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ARTICLE INFO ABSTRACT

Cholesterol plays an essential role in determining cell membrane physico-chemical characteristics and functions.
A proper membrane structure is critical in pancreatic B-cells for glucose-mediated insulin secretion, and al-
B-cell terations in cellular cholesterol content may negatively affect this process, leading to B-cell dysfunction. The low
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Insulinh \ Jemic d density lipoprotein receptor (LDL-R) appears to play a relevant role in $-cell dysfunction due to cholesterol
giyg;ie;’ esterolemic drugs accumulation. This observation raised the question of whether hypocholesterolemic drugs which increase LDL-R

expression might bear diabetogenic properties, thus increasing the risk of new-onset diabetes or worsen gly-
caemic parameters in diabetic patients.

Being at higher cardiovascular risk, diabetic patients are usually treated with hypolipidemic drugs to correct
the atherogenic dyslipidemia characteristic of this pathological condition. Statin therapy has been associated
with an increased incidence of new-onset diabetes (NOD), being the diabetogenic effect depending on the type
and dose of statin. However, it is worth noting that the benefits on cardiovascular mortality largely exceed the
increased risk associated with the development of diabetes. Although genetic variants associated with lower
levels of LDL-C are also associated with an increased NOD risk, clinical trials with lipid-lowering drugs other
than statins, namely ezetimibe or monoclonal antibodies against PCSK9, did not observe an increase of devel-
oping diabetes.

In summary, molecular evidence clearly points to a key role for cholesterol homeostasis in pancreatic 3-cell
function which, in humans, is negatively affected by statins. Available data exclude that this could be the case for
other hypocholesterolemic approaches, but long-term studies are warranted to explore this critical aspect.

1. Introduction

Cholesterol is an essential component of cell membranes and con-
tributes to the control of their physical properties (such as fluidity and
curvature), which in turn affect plasma membrane protein functions
(i.e. transporters, ion channels and receptors) as well as vesicles for-
mation and fusion. These aspects are also critical for the correct func-
tion of pancreatic B-cells and factors influencing cellular cholesterol
metabolism are believed to impact (3-cell function and the pathogenesis
of diabetes. Indeed, in recent years, it became clear that statins, a class
of hypolipidemic drugs, largely prescribed in diabetic patients to con-
trol their atherogenic dyslipidemia, can increase the risk of developing

diabetes.

Aim of this brief review is to discuss the molecular mechanisms
controlling insulin production and secretion, the role of cholesterol
metabolism in 3-cell function and the translational aspects linking hy-
pocholesterolemic treatments with the increased risk of developing
diabetes.

2. Molecular mechanisms regulating insulin production and
secretion

The endocrine pancreas, through the synthesis and secretion of
hormones, is critically involved in the control of glucose homeostasis.
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Fig. 1. Insulin production and secretion. Insulin production is controlled at the transcriptional level by several transcription factors including PDX-1 and MafA. The
insulin transcript is then translated to pre-proinsulin, a process controlled by EIF2a, and converted to proinsulin in the endoplasmic reticulum (ER). At the trans-Golgi
network, proinsulin is sorted to immature secretory granules where it is converted to mature insulin by the action of prohormone convertases, specifically recruited to
lipid rafts of granules (box1). Insulin secretion is promoted by glucose -uptake via the GLUT1 transporter and phosphorylation by glucokinase (GCK), the major
glucose sensor. Glucose metabolism, via glycolysis and Krebs cycle, results in the elevation of ATP/ADP ratio, closure of Kyrp channels, membrane depolarization and
activation of voltage-gated calcium channels (VGCC). The resulting increase in intracellular Ca®* represents the triggering signal for insulin granule fusion with the

plasma membrane, a process regulated by the SNARE complex (box2).

Among the different endocrine cell populations, B-cells deserve a par-
ticular attention given that this is the only cell population able to
synthesize and secrete insulin, the major hypoglycemic hormone. In
healthy subjects, 3-cells sense changes in plasma glucose concentration
and respond by releasing insulin. Both insulin production and secretion
are tightly regulated to maintain glucose homeostasis (Fig. 1).

Insulin production in B-cells is controlled at the transcriptional level
by several transcription factors including the pancreatic and duodenal
homeobox-1 (PDX-1), the v-maf musculoaponeurotic fibrosarcoma on-
cogene homologue (MafA) and the BETA2/Neurogenic differentiation 1
(NeuroD1), which play crucial roles in regulating both the differentia-
tion of B-cells into insulin-producing cells and B-cell function [1]. The
intracellular content of glucose regulates the transcription of insulin
gene through the modulation of PDX1 and MafA [2] and affects insulin
translation to sustain its secretion over time. When extracellular glucose
rises above basal level, a specific regulatory element in the untranslated
regions of preproinsulin mRNA stabilizes the transcript and favors its
translation [3]. Furthermore, glucose controls the phosphorylation state
of the eukaryotic initiation factor 2a (eIlF2a) [4]. Several kinases and
phosphatases control elF2a phosphorylation and hence insulin trans-
lation, but the most interesting protein is the pancreatic endoplasmic
reticulum kinase (PERK), which couples protein translation rate with
the protein folding capacity of the endoplasmic reticulum (ER) [5,6]
(Fig. 1).

The insulin gene encodes a 110-amino acid precursor (pre-
proinsulin), containing an N-terminal signal sequence which facilitates
its translocation into the lumen of the ER, a process crucial to target
insulin to the secretory pathway. The signal peptide is then cleaved to
yield proinsulin, which reaches the Golgi apparatus and enters into
immature secretory granules, where following the activity of specific
endoproteases, it is converted to a mature form [7,8], ready for release
on demand. Two different mature secretory granule pools exist: a
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readily releasable pool (RRP), docked to the plasma membrane and
immediately available for the insulin release, and a reserve pool (RP) to
sustain the long-term insulin release.

B-cells “sense” elevated plasma glucose (> 100 mg/dL) and rapidly
activate the intracellular machinery to secrete insulin. Under hy-
perglycemic conditions, glucose is internalized by the glucose in-
dependent transporters GLUT1 in humans or GLUT2 in rodents [9,10]
and then is phosphorylated by glucokinase (GCK); this enzyme controls
the rate of entry of glucose into the glycolytic pathway and its sub-
sequent metabolism. Under low intracellular glucose levels, GCK is
associated to insulin granules through the interaction with the dimeric
neuronal nitric oxide synthase (nNOS) and is not active. As intracellular
glucose levels increase, GCK is released from the granules and can
phosphorylate glucose, thus controlling its metabolism and, as a con-
sequence, the secretion of insulin [11] (Fig. 1).

Phosphorylated glucose enters the glycolytic pathway, then pyr-
uvate is metabolized by the Krebs cycle to ATP in the mitochondria. The
elevation of the cytosolic ATP/ADP ratio consequent to glucose meta-
bolism causes the closure of the K* ATP channels, leading to a cellular
depolarization and the opening of the L-type voltage-gated Ca®*
channels (VGCC). The rapid calcium influx into the cell induces the
fusion of the insulin granules with the plasma membrane, a process that
requires the presence of specific proteins, known as SNARE proteins
[12-15]. In B-cells, specific cell membrane domains called lipid rafts
determine the spatial organization of the SNARE proteins as well as the
K* ATP and voltage-gated Ca®>* channels [16], thus maintaining a
close association between the calcium influx and the exocytotic ma-
chinery and ensuring a fast release of the insulin granules when re-
quired [17] (Fig. 1).

The insulin secretion shows a biphasic pattern. The first transient
phase involves the release of the RRP granules, reflecting the ability of
B-cells to respond quickly to the increase of blood glucose
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concentrations [18,19]. The second phase lasts longer and involves the
RP granules, which must be mobilized and primed before being re-
leased. This phase amplifies the calcium action on exocytosis, through a
mechanism independent from the K* ATP channels closure.

Many of the processes regulating insulin production, storage and
secretion are affected by cellular lipids and cholesterol availability.

3. Cholesterol accumulation and f3-cell dysfunction

Lipids, including cholesterol, are transported in the bloodstream via
lipoproteins such as low-density lipoprotein (LDL), very-low-density
lipoprotein (VLDL) and high-density lipoprotein (HDL). Lipoproteins
are a source of cholesterol and fatty acids for hepatocytes and periph-
eral cells and are taken up by f-cells through receptors belonging to the
LDL receptor (LDL-R) family [20]. All cells, including pancreatic 3-cells,
are also able to synthesize cholesterol, through the mevalonate
pathway. Intracellular synthesis and extracellular cholesterol uptake
are under the control of the sterol regulatory element-binding protein 2
(SREBP-2) [21]. Excess cholesterol in B-cells is removed through a
process termed reverse cholesterol transport which is mediated by
different transporters, including the ATP-binding cassette transporter
Al (ABCA1) which releases cholesterol to lipid-free apolipoprotein A-I
(Fig. 2).

In B-cells, cholesterol contributes to the control of the physical
properties of the membranes (such as fluidity and curvature), thus af-
fecting the localization and function of membrane proteins (i.e.
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transporters, ion channels and receptors) as well as vesicles formation
and fusion [22]. Together with sphingolipids, cholesterol is an essential
component of lipid rafts. Lipid rafts are microdomains of the plasma
membrane present in all cells and, in pancreatic (3-cells, are specifically
enriched in ions channels and receptors as well as in proteins critically
involved in coupling glucose-sensing with insulin secretion. Cholesterol
is required for the correct formation of secretory granules, as it can
influence the interaction of specific granule components with lipid rafts
[23].

Several observations suggest that cellular cholesterol accumulation
might lead to pancreatic (3-cell dysfunction. Patients with type 2 dia-
betes present a cluster of lipid abnormalities which associate with
cholesterol and fatty acid accumulation in pancreatic (3-cells and may
contribute to the degeneration of pancreatic islets [24]. 3-cell SREBP-2
overexpression causes cholesterol accumulation and a severe impair-
ment of cell function [21]. Also, the inhibition of cholesterol bio-
synthesis, which normally drives the activation of SREBP2, increases
expression of the LDL-R and cholesterol uptake with reduced insulin
secretion [25]. Similarly, the impairment of membrane transporters
involved in the removal of excess cholesterol from cells (such as
ABCA1) results in p-cell dysfunction and reduced insulin secretion
[26-28].

Mechanistically, cholesterol excess impacts several steps of the
metabolic machinery involved in glucose-stimulated insulin release
localized at the endoplasmic reticulum, mitochondria and the cell
membrane.
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Fig. 2. Cholesterol metabolism and pancreatic 3-cell function. Cellular cholesterol levels in -cells increases following augmented uptake via LDL-R or reduced efflux
via ABCAL. Cholesterol accumulation alters lipid raft composition and membrane fluidity; this results in reduced glucose transporter membrane levels, increased
glucokinase (GCK) retention in insulin granules and alteration of spatial organization of L-type voltage-gated Ca®>* channels (VGCC) and K* ATP channels. As a
consequence, insulin secretion decreases. Moreover, cholesterol accumulates in mitochondrial membrane, resulting in reduced ability of the electron transport chain
to produce energy and increased ROS production; the latter, in turn, favors the depletion of antioxidants (GSH) and leads to mitochondrial stress and cellular
apoptosis. Cholesterol accumulation in ER membrane leads to depletion of calcium store, thus increasing ER stress.
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Cholesterol accumulation on endoplasmic reticulum can favor the
depletion of calcium stores necessary for insulin release [29,30] and
induces ER-stress by activating the PERK-elF2a pathway [31]; a pro-
longed activation of this pathway can, in turn, lead to (3-cell injury and
reduced insulin production [6].

Cholesterol is also enriched in the trans-Golgi network, where it
plays a key role in the biogenesis and trafficking of secretory granules,
essential steps for the proper storage, processing, and secretion of in-
sulin in pancreatic B-cells [32]. Both cholesterol depletion and accu-
mulation can alter insulin release by altering granule trafficking [32].
Cholesterol depletion, in fact, can directly affect the granule formation,
while excess cholesterol, which accumulates in insulin granules, trig-
gers granule enlargement, alteration of granule membrane protein
distribution, and reduction of the docking and fusion of granules with
the plasma membrane [32]. This effect may be consequent also on the
alteration of (3-cell lipid rafts. Indeed, the sorting of granins (constituent
of the secretory granules) and endoproteases (necessary for the pro-
hormone processing and insulin maturation) to secretory granules is
mediated by their interaction with lipid rafts [23]. Furthermore, lipid
rafts determine the spatial organization of the SNARE proteins syntaxin
and SNAP25, as well as of K* ATP and voltage-gated Ca®* channels
[16]. A close association between the calcium influx and the exocytotic
machinery ensures a fast release of the insulin granules when a stimulus
is applied [17]; thus, cholesterol depletion redistributes SNARE pro-
teins and channel proteins out of the cholesterol-rich lipid rafts, thus
resulting in an impairment of insulin secretion [25].

Cholesterol accumulation plays also a direct role in dampening
glucose stimulated insulin secretion. First, at least in mice, cholesterol
impacts B-cell glucose uptake by reducing glucose transporter activity
[33]. Second, cholesterol stabilizes the dimeric form of nNOS, thus
preventing the translocation of GCK from insulin granules to the cyto-
plasm, which results in a reduced glycolytic flow, decreased production
of ATP and reduced exocytosis of insulin granules (Fig. 2). Third, ele-
vated cellular cholesterol levels affect mitochondrial membrane
fluidity, thus resulting in the alteration of the electron transport chain
(ETC) and a reduced proton efflux [34]; this impacts the ability of
mitochondria in B-cells to produce ATP following the activation of
glycolysis and TCA cycle with the net effect of reducing insulin secre-
tion. Finally, elevated cholesterol levels also affect the density of vol-
tage-gated Ca®* channels, leading to the reduction in intracellular flux
of Ca®™, again affecting insulin granules exocytosis (Fig. 2) [33].

It is important to notice that the loss of mitochondrial potential as a
consequence of cholesterol accumulation in mitochondrial membrane
also favors the opening of the transition pores with the release of cy-
tochrome C and the induction of apoptosis [35]. Also, the antioxidant
capacity of the mitochondria is affected by cholesterol driven alteration
in membrane fluidity as a consequence of reduced GSH transport in the
mitochondria (Fig. 2) which decreases the ability to resist to the oxi-
dative damage induced by an increased presence of ROS and the con-
sequent lipid peroxidation [36]. Similarly, cholesterol accumulation in
plasma membrane was shown to induce p-cell apoptosis, mediated by
an increased ROS production and the subsequent activation of stress-
activated protein kinases (SAPKs), such as p38 MAPK and JNK [30].

Experimental data point therefore to a critical role for cholesterol
metabolism in affecting B-cell function.

4. Translational relevance of cholesterol metabolism in f3-cells
and diabetes

Diabetes is associated with higher risk of cardiovascular events [37]
mainly as a consequence of atherosclerotic cardiovascular disease. Pa-
tients with type 2 diabetes typically present a cluster of lipid anomalies,
referred to as diabetic dyslipidemia, which includes low HDL-C, high
TG, increased levels of small dense LDL (despite the presence of LDL-C
levels commonly in the normal range) and remnant lipoproteins [38].
Moreover, they are characterized by an increased postprandial
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hyperlipidemia, resulting from an imbalanced metabolism of TG-rich
lipoproteins (hepatic overproduction and delayed clearance) [38]. Non-
fasting TG-rich lipoproteins indeed are associated with increased risk of
CVD [39], and play a key role in the atherogenic process [40,41].

Although targeting TG-rich lipoproteins offers new opportunities for
the management of diabetic dyslipidemia [42], LDL-C lowering still
represents the major target for the treatment of atherogenic dyslipi-
demia in diabetes and is commonly managed with statin therapy as first
approach [43]. Statins lower LDL-C by inhibiting the HMG-CoA re-
ductase (HMGCR) and upregulating the expression of LDL-R in the
liver, thus favoring cholesterol uptake in the hepatocyte and reducing
plasma cholesterol levels [44]. Indeed diabetic patients treated with
statins present a reduction in all-cause mortality per mmol/L LDL-C
reduction similar to that observed in patients without diabetes [45].

However, meta-analyses of randomized controlled trials as well as
observational studies have reported that statin therapy is dose-depen-
dently associated with a 12% increased risk of new-onset diabetes
[46-50] which is mainly dependent on the dose and the intensity of the
statin. Whether the increased risk of NOD in patients treated with sta-
tins is a class effect is still controversial, but overall it appears that
atorvastatin, rosuvastatin and simvastatin have a higher diabetogenic
effect compared with pravastatin or pitavastatin [51,52]. The diabe-
togenic effect of atorvastatin is related to the dose [53] and to the
presence of baseline risk factors for diabetes (which include higher
fasting blood glucose, TG levels, body mass index, systolic and diastolic
blood pressure and lower HDL-C levels), with patients presenting two to
four diabetes risk factors being more likely to develop new onset dia-
betes (NOD) [54]. A similar observation was reported in the JUPITER
study, in which rosuvastatin increased the incidence of NOD in patients
presenting risk factors for diabetes [55].

Are these only associations or is there a causal link between statin
treatment and the new onset diabetes? In Table 1 we reported the
prevalence of type 2 diabetes in subjects carrying genetic variants in
genes associated with LDL-C level control (either reducing or increasing
LDL-C levels), and in individuals treated with major cholesterol-low-
ering drugs (statins and PCSK9 mAbs). Mendelian randomization stu-
dies reported that genetic variants in the HMGCR gene (encoding for
the target of statin activity), which are associated with lower LDL-C
levels (thus mimicking the activity of statins), are also causally asso-
ciated with increased bodyweight (which is physiologically linked to
insulin resistance) and increased risk of diabetes [50] (Table 1). The
latter observation points to the possibility that reduced cholesterol
biosynthesis (genetically driven by reduced HMG-CoA reductase

Table 1
Association between LDL-C-lowering genetic variants or drugs and risk of new-
onset diabetes.

Ref. Target Effect on LDL-C  Type 2 diabetes risk
Genetic variant OR per allele  OR per 1 mmol/L
LDL-C reduction
[50,78] HMGCR LDL-C| 1.02-1.06 1.39
[78,871 Npcll1 LDL-C| 1.027-1.051 2.42
PCSK9 LDL-C| 1.089 1.19-1.293
LDLR LDL-C| 1.028 1.13
[58] LDLR LDL-C} 0.45
Ref. Target Effect on Type 2 diabetes risk
LDL-C
LDL-C-lowering OR/RR
drug
[47-49,93-96] Statins LDL-C| 1.09-1.13 (RCTs)
(HMGCR 1.44 (observational studies)
inhibitors)
[81,82,88,89] anti PCSK9 mAbs LDL-C| 0.95-1.06
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activity) might impact not only the liver, which would result in in-
creased LDL-R expression and cholesterol uptake, but might affect other
tissues as well, including pancreatic B-cells.

If this was the case, then patients with genetically impaired LDL-R
activity should be less prone to develop diabetes. Familial hypercho-
lesterolaemia (FH) is a genetic disease mainly caused by a mutation in
the LDL-R which results in a dramatic increase in plasma cholesterol
levels and premature risk of cardiovascular disease and mortality [56].
Of note FH patients, in spite of the increased CVD risk, have a pre-
valence of type 2 diabetes mellitus significantly lower compared to that
of unaffected subjects [57,58], being the severity of LDL-R mutation
inversely related with diabetes prevalence [57,58]. In agreement with
this observation, in mice lacking the LDL-R, B-cells are protected from
accumulation of cholesterol and cholesterol-induced dysfunction, while
mice expressing more LDL-R show pancreatic islet abnormalities
[26,59]. These findings clearly point to the LDL-R as a potential player
linking statins and cholesterol metabolism to pancreatic B-cell function.

As statins increase LDL-R also in extrahepatic tissues, could this
effect have deleterious consequence on pancreatic 3-cell function [60]?

When the diabetogenic effect of statins in patients with FH (bearing
a mutation in the LDL-R) was compared to that in patients with familial
combined hypercholesterolemia (FCH), which is the most common type
of genetic dyslipidemia, characterized by several metabolic dis-
turbances including hypertension, obesity, insulin resistance, and me-
tabolic syndrome, the latter group clearly outweighed FH patients for
the prevalence of diabetes (13% vs 2%) [61]. In this study, during
follow-up (~10years) 14% of FCH and only 1% of FH patients devel-
oped diabetes [61], a finding further confirmed by other studies
[62,63], suggesting that long-term statin treatment do not seem to be
associated with increased risk of developing diabetes in FH patients
(Table 1). This is likely due to the reduced functionality of LDL-R in FH
patients, which cannot sustain cholesterol accumulation in p-cells in
spite of an increased expression as a consequence of statin treatment.
These findings support the possibility that the upregulation of LDL-R
may be involved in the diabetogenic effect of statins, likely by inducing
cholesterol accumulation and dysfunction in pancreatic p-cells [64]. In
agreement with this hypothesis, and since the diabetogenic properties
of statins vary based on the type and dose of statin, patients presenting
multiple risk factors for diabetes may benefit more from the use of less
diabetogenic statins (such as pravastatin or pitavastatin) [65]. Indeed,
more lipophilic statins, such as simvastatin, atorvastatin and pitavas-
tatin, have a higher extrahepatic tissue penetration and can freely dif-
fuse into cells; this may result in the worsening of insulin sensitivity or
the inhibition of insulin secretion from f-cells [66]. Pitavastatin,
however, represents an exception, probably due to its ability to also
increase plasma levels of adiponectin [67]. Less lipophilic statins, such
as pravastatin and rosuvastatin, have a higher hepatoselectivity and
require a carrier-mediated uptake. This would suggest a less pro-
nounced effect on diabetes; however, rosuvastatin, is transported with
an elevated affinity into cells, thus resulting in a more potent inhibition
of cholesterol biosynthesis, but also an increased diabetogenic effect
compared to pravastatin. Statin therapy was also shown to increase
HbAlc levels and worsen glycaemic control in diabetic patients, again
with differences according to the statin [68-72].

Is the combination of statins with other lipid lowering drugs with a
different mechanism of action able to limit their diabetogenic effect?
Data are available for ezetimibe which inhibits the activity of the
cholesterol transporter NPC1L1 [73] (involved in dietary cholesterol
absorption in the intestine) and for the inhibitors of the proprotein
convertase subtilisin kexin 9 (PCSK9) which modulate LDL-R catabo-
lism. Studies in experimental models have suggested that ezetimibe
improves hepatic insulin resistance and glycaemic control [74,75]. In
humans, a recent meta-analysis including 16 RCTs showed that ezeti-
mibe alone or ezetimibe plus statin had a neutral effect on HbAlc and
on fasting blood glucose in patients with or without diabetes compared
with placebo or the same statin [76]. In combination with a low-dose
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statin, it presents a better profile compared with that observed in pa-
tients treated with a high-dose statin alone [76]. These data may sug-
gest the possibility that ezetimibe combined to a low statin dose could
mitigate the negative effects of high dose statins on glycaemic control in
spite of similar LDL-C-lowering capacity. In patients with diabetes at
baseline, the combination treatment produced a greater relative and
absolute benefit compared with patients without diabetes [77]. How-
ever, it is worth noting that genetic variants in NPCI1L1 gene associated
with low LDL-C levels were also associated with a higher risk of type 2
diabetes [78] (Table 1). Whether this is the direct result of NPC1L1
deficiency or depends on the indirect effect in increasing LDL-R ex-
pression remains to be addressed.

Also PCSK9 inhibitors were shown to be extremely effective in re-
ducing LDL-C levels, approximately by 50-60% [79,80], thus resulting
in a beneficial effect also on cardiovascular outcomes [81,82]. Never-
theless PCSK9 was shown to control LDL-R expression not only in the
liver but also in pancreatic B-cells [83]. In mice pancreatic islet, PCSK9
is mainly expressed by &8-cells, while its expression is not detectable in
B- and a-cells [84]. Interestingly, when PCSK9 is knocked out in all
tissues, LDL-R expression is significantly increased also in B-cells and
the consequent cholesterol accumulation leads to morphological ab-
normalities in pancreatic islets [85]. In line with this, mice lacking
PCSK9 have lower insulin plasma levels that is retained and less re-
leased from pancreatic (-cells [85]. Moreover, mice lacking only he-
patic PCSK9 production do not present alterations in plasma and pan-
creatic insulin levels [85], suggesting that circulating PCSK9 (most of
hepatic origin) does not affect significantly LDL-R expression in pan-
creas. This observation is critical, as mAbs to PCSK9 target only cir-
culating PCSK9 and may not have a significant impact on LDL-R in
pancreatic f3-cells.

Of note, similarly to what previously shown for genetic variants
associated with reduced HMGCR function, also genetic variants asso-
ciated with reduced PCSK9 mass or activity are associated with in-
creased risk of diabetes [78,86,87] (Table 1). Two different meta-ana-
lysis of randomized controlled trials with PCSK9 inhibitors reported
different findings; in 26,123 patients without diabetes at baseline no
significant diabetogenic effect with anti-PCSK9 antibodies was ob-
served [88]. Another meta-analysis, however, reported a small but
significant increase in fasting blood glucose and HbAlc in trials with
median follow-up of 78 weeks, without an increased risk of NOD [89].
This study also reported a progressively greater imbalance in glucose
homeostasis with longer treatment period [89], an observation sug-
gesting that a longer exposure to these drugs might result in an in-
creased risk of incident diabetes. A prespecified analysis of the
FOURIER trial with a median follow-up of 2.2years showed that,
among patients with atherosclerotic cardiovascular disease, evolo-
cumab did not worsen glycaemia nor increase the risk of NOD [90].
This observation seems to be supported by another analysis of the
FOURIER trial, showing a lack of increased risk of NOD even in subjects
achieving very low levels of LDL-C [91]. To date, the ODYSSEY OUT-
COMES trial, with a median duration follow-up of 2.8 years, could not
detect any increased incidence of new-onset diabetes among patients
treated with alirocumab compared to those in the placebo group (9.6%
and 10.1%, respectively) [82]. Longer follow-up will be critical to ex-
clude a diabetogenic effect for this class of drugs.

5. Conclusions

Cholesterol metabolism is tightly linked to f-cell function.
Cholesterol accumulates in B-cells as a consequence of increased LDL-R
expression/activity (driving increased cholesterol uptake) or reduced
ABCAL1 expression (limiting cholesterol efflux). Elevated cellular cho-
lesterol levels affect membrane fluidity, glucokinase shuttling in the
cytoplasm, mitochondrial activity and insulin release.

In humans, genetic variants which reduce LDL-C by different mo-
lecular mechanisms associate with an increased risk of developing
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diabetes. This does not automatically translate into increased risk of
developing diabetes in patients treated with lipid-lowering therapies in
spite most of the drugs act indirectly by increasing hepatic LDL-R ex-
pression. Statins present a diabetogenic effect that relates to their po-
tency and perhaps also physico-chemical characteristics. Ezetimibe
presents a neutral effect even in combination with statins and also data
from anti-PCSK9 inhibitors, which induce an extensive LDL-C reduc-
tion, do not suggest an increased risk of developing diabetes at least
with the follow-up data available up to now.

In summary, although statins present a diabetogenic potential, it is
important to point out that the benefits on cardiovascular mortality
largely exceed the increased risk associated with the development of
diabetes. Moreover, available data indicate that the diabetogenic effect
of statin therapy seems to increase the risk of new onset diabetes mainly
in subjects with a “pre-diabetic” status. Whether the subtle metabolic
changes underlying the pre-diabetic situation contribute the effect of
statins on glycaemia is unclear and deserves further investigation.
Further, this paves the road for monitoring the impact of the combi-
nation therapy statin-metformin, to potentially reduce the risk of statin-
induced T2DM [92], although specific trials are warranted to verify this
possibility.
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