their overproduction causes oxidative damage to pro-
teins, lipids, and nucleic acids, and it induces oxidative stress. 
In hyperglycemia conditions, ROS are mainly generated by 
glucose auto-oxidation and also through an increased elec-
tron flow in mitochondrial respiratory chain [36]. However, 
in recent years it has been demonstrated an important par-
ticipation of the NADH oxidase complex [1], as their com-
ponents have been identified in rat pancreatic β-cells [37]. 

An increased mitochondrial pathway initially accelerates 
NADH production. The latter participates in the mitochon-
drial respiratory chain, and it represents the first step for O°−

2 
production that also generates other radicals such as hydro-
gen peroxide (H2O2) and the hydroxyl radical (°OH), one of 
the most potent oxidants. An increased O°−

2inhibits glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) inducing 
accumulation of glyceraldehyde 3-phosphate (G3P) within 
the glycolytic pathway. This leads to the activation of others 
ROS-producing pathways and to oxidative stress [38, 39] as: 
advanced glycation end products (AGE), as their precursor 
(methylglyoxal) is generated from G3P. It also leads to PKC 
activation as glycerol (its activator) is also produced from 
G3P [40] (Fig. 12.2).

The alterations induced by oxidative stress range from 
synthesis modifications and insulin secretion, endoplasmic 
reticulum stress, and activation of the apoptotic intrinsic 
pathway [7]. ROS lead to activation mechanisms that rein-
force β-cell death and their decreased cell mass. They also 
induce mitochondrial membrane potential alterations, thus 
modifying permeability and the release of proapoptotic 
proteins (cytochrome c, apoptosis-inducing factor, among 
others) and activating the apoptotic proteolytic cascade [1]. 
β-Cell susceptibility toward the damage induced by free 
radicals and their low abundance of antioxidant mechanisms 
have been previously demonstrated [39]. Therefore, it is con-
sidered that oxidative stress is greatly responsible for pan-
creatic β-cell death after being exposed to hyperglycemia. 
The ROS-induced damage on β-cells has been quantified by 
the presence of 8-hydroxy-2′-deoxyguanosine (8-OHdG) on 
subjects affected by T2D, in animal models [30], and in vitro 

≠G6P

≠F6P

≠GAP

Ø GA3PDH

O-GlcNAcylation

NADH
FADH2

Piruvate

EH+

AGEs

NAD(P)H ox

≠ DAG

PKC

≠Glc

↑O2

.-

Sorbitol
Glucose

 
pathway

ROS

(-)

≠DHAP

Biomolecules
oxidation

b-cell dysfunction
and death 

↑O2

.-

AGEs

Fig. 12.2  Hyperglycemia induces ROS production and oxidative stress 
by increasing glycolysis and oxidative phosphorylation pathways. This 
situation induces biomolecule oxidation and β-cell exhaustion and death. 
ROS reactive oxygen species, O-GlcNAcylation, AGE advanced glyca-
tion end products

12  Dysfunction and Death of Pancreatic Beta Cells in Type 2 Diabetes



174

on insulin-secreting cells [1, 41]. It has been demonstrated 
that H2O2 addition to rat and mouse β-cells cultures alters 
mitochondrial membrane potential; it decreases ATP levels 
as well as glucose-stimulated insulin secretion (GSIS) [42]. 
This effect is abolished when the expression of antioxidant 
enzymes is increased. GSIS decrease induced by ROS has 
been linked to GAPDH and glycolysis, and, as previously 
mentioned, it consequently decreases ATP levels.

In addition to direct damage induced on biomolecules, 
oxidative stress favors the activation of other pathways 
such as O-glycosylation, poly(ADP-ribosylation), and 
O-linked β -N-acetylglucosaminilation (OGlcNAcylation). 
All of them may modify or inhibit the function of pro-
teins. Approximately 2–3% of glucose entering β-cells is 
diverted to the hexosamine biosynthesis pathway in order 
to synthesize uridine diphosphate N-acetylglucosamine 
(UDP-GlcNAc); thus O-GlcNAcylation regulates protein 
function depending on glucose availability. Among the 
proteins prone to modification by OGT are Pdx1, FoxO1, 
NeuroD1, IRS2, Akt, and p53; thus it regulates glucotoxic-
ity and β-cell apoptosis [9].

�Mitochondrial Alterations

Mitochondrial physiology plays a very important role on 
the regulation of the insulin secretion mechanism. When 
exposed to hyperglycemia, β-cell mitochondria exhibit 
important functional and morphological changes that 
affect the ATP/ADP ratio required for insulin release. ROS 
increased due to hyperglycemia modifies mitochondrial per-
meability and induces apoptosis. ROS oxidizes cardiolipin, 
a phospholipid responsible to preserve mitochondrial archi-
tecture and membrane potential maintenance, and it also 
provides support for proteins involved in mitochondrial bio-
energetics. Through hydrophobic and electrostatic interac-
tions, cardiolipin keeps cytochrome c attached to the inner 
membrane. During early apoptosis, ROS oxidize cardio-
lipin, and they disrupt its interaction with cytochrome c that 
becomes detached from inner membrane, and it is released 
to cytoplasm [43], where it participates for apoptosome for-
mation in order to activate proapoptotic caspases (intrinsic 
pathway). Cardiolipin is also the target of the proapoptotic 
protein t-Bid that is activated by caspase-8 (extrinsic path-
way). tBid promotes pore formation on the external mem-
brane mediated by Bax and Bak [44]. Thus, cardiolipin is a 
central regulator to achieve the activation of both apoptotic 
pathways.

Mitochondrial integrity and abundance are also regulated 
by fission and fusion mechanisms. These processes, although 
opposite, are coordinated in order to preserve mitochondrial 
morphology, size, and abundance. Mitochondrial fusion is 
regulated by mitofusins 1 and 2 (Mfn1 and Mfn2) as well 

as by the Opa1 mitochondrial dynamin like GTPase (Opa1). 
Mitochondrial fusion allows the exchange and merging of the 
organelle’s content, including membranes, genetic material, 
and other metabolites. It also contributes for mitochondrial 
function preservation in metabolic stress conditions and during 
glucolipotoxicity [45]. Conversely, mitochondrial fission is 
mediated by several proteins such as the mitochondrial fis-
sion 1 protein (Fis1), the mitochondrial fission factor (Mff) 
on the external membrane, and the GTPase dynamin-related 
protein 1 (Drp1). Fission is essential in order to segregate 
damaged or dysfunctional mitochondria [46]. Alterations 
of mitochondrial dynamics balance mediated by the loss or 
gain of proteins regulating fusion or fission events impact 
on mitochondria structure (fragmentation) and their func-
tion as well as glucose-dependent insulin secretion [45].

In response to glucose, cell energy and mitochondrial 
membrane function are also regulated by uncoupling proteins 
(UCPs) located at their external membrane. UCPs are mito-
chondrial transporters on the inner membrane that regulate 
the coupling status of the respiratory chain as well as ATP 
synthesis. Thus, they keep the necessary ATP/ADP needed 
for glucose-stimulated insulin secretion. They also contribute 
to the mitochondrial antioxidant defense by inducing physi-
ologic uncoupling that accelerates metabolism and decreases 
ROS and oxidative stress [27]. Five uncoupling proteins have 
been identified in humans as important regulators of cor-
poral weight gain, the energy balance, and T2D. The most 
important are UCP-2 and UCP-3 because of their participa-
tion for mitochondrial membrane potential maintenance and 
ATP production. UCP-2 protects β-cells against oxidative 
stress. INS1 cells cultured in presence of H2O2 increase 
UCP-2 expression as well as survival rate; they also decrease 
ROS and caspase activation. However, hyperglycemia and 
hyperlipidemia increase UCP2 activation; consequently they 
reduce ATP synthesis and insulin secretion. UCP-2 also pro-
motes mitochondrial membrane potential alterations along 
with the consequent release of proapoptotic factors and 
β-cell dysfunction that may lead to apoptosis [47].

�Endoplasmic Reticulum Stress

Oxidative stress and endoplasmic reticulum stress (ERS)  
are interlinked regarding β-cell dysfunction because of 
their direct effects on insulin biosynthesis and secretion 
[48]. The endoplasmic reticulum (ER) ensures the appro-
priate folding and processing of proteins that will be 
secreted, among them insulin, as well as the degradation 
of misfolded proteins or those exhibiting alterations. Thus, 
the organelle’s overload leads to misfolded protein accu-
mulation and ERS. The latter triggers the unfolded protein 
response (UPR) in order to restore ER homeostasis and to 
decrease protein synthesis. It also increases the expression 
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of genes involved in protein folding and ER-linked pro-
tein degradation. UPR is mediated by proteins bound to 
the ER membrane: PERK (protein kinase-like ER kinase), 
IRE1α (inositol-requiring enzyme 1α), and ATF6 (activat-
ing transcription factor 6) [49]. When stress occurs, PERK 
autophosphorylation induces eif2α (eukaryotic translation 
initiation factor 2α) phosphorylation, a factor that inhibits 
protein synthesis, whereas it promotes ATF-4 transcription. 
The latter positively regulates the expression of ERS target 
genes such as the C/EBP homologous protein (CHOP) and 
the downstream growth arrest and DNA damage-inducible 
protein (GADD34). These two proteins activate protein 
phosphatase-1 (PP-1) that in turn dephosphorylates eif2α, 
thereby restoring transcription. Acute exposition of β-cells 
to high glucose levels induces an intermediate UPR signal-
ing characterized by IRE1α phosphorylation and activation 
as well as glucose-stimulated insulin secretion. However, 
excessive UPR stimulation induces β-cell death and dia-
betes. In patients displaying insulin resistance and in islets 
isolated from ob/ob mice, it has been demonstrated that 
a constant and steady demand for insulin represent ER 
constant stimulation and it eventually leads to stress [49]. 
Additionally, the increase of FFA also induces ER stress as 
it affects protein processing and trafficking, Ca2+ regula-
tion, and oxidative stress in mouse insulin-producing cells 
(INS1) and in human cell lines [50]. Palmitate activates the 
UPR response through phosphorylation of IRE1 and PERK 
as well as β-cell apoptosis mediated by caspase-12 and cas-
pase-3 activation [51].

�Obesity and Inflammation

Currently, obesity stands out as a risk factor to develop 
T2D. Nevertheless, if obesity actually causes diabetes, most 
obese individuals sooner or later would develop hypergly-
cemia and T2D. In spite of this, approximately 20% of all 
obese individuals are diabetic [52]. This suggests that obe-
sity and resistance toward insulin are factors that increase 
the risk to develop diabetes, but they are not inductors. 
Thus, it has been proposed that, in obese individuals, hyper-
glycemia may be more related to β-cell impaired function 
and decreased mass [53] and/or their inability to adapt 
themselves toward the new metabolic demand [54]. Even 
though some of these studies have demonstrated a decreased 
β-cell mass in obese humans affected by T2D (postmortem 
donors) and in those who displayed alterations of fasting 
glucose levels by 65% and 40%, respectively [10], in obese 
individuals not affected by T2D, β-cell mass and insu-
lin secretion are increased by 50% in order to cope with 
resistance to insulin [55]. In obese rodents a physiologic 
adaptive expansion of β-cells is observed due to increased 
generation, decreased death, and β-cell hypertrophy [56]. 

Through this adaptation, β-cells preserve normal glyce-
mia until they become exhausted and eventually die, thus 
leading to T2D development. Cell expansion is a complex 
process involving the activation of several pathways that 
converge to regulate proliferation, survival, cell size, and 
insulin secretion. Apparently, proliferation and hypertro-
phy are most important during the β-cell expansion phase, 
whereas apoptosis may participate in the final phases, dur-
ing β-cell failure caused by hyperglycemia. Some evidence 
shows that, in animals displaying resistance toward insu-
lin, the IGF1/PI3k/Akt/mTOR pathway participates during 
β-cell adaptation induced by a high-fat diet. mTOR (mam-
malian target of rapamycin) mediates protein synthesis in 
response to nutrients and growth factors, and it stimulates 
the phosphorylation of some components of the protein 
synthesis machinery such as p70S6K (ribosomal S6 kinase 
protein) and 4E-BP (IF4E binding protein). Akt also partici-
pates in cell cycle regulation by inducing phosphorylation 
and degradation of the cyclin-dependent kinases inhibitors 
such as p21 and p27. Apparently, the increased β-cell mass 
in obese individuals may be a reversible event, similarly to 
pregnancy. Some studies have reported that insulin secretion 
decreases concomitantly with weight loss or caloric restric-
tion, whereas sensibility toward insulin is regained as well 
as β-cell function. Furthermore, caloric restriction enhances 
mitochondrial biogenesis and respiratory efficiency, and it 
decreases ROS production and promotes metabolic homeo-
stasis [57].

Additionally, because of FFA increase, obesity predeter-
mines a chronic inflammation state in adipose tissue that is 
characterized by increased proinflammatory adipokines and 
cytokines. These attract B cells, T cells, and macrophages 
toward the pancreas and adipose tissue where they secrete 
even more proinflammatory cytokines and chemokines, 
thereby contributing to inflammatory reaction and to auto-
immune elimination of β-cells. The presence of reactive T 
cells in islets is observed in patients affected by T2D exhib-
iting severe β-cells lesions and low insulin secretion [58]. 
Obesity implies an increased amount of adipocytes and also 
of their fat content, a vascularization decrease, hypoxia, and 
cell necrosis. Signal molecules derived from cell elimination 
may bind to Toll-like receptors (TLRs) and to nucleotide-
binding oligomerization domains (NOD) in order to induce a 
local or generalized immune response. The latter consists on 
the assembly of cytosolic protein complexes comprised by 
bound nucleotides, leucine-rich repeats sequences (NLRs) 
and caspase-1. Once active, they initiate IL-1β production 
[59]. Hyperglycemia increases the production of the NLRP3 
inflammasome, whereas FFA activate TLR2 and TLR4, thus 
promoting macrophage recruitment and β-cell stress [58].

Plenty of evidence exists on the importance of proinflam-
matory cytokines (IL-1β, TNFα, and interferon-γ (IFNγ)) 
to activate signaling cascades in β-cells, such as NF-κB, the 
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mitogen-activated protein kinase (MAPK), and the Janus 
kinase/signal transducer and activator of transcription 
(JAK/STAT). β-Cell elimination by the proinflammatory 
cytokines IL-1β, TNFα, and IFNγ begins by their binding 
to specific receptor in β-cells and to the endoplasmic reticu-
lum [59]. The consequences of increased ROS were previ-
ously mentioned. Conversely, in the presence of cytokines, 
the 12/15-lipoxygenase (12/15-LO) induces the cleavage of 
arachidonic acid to produce highly reactive metabolic such 
as 12-hydroxyeicosatetraenoic that may induce oxidative 
stress and mitochondrial dysfunction [30]. It has been also 
demonstrated that thioredoxin-interacting protein (TXNIP) 
interacts with NLRP3 and contributes to IL-1β production 
induced by hyperglycemia [60]. The latter contributes to 
β-cell dysfunction and apoptosis in T2D. TNFα negatively 
regulates the insulin receptor substrate-2 (IRS-2) in β-cells 
by inducing its phosphorylation and modifying insulin sig-
naling. In obesity leptin secretion by adipose tissue also 
predominates. Leptin inhibits glucose-stimulated insulin 
secretion in β-cell lines and normal mice [61], and it also 
contributes to intolerance toward glucose in diabetes.

�β-Islet Amyloid Polypeptide (IAPP)

Amylin is synthesized by pancreatic islets and it is secreted 
along with insulin. Amylin is comprised by 37 amino acids, 
although it may produce polypeptides and be accumulated in 
islets in response to stress. IAPP effects initiate after binding 
to its receptors. Only three of them are known. They con-
tain the calcitonin receptor in their inner structure and one 
of the following three receptor activity-modifying proteins: 
RAMP1, RAMP2, or RAMP3. The accumulation of intra-
cellular amylin has been linked to both oxidative and endo-
plasmic reticulum stresses. β-Amyloid plates are a common 
feature in patients affected by T2D. During hyperglycemia/
hyperlipidemia, IAPP synthesis also increases in β-cells 
along with proinsulin, and they reach enough levels in order 
to allow for oligomer formation [18]. They also stimulate 
IL-1β, islet inflammation, and β-cell apoptosis. IAPP soluble 
peptides have been detected, they represent early intermedi-
ates for fibril formation and they are also responsible for cell 
death. In peripheral tissues, IAPP modifies glucose metabo-
lism [62], it suppresses glucose uptake induced by insulin in 
muscle cells [63] and digestive secretion (gastric acid, pan-
creatic enzymes), and it delays gastric emptying. IAP admin-
istration to rats decreases food intake [64], but when an IAPP 
antagonist is provided, food intake increases as well as body 
weight [65].

�β-Cell Apoptosis and p53

β-Cell apoptotic death after being exposed to high glucose 
levels has been associated with p53 protein translocation 
toward mitochondria [1]. Furthermore, β-cell population 
recovery and the rescue from the diabetic phenotype was 
demonstrated in p53-knockout mice, thus highlighting the 
importance of this protein for diabetes establishment [2].

p53 protein is a transcription factor engaged in DNA dam-
age monitoring. Depending on the severity of the damage, 
p53 triggers apoptosis or arrests the cell cycle until the DNA 
repairing mechanisms are activated. p53 activation occurs in 
response to several types of stress, mainly those damaging 
DNA, and this leads to its stabilization and accumulation in 
cells submitted to stress conditions. p53 is also involved in 
apoptosis triggering by interacting and forming complexes 
with Bcl-2 and Bcl-XL through its DNA-binding domain, 
thus allowing Bax-Bax oligomerization and the release of 
cytochrome c [66].

Apoptosis onset induced by p53 at mitochondria level is 
associated with oxidative stress. In insulin-producing cells 
(RINm5F) cultured on glucose 30  mM, p53 translocation 
to mitochondria, cytochrome c release, and apoptosis were 
induced because of oxidative stress [1]. Taking this into 
account, it was proposed that glucose increase modifies intra-
cellular p53 distribution and it promotes its mitochondrial 
localization besides inducing p53 phosphorylation, impair-
ing its degradation, and increasing its biologic activity [67]. 
The presence of p53  in mitochondria is correlated with a 
decreased Bcl-2/Bax ratio, a decreased mitochondrial mem-
brane potential [1], p53 activation, and increases of p21, Bax, 
and apoptosis [68]. This emphasizes p53 participation during 
the decrease of β-cell mass induced by hyperglycemia.

Hyperglycemia regulates p53 stability and function by 
inducing posttranslational modifications such as phosphoryla-
tion, poly(ADP-ribosylation), and N-acetylglucosamination 
[69].

�p53 Phosphorylation
Hyperglycemia promotes p53 mitochondrial localiza-
tion and its phosphorylation at serine 392 (homologous to 
Ser289  in mouse). This correlates with a Bcl-2 decrease, 
Bax increase, and β-cell apoptosis. The inhibition of the 
p38 MAPK hampered p53 phosphorylation, and it curtailed 
β-cell apoptosis induced by hyperglycemia, thereby suggest-
ing its participation during the decrease of pancreatic β-cell 
mass. As in mitochondria p53 is engaged in complex forma-
tion with other antiapoptotic and/or proapoptotic proteins 
and as it triggers the mitochondrial permeation process, it 
is likely that its phosphorylation is a requirement that may 

C. Ortega-Camarillo



177

enable its interaction with such proteins and to induce cell 
death. Additionally this process stimulates the interaction 
between p53 and the p300/CBP and P/CAF coactivators that 
promote its acetylation, thereby inhibiting its ubiquitination 
and degradation [70]. These results indicate the importance 
of p53 phosphorylation as one of the factors contributing 
to β-cell elimination as consequence of hyperglycemia 
through mitochondria (Fig. 12.3). Hyperglycemia also leads 
to ATM activation in cytosol, which in turn phosphorylates 
p53 at serine 15, thus avoiding its recognition by Mdm2, its 
ubiquitination, and nuclear degradation and also contribut-
ing to apoptosis triggering in response to hyperglycemia in 
β-cells [71].

�p53 O-N-Acetylglucosamination
Hyperglycemia promotes O-GlcNAcylation of several 
proteins, including p53. This consists on the addition of 
an N-acetylglucosamine moiety in serine or threonine 
residues. O-GlcNAcylation is analogue to phosphoryla-
tion, and it regulates the stability, activity, or subcellular 
localization of target proteins. This modification depends 
on glucose availability, and it represents a cellular regula-
tion mechanism according to nutritional environment. In a 
glucose-rich environment, the O-N-acetylglucosamination 
of p53 has been observed and it is liked to its stability and 
it prevents its degradation. O-GlcNAc in p53 at Ser149 
enhances its stability by interfering with phosphorylation 
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Fig. 12.3  Hyperglycemia promotes p53 translocation to mitochondria and its phosphorylation. There, p53 contributes to mitochondrial permea-
bility, cytochrome c release, and β-cell apoptosis. P: phosphorylation, ROS: reactive oxygen species, Cyt c: cytochrome c
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at Thr155, by overcoming its interaction with Mdm2 and 
its ubiquitination and its subsequent proteolysis. All of this 
results in higher p53 stability [72]. Thus, it has been pro-
posed that O-GlcNAc stabilizes p53 and may represent a 
signal for its translocation to mitochondria [71], where it 
may contribute to the release of proapoptotic factors [73].

�p53 Poly(ADP-Ribosylation)
Another protein that becomes active when DNA suffers dam-
age is poly (ADP-ribose) polymerase (PARP). This enzyme 
catalyzes the transfer of ADP-ribose units from NAD+, an 
essential cofactor for ATP synthesis and redox potential 
balance, to the carboxylic residues glutamic and aspartic 
acids of several nuclear proteins. Poly(ADP-ribosylation) 
is important for DNA replication and repair, transcription, 
inflammatory response, and cell death mainly caused by 
genotoxic agents, infection, and stress. PARP fragmentation 
is concomitant with β-cell apoptosis triggering induced by 
hyperglycemia. These results are in agreement with previ-
ous reports showing that hyperglycemia triggers apoptosis in 
β-cells and pancreatic cell lines such as RINm5F. Poly(ADP-
ribosylation) of p53 in presence of high glucose levels is an 
early response that may contribute for protein stabilization 
and probably to its translocation to mitochondria as well as 
to the increased apoptotic rate of RINm5F cells caused by 
high glucose levels [73].

�p53 Regulation by Mdm2
Cell survival depends in great extent on the balance between 
synthesis and degradation of p53. Among the mechanisms 
regulating p53, the expression and activation of Mdm2 
(murine double minute 2) is of great importance. Mdm2 is 
an E3 ubiquitin ligase that binds p53 and it transfers ubiq-
uitin to the latter residues, thereby enabling its recognition 
by proteasomes for targeted degradation. Depending on the 
amount of ubiquitin residues attached to p53, this protein 
will be degraded or exported to the cytosol. Mono- and/or 
poly-ubiquitination of p52 is defined by the concentration 
and activation status of Mdm2.

As previously mentioned, the interaction between p53 
and Mdm2 depends on intracellular environment impacting 
on those posttranslational modifications displayed by these 
proteins. In the case of Mdm2, ubiquitination, sumoylation, 
and phosphorylation disrupt the formation of the p53-Mdm2 
diene, and they stabilize p53 levels. It has been demon-
strated that Mdm2 phosphorylation on Ser395 mediated 
by ATM decrease its ability to target p53 for degradation. 
Previously it was demonstrated that p53 phosphorylation by 
Akt participates in its regulation as it attenuated transacti-
vation and increased p53 ubiquitination [74]. High glucose 
concentration decreases the expression of Mdm2 mRNA and 
its protein levels on both nucleus and cytosol [75]. Mdm2 

expression is regulated by p53. Although we previously dem-
onstrated its stabilization in presence of high glucose levels, 
this protein is not targeted toward nucleus, but it translocates 
to other organelles such as mitochondria; thus it cannot stim-
ulate Mdm2 expression. Additionally, DNA fragmentation 
induced by hyperglycemia also may affect the expression of 
Mdm2 mRNA [1].

Formation of the p53-Mdm2 complex increased in pres-
ence of high glucose, although its ubiquitination was not 
observed. The latter demonstrates that glucose increased 
levels induce Mdm2 activation in cytosol and its interac-
tion with p53 is also promoted, whereas its ubiquitination 
is inhibited [71]. It is known that the E3 ubiquitin ligase 
activity of Mdm2 depends on other domains comprising this 
protein. The latter activity is located within the RING finger 
domain at the C-terminal. This region also contains the sub-
strate lysine acceptor and its main function is to label p53 
for degradation. The central acid domain of Mdm2 binds to 
the RING finger domain and it stimulates catalytic activity, 
thereby promoting ubiquitin release from the E3 enzyme. 
The interaction between the acid domain and the RING fin-
ger domain depends on its phosphorylation by ATM [76]. 
An increase of ATM-mediated phosphorylation has been 
also observed in hyperglycemia. Thus, it is not excluded that 
stress and the phosphorylation cascade induced by high glu-
cose levels may phosphorylate some residues on the RING 
finger domain and/or on nearby regions and on the acid cen-
tral domain in Mdm2 leading to the inhibition of p53 poly-
ubiquitination and degradation.

Conversely, p53 ubiquitination also depends on ATP levels. 
In hyperglycemia conditions, ATP decreases due to increased 
ROS and mitochondrial uncoupling. Therefore, if ATP 
decreased levels occur, ubiquitin ligases are unable to conden-
sate the glycine residues on their C-terminal region with the 
lysine residues on p53. Thus, it is necessary to analyze these 
factors in hyperglycemia conditions in order to know about its 
participation for p53 ubiquitination in RINm5F cells.

�Alterations in the Cell Cycle

�Cell Proliferation Rate

In obese subjects, β-cell failure to compensate for insulin 
resistance has been related to either an inappropriate cell 
mass expansion or the inability of preexisting cells to respond 
toward glucose. This may be generated from defects of insu-
lin signaling or the absence of insulin receptors and IGF-I in 
these cells [62]. For instance, knockout mice for these recep-
tors exhibit a decreased cell mass and develop diabetes from 
an early age. It has been pointed out that progression through 
the cell cycle is also altered. It has been observed that cyclin 

C. Ortega-Camarillo



179

inhibitor p27kip1 is progressively accumulated inside β-cell 
nucleus in mice lacking the insulin receptor substrate-2 (IRS-
2) and also in db/db mice. p27kip1 accumulation in oxidative 
stress and hyperglycemia conditions may be another pathway 
by which ROS decrease β-cell mass as the deletion of its gene 
hampers hyperglycemia effects and induce β-cell proliferation 
[77]. Another important regulator of β-cell replication is the 
cell cycle inhibitor p21, which is expressed at high levels in 
adult β-cells, and it has been linked to proliferation decrease 
during senescence. It is known that β-cell replication poten-
tial is lost with age and it is correlated with the loss of expres-
sion of genes such as EZH2 (enhancer of zeste homologue 2), 
a histone methyl transferase that represses the transcription 
of cell cycle inhibitors when histone 3 is trimethylated in its 
lysine 27 residue (H3K27me3). EZH2 decreases H3K27me3 
and increases p16 and p19 expression and it inhibits β-cell 
proliferation [78].

�β-Cell Dedifferentiation

During recent years it has been observed that pancreatic 
β-cells undergo a dedifferentiation process when meta-
bolic demand increases and also during hyperglycemia 
and inflammation. In mouse, hyperglycemia modifies the 
expression of transcription factors and insulin secretion. 
For instance, the loss of FOXO1 leads to β-cell dedifferen-
tiation, decreases insulin content, and reverts its phenotype 
toward progenitor-like cells, characterized by the expres-
sion of Ngn3. Although changes in transcriptional factors 
have been observed on humans and primates affected by 
diet-induced prediabetes, a dedifferentiation process has 
not been demonstrated. β-cell dedifferentiation induced 
by hyperglycemia is reverted when blood glucose values 
are restored. Insulin immunostaining loss correlates with 
an increased glucagon staining in several diabetic mouse 
models. In one of these, it was observed that small β-cells 
begin to express glucagon, although it is not known if 
these cells will transform into α-cells or if they represent 
an intermediate cell type expressing glucagon [54, 79]. 
The Pax4 gene also participates in β-cell dedifferentia-
tion. The latter is an embryonic development regulator of 
pancreatic islets, and its presence on adult β-cells from 
animals confers protection against stress-induced apopto-
sis, and it stimulates cell proliferation. However, the sus-
tained Pax4 expression promotes β-cell dedifferentiation 
and hyperglycemia. Pax4 overexpression is concomitant 
with Ngn3 expression. This suggests that an acute Pax4 
increase protects cells, but its steady or chronic expres-
sion induces β-cell dedifferentiation into progenitor cells 
apparently as a protective mechanism against deleterious 
environmental effects [80].

�Conclusions

Obesity, insulin resistance, and glucose intolerance affect 
pancreatic β-cell functional status. Particularly, generation 
of new cells (neogenesis, replication) is decreased, whereas 
the apoptotic death rate increases. Among the mechanisms 
leading to β-cell alterations, it has been observed the par-
ticipation of several proteins synthesized by the cell itself, 
such as amyloid polypeptide and the type 2 uncoupling pro-
tein, the molecules expressed and released by adipose tissue 
(free fatty acids and cytokines), the presence of high glucose 
levels, and the reactive oxygen species produced by glucoli-
potoxicity. It was recently proposed that high ROS appear-
ing levels during hyperglycemia promote phosphorylation, 
poly(ADP-ribosylation), and/or O-GlcNAcylation, and they 
may interfere with p53 degradation by inhibiting the Mdm2 
E2 ubiquitin ligase. Therefore, p53 degradation is avoided, 
and its recruitment to mitochondria and the apoptotic mecha-
nisms are promoted along with β-cell dysfunction.

Loss of β-cell mass may reach a critical point in which 
the deleterious effects mediated by the aforementioned 
molecules might not be reverted, thus decreasing insu-
lin production and release and contributing to diabetes 
development. Several treatments exist in order to attenu-
ate β-cell deterioration. Changes of dietary routine and 
increased physical activity are among them. The objective 
is to promote weight loss and specially to decrease abdom-
inal fat and insulin resistance. Thus, eventually β-cell mass 
may be regained.

Concluding Remarks
•	 Activating hyperglycemia metabolic pathways 

induces β-cells apoptosis.
•	 Free fatty acids are more toxic when hyperglycemia 

is present.
•	 Oxidative and endoplasmic reticulum stress, mito-

chondrial alterations, inflammatory cytokines, islet 
amyloid polypeptide, together or separate, can 
decrease pancreatic β-cell mass.

•	 Hyperglycemia induces posttranslational changes 
in p53 that inhibits its degradation and promotes 
mitochondrial location.

•	 Many factors trigger the death of pancreatic 
β-cells and decrease β-cell mass. However, most 
appear to have their origin in hyperglycemia, so 
control of glucose levels is of great importance in 
preserving the mass and function of pancreatic 
β-cells.
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�Multiple-Choice Questions

	1.	 At what stage of embryonic life is β-cell mass set?
	(a)	 Before birth
	(b)	 At 2 years old
	(c)	 While breastfeeding
	(d)	 Between 5 and 10 years old
	(e)	 At 5 years old

	2.	 A decrease of β-cell mass was observed in persons with-
out diabetes but with:
	(a)	 Chronic hyperglycemia
	(b)	 Metabolic syndrome
	(c)	 Impaired glucose tolerance
	(d)	 Obesity
	(e)	 Type 2 diabetes

	3.	 All are apoptotic cellular death characteristics, except:
	(a)	 DNA oligonucleosomal fragmentation
	(b)	 Phosphatidylserine exposition
	(c)	 Death cell phagocytosis
	(d)	 Intracellular content release
	(e)	 Formation of apoptotic bodies

	4.	 Increased production of reactive oxygen species in hyper-
glycemic conditions is due to
	(a)	 Microsomes
	(b)	 Oxidative phosphorylation
	(c)	 Macrophages
	(d)	 Endoplasmic reticulum
	(e)	 NADPH oxidase

	5.	 Endoplasmic reticulum stress is characterized by:
	(a)	 DNA oligonucleosomal fragmentation
	(b)	 Increased insulin demand
	(c)	 Unfolded protein response
	(d)	 Oxidative stress
	(e)	 Changes in mitochondrial permeability

	6.	 In hyperglycemic conditions, p53-induced apoptotic 
β-cell pathway:
	(a)	 Releases intracellular content
	(b)	 Changes mitochondrial permeability
	(c)	 Activates death receptors
	(d)	 Expresses proapoptotic proteins
	(e)	 Inhibits cell cycles

	7.	 Hyperglycemia induces the activation of metabolic path-
ways related to β-cell death as:
	(a)	 An increase in reactive oxygen species
	(b)	 Accumulation of amyloid polypeptide
	(c)	 Stress of the endoplasmic reticulum
	(d)	 A hexosamine pathway
	(e)	 All of the above

	8.	 What mitochondrial alterations contribute to the dysfunc-
tion of β-cells in diabetes?
	(a)	 Fission and fusion events
	(b)	 Loss of glucose sensitivity
	(c)	 Changes in ATP/ADP rate
	(d)	 Increased proinflammatory cytokines
	(e)	 Modification of NAD/NADH+ rate

	9.	 Chronic hyperglycemia affects the survival of β-cells by:
	(a)	 Decreasing beta-cell mass in diabetes by apoptosis
	(b)	 Causing β-cell hyperplasia and exhaustion
	(c)	 Causing cell dedifferentiation
	(d)	 Creating a loss of glucose sensitivity
	(e)	 All of the above

�Correct Answers

	1.	 (d) Between 5 and 10 years old
At this stage of development, the rate of cell replica-

tion is reduced and the pancreas reaches its full size
	2.	 (c) Impaired glucose tolerance

Postmortem studies in humans showed a decrease in 
pancreatic cell mass of up to 50% in people with impaired 
fasting glucose

	3.	 (d) Intracellular content release
An important characteristic of apoptosis is the forma-

tion of apoptotic bodies, which consists of the invagina-
tion of the plasma membrane that surrounds the 
subcellular remains and prevents the release of intracel-
lular material

	4.	 (b) Oxidative phosphorylation
Mitochondria are the main sources of endogenous 

ROS in hyperglycemic conditions. Of the oxygen con-
sumed by mitochondria, ∼1–5% is converted to ROS as 
by-products of the flow of electrons in the respiratory 
chain

	5.	 (c) Unfolded protein response
Constant requirements of insulin during glucose intol-

erance and insulin resistance lead to alterations in the pro-
cessing of proteins in the RE. This situation stimulates an 
ER response known as unfolded protein response and ER 
stress

	6.	 (b) Changes mitochondrial permeability
P53  in the mitochondria releases Bax from Bcl-2, 

allowing Bax oligomerization and pore formation to 
release proapoptotic factors as cyt c

	7.	 (e) All of the above
During hyperglycemia, the activation of all these 

metabolic pathways was observed, which concluded 
with the activation of the intrinsic pathway of 
apoptosis

	8.	 (a) Fission and fusion events
Hyperglycemia alters the expression of the proteins 

that regulate mitochondrial fusion/fission events, which 
modifies the ΔΨm and allows the output of proapoptotic 
factors

	9.	 (e) All of the above
Chronic hyperglycemia decreases pancreatic β-cell 

mass by activating apoptosis and inhibiting the cell 
cycle, in addition to inducing the dedifferentiation of 
β-cells and the sensitivity to glucose is lost
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Glossary

Adipokines  Cytokines (cell signaling proteins) secreted by 
adipose tissue.

Amylin  A 37-amino acid peptide hormone, discovered in 
1987, which is co-located and co-secreted with insulin by 
the pancreatic beta cells in response to nutrient stimuli.

Antioxidant  Molecule that inhibits the oxidation of other 
molecules.

Apoptosis (a-po-toe-sis)  Was first used by Kerr, Wyllie, 
and Currie in 1972 to describe a morphologically distinct 
form of cell death and energy-dependent biochemical 
mechanisms.

Apoptosome  Molecular complex of two major compo-
nents – the adapter protein apoptotic protease-activating 
factor 1 (Apaf1) and the procaspase-9. These are assem-
bled during apoptosis upon Apaf1 interaction with cyto-
chrome c. Apoptosome assembly triggers effector caspase 
activation.

Cardiolipin  Phospholipid important of the inner mitochon-
drial membrane, where it constitutes about 20% of the 
total lipid composition.

Caspase (cysteine-aspartic proteases, cysteine aspar-
tases or cysteine-dependent aspartate-directed 
proteases)  Family of protease enzymes playing essential 
roles in apoptosis and inflammation.

Ceramides  Family of waxy lipid molecules. A ceramide is 
composed of sphingosine and a fatty acid.

Cytochrome c  Heme protein serving as electron carrier 
in respiration. Cytochrome c is also an intermediate of 
apoptosis.

Cytokines  Cell signaling small proteins. Involved in auto-
crine signaling, paracrine signaling, and endocrine signal-
ing as immunomodulating agents.

Dedifferentiation process  Processes by which cell that 
were specialized for a specific function lose their 
specialization.

Fission  Division of mitochondria into new mitochondria.
Flavoprotein  Proteins that contain a nucleic acid derivative 

of riboflavin: the flavin adenine dinucleotide (FAD) or fla-
vin mononucleotide (FMN).

Fusion  Process mediated by several large GTPases whose 
combined effects lead to the dynamic mitochondrial net-
works seen in many cell types.

Glucolipotoxicity  Combined, deleterious effects of ele-
vated glucose and fatty acid levels on pancreatic beta-cell 
function and survival.

Hyperlipidemia  Elevation of fats or lipids in the blood.
Hyperplasia  Enlargement of an organ or tissue caused by 

an increase in the cell proliferation rate.
Inflammasome  A multiprotein cytoplasmic complex which 

activates one or more caspases, leading to the process-
ing and secretion of proinflammatory cytokines  – e.g., 
IL-1 beta, IL-18, and IL-33. Assembly of inflammasomes 
depends on the NOD-like receptor family members, such 

as the NALP protein kinase: enzyme catalyzing phos-
phorylation of an acceptor molecule by ATP.

Misfolded proteins  Are proteins structurally abnormal and 
thereby disrupt the function of cells, tissues, and organs. 
Proteins that fail to fold into their normal configuration; in 
this misfolded state, the proteins can become noxious in 
some way and can lose their normal function.

Mitofusins  Proteins that participate in mitochondrial fusion.
Necrosis  Morphological changes in cell death caused by 

enzymatic degradation.
Neogenesis  Generation of new cells.
Oxidative stress  Pathological changes in living organ-

isms in response to excessive levels of intracellular free 
radicals.

Proenzyme  Precursor of an enzyme, requiring some change 
(hydrolysis of an inhibiting fragment that masks an active 
grouping) to render it active form.

Proteasome  An intracellular complex enzymatic that 
degrades misfolded or damaged proteins (proteolysis), 
after damaged proteins are tagged by ubiquitin.

Resistance to insulin  Pathological condition in which cells 
fail to respond normally to the hormone insulin.

RING finger domain  Really Interesting New Gene finger 
is a proteins domain that plays a key role in the ubiquiti-
nation process.

Stem cells  Undifferentiated biological cells that can differ-
entiate into specialized cells and can divide.

Sumoylation  Small Ubiquitin-like Modifier (or SUMO) 
proteins are a family of small proteins that are covalently 
attached to and detached from other proteins in cells to 
modify their function. Posttranslational modification 
involved in various cellular processes.

Triacylglycerol  Ester of glycerol with three molecules of 
fatty acid.

Ubiquitin  Small (8.5 kDa) regulatory protein that has been 
found in almost all tissues (ubiquitously) of eukaryotic 
organisms and regulated proteolysis.

Ubiquitin ligase  Protein that recruits, recognizes a protein 
substrate, and catalyzes the transfer of ubiquitin from the 
E2 enzyme to the protein substrate.

Uncoupling proteins  Proteins that uncouple phosphoryla-
tion of ADP from electron transport.
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