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Inhibition of the mTOR pathway: A possible protective

role in coronary artery disease

Giovanni Tarantino' & Domenico Capone?

'Department of Clinical Medicine and Surgery, Federico Il University Medical School of Naples, Italy, and CROM (Oncology Research
Centre of Mercogliano) “Fiorentino Lo Vuolo’, Mercogliano, Italy, 2Department of Neuroscience, Unit of Clinical Pharmacology,

Federico Il University Medical School of Naples, Italy

The main approach to obesity and type-II diabetes is to unravel
the mechanisms involved in nutrient absorption and fuel alloca-
tion. In conditions of over-nutrition, cells must cope with a mul-
titude of extracellular signals generated by changes in nutrient
load, hormonal milieu, adverse cytokine/adipokine profile, and
apoptosis/anti-apoptosis processes. To date studies have dem-
onstrate that among all nutrients, lipids and carbohydrates play
a major regulatory role in the gene transcription of glycolytic
and lipogenic enzymes, insulin, and adipokines. These nutrients
mainly exert their effects through the gene expression of sterol
responsive binding protein 1 and 2 (SREBP) and the mammalian
target of rapamycin (mTOR). Excess of adipose tissue is known
to confer a significantly higher risk of coronary artery disease.
Administration of rapamycin effectively attenuated inflamma-
tion, inhibited progression, and enhanced stability of athero-
sclerotic plaques in animal models. Herein we discuss the mTOR
pathway and the molecular mechanisms of mTOR inhibitors,
hypothesizing a possible protective role in atherosclerosis, tak-
ing into account also previous clinical studies emphasizing their
opposite role.
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Metabolic syndrome and cardiovascular disease risk

Cardiovascular disease (CVD) continues to exert a high burden
in terms of morbidity and mortality all over the world. The met-
abolic syndrome (MS) is a constellation of common metabolic
disordersstrictlylinked to coronaryheart disease (CAD). Unclas-
sified non-alcoholic fatty liver disease (NAFLD), or hepatic ste-
atosis (HS), is a further expression of MS (1). It is now commonly
accepted that low-grade chronic inflammation associated with
obesity induces insulin resistance (IR). The liver—the organ that
is central to regulating glucose, lipids, and protein metabolism—
consequently plays a pivotal role. Low-grade chronic inflamma-
tion is characterized by the production of abnormal cytokines
and adipokines such as interleukin-6 (IL-6) (2), tumour necrosis
factor-alpha (TNF-a), leptin, and resistin. These factors inhibit

e A surprising therapeutic approach of CAD is proposed
on the basis of recently discovered mechanisms.

insulin signalling in hepatocytes by activating SOCS proteins,
several kinases (such as IKK-beta and PKC), but mainly JNKs
and protein tyrosine phosphatases (such as PTP1B and PTEN);
the last-mentioned in turn impair insulin signalling at insulin
receptor and substrate levels. Hepatic IR hence causes impaired
suppression of glucose production by insulin in hepatocytes,
leading to hyperglycaemia. An important and early complica-
tion of hepatic IR is the induction of hepatic VLDL produc-
tion, via changes in the rate of apoB synthesis and degradation,
and de novo lipogenesis, or increased free fatty acid (FFA) flux
from adipose tissue to the liver. IR also stimulates the produc-
tion of C-reactive protein (CRP) and plasminogen activator
inhibitor-1 (PAI-1), both markers of an inflammatory state,
the circulating levels of which are found elevated in HS (3). All
of the following metabolic abnormalities related to hepatic IR
have been shown directly or indirectly to promote atheroscle-
rosis. Hyperglycaemia induces a series of alterations including
endothelial dysfunction, cellular proliferation, changes in extra-
cellular matrix conformation, and impairment of low-density
lipoprotein (LDL) receptor-mediated uptake, decreasing the in
vivo clearance of LDL. Small dense LDLs associated with high
circulating levels of VLDL have higher affinity to intimal pro-
teoglycans, leading to the penetration of more LDL particles
into the arterial wall. CRP can also accelerate atherosclerosis by
increasing the expression of PAI-1 and adhesion molecules in
endothelial cells, inhibiting nitric oxide formation, and increas-
ing LDL uptake into macrophages. Tissue inflammation is a key
factor underlying IR in established obesity. Several models of
immunocompromised mice are protected from obesity-induced
IR; however, whether inflammation triggers systemic IR or vice
versa in obesity remains unanswered. The purpose of a recent
study was to address these questions. The authors fed a high-fat
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diet (HFD) to wild-type mice and three different immunocom-
promised mouse models (lymphocyte-deficient Ragl knock-out,
macrophage-depleted, and hematopoietic cell-specific Jun NH(2)-
terminal kinase-deficient mice) and measured the time course of
changes in macrophage content, inflammatory markers, and lipid
accumulation in adipose tissue, liver, and skeletal muscle along
with systemic insulin sensitivity. In wild-type mice, body weight
and adipose tissue mass, as well as IR, were clearly increased
after 3 days of HFD. Concurrently, during the short-term HFD,
inflammation was selectively elevated in adipose tissue. Interest-
ingly, however, all three immunocompromised mouse models
were not protected from IR induced by the short-term HFD. On
the other hand, the lipid content was markedly increased in liver
and skeletal muscle on day 3 of the diet. These data suggest that
the initial stage of HFD-induced IR is independent of inflamma-
tion, whereas the more chronic state of IR in established obesity
is largely mediated by macrophage-induced pro-inflammatory
actions. The early onset IR during HFD feeding is more likely
related to acute tissue lipid overload (4).
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To begin with, Jun N-terminal kinases (JNKs), also known
as stress-activated MAP kinases (SAPK), belong to the fam-
ily of MAP kinases, which regulate basic processes in adipose
tissue, liver, muscle, beta cells, and endothelium. Although sev-
eral reports have unravelled the critical role of JNK in inducing
apoptosis (Figure 1), a wealth of evidence has also demonstrated
a role for JNK in enhancing cell proliferation and survival (5).
Recently it has been shown that a small-molecule pan-JNK
inhibitor, administered orally and compared to rimonabant and
rosiglitazone, significantly impacted parameters such as adiposity,
glucose levels, and insulin sensitization without any effect on liver
enzymes, thus establishing the role for JNK as a useful target for
MS linked to a prediabetic state (6). A JNK1-specific antisense
oligonucleotide was studied in ob/ob and diet-induced obese
mouse models. A remarkable improvement in insulin sensitivity,
adiposity, glucose, and plasma cholesterol levels was observed
without any negative impact on liver laboratory parameters.
Decreased body weight and adiposity were attributed to increased
fuel combustion/metabolic rate and decreased lipogenesis (7).
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Figure 1. JNKs, apoptotic factors, chaperonins (HSP-70), and cytokines (TNF-0) involved in cell death.
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What is the common mechanism by which lipid derivatives,
through modulation of macrophage function, promote plaque
instability in the arterial wall, impair insulin responsiveness, and
contribute to inflammatory liver? In discussing the key molecu-
lar mechanism of lipid activation of pro-inflammatory pathways
(JNK, nuclear factor-kappaB (NF-kappaB)), the roles played by
the proliferator-activated receptor and liver X receptor o, or by
the nuclear receptors-lipid sensors linking lipid metabolism and
inflammation, should be taken into account (8).

Atherosclerosis begins as local inflammation of artery walls
at sites of disturbed flow. JNK is thought to be among the major
regulators of flow-dependent inflammatory gene expression in
endothelial cells in atherosclerosis. Some authors have shown
that JNK activation by both the onset of laminar flow and long-
term oscillatory flow is matrix-specific, with enhanced activation
on fibronectin compared to basement membrane protein or col-
lagen. Flow-induced JNK activation on fibronectin requires new
integrin ligation as well as both the mitogen-activated protein
kinase kinase MKK4 and p21-activated kinase. In vivo, JNK acti-
vation at sites of early atherogenesis correlates with the deposition
of fibronectin. In vivo inhibition of p21-activated kinase reduces
JNK activation in vascular atheroprone regions of the vasculature.
These results identify JNK as a matrix-specific, flow-activated
inflammatory event. Furthermore, their previous data described
a network of matrix-specific pathways that determined inflam-
matory events in response to fluid shear (9).

Visceral adipose tissue (AT) is known to confer a significantly
higher risk of type 2 diabetes (T2D) and CAD. Epicardial AT
expresses an inflammatory profile of proteins. Some authors have
studied key mediators of the NF-kappaB and JNK pathways in
paired epicardial and thigh AT from patients with CAD. Western
blotting showed epicardial AT with significantly higher NF-kappaB,
inhibitory-kappaB kinase (IKK)-gamma, IKK beta, and JNK-1 and
-2 compared with thigh AT. Epicardial mRNA data showed strong
correlations between CD-68 (another signal of impaired immunity
function) and toll-like receptor-2, toll-like receptor-4, and TNF-o..
Circulating endotoxin was elevated in patients with CAD compared
with matched controls. These data suggest a depot-specific as well
as a disease-linked response to inflammation (10).

The concept of ectopic fat storage should be seen under a
different light. In fact, when hepatocyte triglyceride synthesis is
inhibited, FFA accumulated in the liver stimulate the fatty acid
oxidizing systems that increase hepatic oxidative stress and liver
damage. These findings suggest that the ability to synthesize trig-
lycerides may, in fact, be protective in obesity (11,12).

This is a central point. MEK1/2 inhibition significantly in-
creased both cellular and microsomal triglyceride mass, and
mRNA levels for DGAT-1 and DGAT-2. In contrast to ERK,
modulation of the phosphatidylinositol 3-kinases pathway or
inhibition of the p38 MAP kinase had no effect on lipoprotein
density profile (13). Intracellular lipid droplets (LD) are cyto-
solic inclusions present in most eukaryotic cells; they contain
a core of triacylglycerol and cholesteryl esters, surrounded by a
phospholipid monolayer and by specific proteins, the best char-
acterized among them belonging to the perilipin family. In the
last few years, the biology of LD has received increasing interest,
due to the close relationship between an excess of lipid storage
in certain tissues and pathologies such as obesity, T2D, and ath-
erosclerosis. Cellular stress has been related to the generation of
LD, which might play a cytoprotective role. The biogenesis of LD
induced by serum depends on group IVA phospholipase A (2)
(cPLA(2)alpha), a regulatory enzyme that releases arachidonic
acid for the production of prostaglandins and leukotrienes.
Recent data suggest that cPLA(2)alpha regulates the transport of

tight junction and adherence junction proteins through the Golgi
to cell-cell contacts in confluent endothelial cells. The expres-
sion of specific activators of different MAP kinases shows that
phosphorylation of cPLA(2)alpha at Ser-505 is due to JNK. This
was confirmed by pharmacological inhibition and expression of
a dominant-negative form of the upstream activator MEKKI.
LD biogenesis was accompanied by increased synthesis of cer-
amide 1-phosphate. Over-expression of its synthesizing enzyme
ceramide kinase increased phosphorylation of cPLA(2)alpha at
Ser-505 and formation of LD, and its down-regulation blocked
the phosphorylation of cPLA(2)alpha and LD biogenesis (14).
On the other hand, the effect of glucose and palmitate on the
phosphorylation of proteins is associated with cell growth and sur-
vival. Novel evidence suggests that short-term changes of MAPK
and AKT signalling pathways and c-fos and JNK expressions
caused by glucose are counterbalanced by palmitate through phos-
phatidylinositol 3-kinase inhibition via ceramide synthesis (15).

Cell growth in response to nutrients and energy

As previously underlined, the mammalian target of rapamycin
(mTOR), also known to be a mechanistic target of rapamycin
or FK506 binding protein 12-rapamycin associated protein 1
(FRAP1), is a highly conserved ser/thr kinase that plays a key
role in cell growth, proliferation, and survival (Figure 2). The
mammalian target of rapamycin regulates cell growth in response
to growth factors, nutrients, and energy (16) and is present in
two functionally distinct complexes, mTORC1 and mTORC2:
mTORCI consists of mTOR, raptor, deptor, PRAS40, and mLST8;
whereas mTORC2 is composed of mTOR, rictor, sinl, mLSTS,
deptor, and protor (17). While acute exposure to rapamycin blocks
mTORC], it does not affect mMTORC2. However, subsequent stud-
ies have shown that, at least in some cell lines, chronic exposure to
rapamycin, while not affecting pre-existing mTORC2s, promotes
rapamycin inhibition of free mMTOR molecules, thus inhibiting the
formation of new mTORC?2 (18). Despite the wealth of experi-
mental evidence in different animal models showing that the inhi-
bition of MTORCI by rapamycin and its analogues blocks tumour
progression, its benefits in clinical trials have been less successful
than expected (19). This outcome could be partly explained by the
observation that the inhibition of mMTORCI1 results in the activa-
tion of the PI3K/Akt signalling pathway, which induces signals
that sustain proliferation and survival (20).

AMP-activated protein kinase (AMPK)

Mammalian target of rapamycin activity becomes repressed
under conditions of energy deprivation, in which an elevated
AMP/ATP intracellular ratio causes activation of AMPK. Stress-
ful conditions, such as nutrient deprivation, hypoxia, heat shock,
and ischaemia, diminish cellular energy reserves. The link
between mTOR inhibition and AMPK was first demonstrated
with the use of AICAR (5’-phosphoribosyl-5-aminoimidazole-
4-carboxamide ribonucleoside), an AMPK activator, thus link-
ing the amino acid- and energy-sensing functions of mTOR.
Metformin, an antidiabetic drug, also activates AMPK and is
hypothesized to reduce the risk of cancer in patients with T2D.
Thus, targeting AMPK may be an interesting therapeutic option
for cancer therapy (21).

Autophagy and mTOR

Autophagy is a process by which components of the cell are
degraded to maintain essential activity and viability in response to
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Figure 2. The mammalian target of rapamycin and its correlation to angiogenesis, mitochondrial metabolism, and adipogenesis. Pathway diagram

reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com).

nutrient limitation. Extensive genetic studies have shown that the
yeast ATG1 kinase has an essential role in autophagy induction.
Furthermore, autophagy is promoted by AMPK, which is a key en-
ergy sensor and regulates cellular metabolism to maintain energy
homeostasis. Conversely, autophagy is inhibited by mTOR, central
cell-growth regulator that integrates growth factor and nutrient
signals. Joungmok et al. demonstrated a molecular mechanism for
regulation of the mammalian autophagy-initiating kinase UlkI,
a homologue of yeast ATG1. Under glucose starvation, AMPK
promotes autophagy by directly activating Ulkl through phos-
phorylation of Ser-317 and Ser-777. Under nutrient sufficiency,
high mTOR activity prevented Ulkl activation by phosphorylat-
ing Ulkl Ser-757 and disrupting the interaction between Ulkl
and AMPK. This co-ordinated phosphorylation is important for
Ulk1 in autophagy induction. This study has revealed a signalling
mechanism for Ulkl regulation and autophagy induction in re-
sponse to nutrient signalling (22).

ER stress and mTOR

Disturbance to endoplasmic reticulum (ER) homeostasis that can-
not be rescued by the unfolded protein response (UPR) results in

autophagy and cell death, but the precise mechanism was largely
unknown. Qin et al. demonstrated that ER stress-induced cell
death was mediated by autophagy, which was partly attributed to
the inactivation of mTOR. Three widely used ER stress inducers,
including tunicamycin, DTT, and MG132, led to the conversion of
LC3-I to LC3-II, a commonly used marker of autophagy, as well as
the down-regulation of mTOR concurrently. TSC-deficient cells
with constitutive activation of mMTOR exhibited more resistance to
ER stress-induced autophagy, compared with their wild-type coun-
terparts. Furthermore, their studies showed that ER stress-induced
deactivation of mTOR was attributed to the down-regulation of
AKT/TSC/mTOR pathway. Phosphatase and tensin homologue
(PTEN) and AMPK as two regulators in this pathway seemed to
be absent in this regulation. As a chemical chaperone helping the
correct folding of proteins, 4-phenylbutyric acid (4-PBA) partly
rescued the AKT/TSC/mTOR pathway in drug-induced acute ER
stress. Moreover, constitutively activated mTOR-induced long-
term ER stress attenuated the RTK/PI3K/AKT signalling pathway
in response to the stimulation by various growth factors (Figure 3),
which could also be partly restored by 4-PBA (23).

The mammalian target of rapamycin inhibitors block cell
cycle progression and inhibit lymphocyte proliferation; mTOR is a
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nutrient sensor and a crucial key regulator for the signal pathways
of factors of cellular growth and metabolism, the p70 ribosomal
S6 kinase 1 (S6K1) and the eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1) (24). Both are implicated in protein synthesis.
Furthermore, mTOR regulates transcription by either inhibiting or
activating cellular processes (25). Notably, rapamycin inhibition of
p70S6K leads to the down-regulation of COX-2 and iNOS protein
expression, but not the steady-state mRNA expression and tran-
scription induced by catalase, suggesting that p70S6K is involved
in increased COX-2 and iNOS mRNA translation by catalase.
Interestingly, PI3K-dependent activation of AKT, p70S6K, JNKs,
and NF-kappaB occurs in response to catalase (26). From a mecha-
nistic perspective, rapamycin showed antiangiogenic activities
linked to a decreased production of vascular endothelial growth
factor (VEGF) and to a markedly inhibited response of vascular
endothelial cells to VEGF stimulation. Thus, the use of rapamycin,
instead of cyclosporin, may reduce the chance of recurrent or de
novo cancer in high-risk transplant patients (27). After adjustment
for age, VEGF showed a weak positive correlation with BMI, liver
enzymes, CRP, and platelet count in males. In females VEGF cor-
related negatively with LDL-cholesterol and positively with IR and
platelet count. Again, after adjustment for age, no significant cor-
relation with carotid atherosclerosis could be detected. The plasma
VEGF and soluble VEGF receptor called sFlt-1 have been corre-
lated, albeit weakly, with cardiovascular risk factors, suggesting that
circulating VEGF levels could have an impact on the development
of atherosclerosis (28). Noteworthily, in NAFLD patients the serum
concentration of VEGF increased (2). Based on this finding, some
authors measured levels of VEGE, free and complexed sFlt-1 in cit-
rated plasma from 40 patients with cardiovascular disease and 40
healthy controls. Median plasma levels of VEGF in patients were
significantly higher than in controls. Free sFlt-1 was significantly
lower in patients compared to controls (29).

The hyperactivation of mTOR that is produced by chronic
exposure to platelet-derived growth factor (PDGF), TNEF-o,
insulin, amino acids, or fatty acids can lead to desensitization to
insulin and IR. Increased mTOR activity and subsequent over-
activation of S6K1 can exert a negative feedback mechanism by
the phosphorylation of the insulin receptor substrate (IRS)-1,
which can negatively influence PI3K/Akt pathway signalling
(30). The possible IRS-1 blockade decreases the translocation of
the glucose transporter 4 (GLUT-4) to the cellular membrane
in adipose and muscular tissue, which itself leads to hypergly-
caemia (31). However, a recent publication showed that, even

if rapamycin is able to block the negative feedback loop and to
enhance PKB/Akt signalling, this does not influence glucose
uptake (32). Mammalian target of rapamycin is an essential factor
for the adipocyte differentiation (33) that activates PPAR-gamma
(34), the transcription factor with a critical role in adipogenesis
and accumulation of lipids as well. The mTOR pathway is over-
activated in the liver and muscles of obese rats (35).

Inhibition of the mTOR pathway

Treatment with rapamycin (sirolimus), an mTOR inhibitor,
produces phosphorylation in the Thr-308 and Ser-473 of Akt,
a downstream target for PI3K. Insulin induces the activation of
Akt through the phosphorylation of both residues in HepG2 cells;
while insulin produces a temporary increase in Thr-308 phospho-
rylation, the effect of the hormone maintains a 30-min increase
in Ser-473. Rapamycin preconditioning determines an increase in
the phosphorylation of Akt in both sites and a slow decrease in the
dephosphorylation of Thr-308. The inhibition of the mTOR path-
way through rapamycin increases Akt signalling in HepG2 cells.
However, the absence of S6K1 in a knock-out mouse model causes
hypoinsulinaemia and hypersensitivity to insulin. Besides, the
S6K1—/— genotype protects from obesity induced by nutrients
(36). As mTOR is central to the insulin signalling pathway (Figure
4), mTOR inhibitors are supposedly involved in atherosclerosis,
as confirmed by preliminary data. Coronary stents coated with
mTOR inhibitors are already widely used in revascularization pro-
cedures following the evidence that mTOR-eluting stents reduce
binary restenosis, late lumen loss, and repeat revascularization
compared with standard stents (37). The development of such
stents was based on animal data showing that everolimus and
sirolimus attenuate neointimal thickening and transplant athero-
sclerosis (38). As a possible explanation, some authors concluded
that venous endothelial cell proliferation is inhibited at concentra-
tions needed to suppress TNF-o.-stimulated IL-6 synthesis (again
the main inflammatory cytokine). Furthermore, the specific sup-
pression of basal arterial IL-6-secretion and the delayed onset of
the mTOR-inhibitor effect on human coronary artery or venous
endothelial cell proliferation (maximum reached after about 36 h)
might be of relevance for the prevention of transplant vasculopa-
thy in the initial stage, e.g. at the arrest of myocardial contractions
(39). Apart from this hypothetical mechanism, there is currently
intense effort to explain the extent to which mTORs may control
atherosclerosis. Animal models have indicated that both everoli-
mus and sirolimus prevent lipid accumulation in tissues (40)
and help stabilize atherosclerotic plaques by selective clearance
of macrophages (41) and by inhibiting the local inflammatory
response in arterial smooth muscle cells (42). Importantly, these
effects may counteract the hypercholesterolaemia and hypertrig-
lyceridaemia associated with mTOR inhibitor therapy described
by some authors. Convincing data from an independent group
have been generated showing that mTOR inhibitors limit ath-
erosclerotic plaque size and progression in animal models (43).
A dose-dependent reduction in atherosclerotic lesions following
the administration of everolimus to mice with cholesterol-induced
atherosclerosis has been observed (44). Oral administration of
rapamycin effectively attenuated inflammation, inhibited progres-
sion, and enhanced stability of atherosclerotic plaques in rabbits,
without altering serum lipid levels. These findings suggest a novel
approach to the treatment of atherosclerosis (45).

In contrast, there is some uncertainty over the effect of
immunosuppression on weight gain, which could be ultimately
considered a drawback. Obesity is common in the liver trans-
plant population, but it seems to be unrelated to any specific
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Figure 4. Main substances activating the mTOR pathway cascade.

immunosuppressive drug. The greatest weight gain occurs after
the first 6 months, and intervention with dietary advice at this
point could be implemented to minimize the long-term morbid-
ity and mortality risks associated with obesity. Several studies
have observed a decreased incidence of obesity after liver trans-
plantation (OLTx) in patients taking tacrolimus compared with
those on cyclosporin (46). Dietary mistakes and lack of physical
activity may play a major role in the weight increase in OLTx. De-
spite a striking proportion of overweight and obese patients in the
group studied, the number of cardiovascular episodes seems to
match that in the general population (47). Cyclosporin was found
to cause increased weight gain compared with tacrolimus only in
the first year after transplantation, but not in the long term (48). A
recent study demonstrates that treatment with mTOR inhibitors in
otherwise healthy animals reduces body weight, adipocyte diam-
eter, and insulin sensitivity. Furthermore, the influence of mTOR
inhibition on body weight of transplant patients resembles the
observations made in animals. A possible explanation may be the
effects of sirolimus on metabolic regulation and cell growth (49).
As previously mentioned activation of mTOR is associated with
increased cell survival and is a potential target for chemotherapy
for some malignancies. In tumour cell lines, activation of WNT
signaling proteins has been shown to activate the mTOR path-
way via inhibiting glycogen synthase kinase 3 (GSK3), whereas
the inhibition of mTOR by rapamycin blocks Wnt-induced cell
growth (50). Interestingly, in these models GSK3 inhibits the
mTOR pathway by phosphorylating TSC2 in a manner depen-
dent on AMPK-priming phosphorylation.

Mammalian target of rapamycin and
cardioprotection

Conflicting results regarding the role of mTOR are also observed in
cardioprotection and might depend on rapamycin concentration:

some studies show a protective effect of rapamycin, while others
imply a cardioprotective effect of the mTOR pathway. A recent
report on an ischaemic model of injury, using low doses of
rapamycin, pleads in favour of a cardioprotective effect of the
mTOR pathway and suggests that mTOR integrates signals from
the Wnt pathway via GSK3 to control the development of car-
dioprotection (51). Another work recently published shows that
inhibition of the canonical Wnt signalling pathway and induc-
tion of the renin-angiotensin system might be implicated in the
remodelling of sc adipose tissue during the initial phase of weight
gain induced by over-feeding in humans (52). Wnts (network of
proteins) regulate diverse processes including cell proliferation,
differentiation, cell polarity, and migration and play a key role
in normal (embryonic development) as well as pathological pro-
cesses (carcinogenesis and inflammation disorders). Wnts have
been implicated in vascular biology, specifically angiogenesis,
vessel remodelling, and transendothelial migration of monocytes.
As a result, the Wnt signalling pathway would be involved in the
process of atherosclerosis.

Calcineurin-free immunosuppression

Another issue of great interest in relation to the kidney trans-
plant population is the occurrence of CAD and cerebrovascular
accidents, which represent the most frequent fatal cardiovascular
disease events. Overall, the annual risk of a cardiovascular event
is up to 50-fold higher in kidney transplant patients compared to
the general population (53). Kidney transplant patients face three
main categories of cardiovascular risk factors. As in the non-
transplant population, diabetes, hyperlipidaemia, hypertension,
and smoking increase the risk of CAD. The introduction of CNIs
resulted in a dramatic reduction in acute rejection and short-term
graft survival rates for two decades (54). Additionally, their use
permitted a valuable decrease in corticosteroid doses, reducing



354 G. Tarantino & D. Capone

the impact of steroid-related cardiovascular complications such
as T2D, arterial hypertension, hyperlipidaemia, and obesity (55).
Disappointingly, however, it became apparent that maintenance
CNI therapy is also associated with some important cardiovas-
cular risk factors. The use of CNIs is associated with the onset
of de novo T2D, hypertension, and hyperlipidaemia; in addition,
of all the risk factors present in transplant patients, T2D confers
the greatest CAD risk, with an estimated 3-fold increase in men
and over 5-fold in women more than 1 year post-transplant (56).
CNI therapy, particularly tacrolimus, adversely affects glucose
metabolism, increases the risk of new-onset T2D (57), and raises
cholesterol and triglyceride levels, although whether this effect is
time-dependent remains unclear (58).

Attempts to achieve entirely CNI-free immunosuppression have
generally been associated with an unacceptable rate of acute rejec-
tion or a high rate of discontinuation because of adverse events.
Current strategies attempt to minimize CNI exposure, rather than
replace it completely. One of the best-addressed and most success-
ful approaches is to employ the mTOR inhibitor agents everolimus
or sirolimus with the aim of withdrawing CNI immediately after
the high-risk post-transplant period or facilitating low-exposure
CNI maintenance therapy (59). CNI discontinuation or reduced-
exposure CNI therapy achieved by the use of mTOR inhibitors
could also offer an opportunity to improve cardiovascular risk
following kidney transplantation, as the CNI and mTOR inhibitor
classes are associated with different safety profiles. The potential
advantage of mMTOR inhibitor-based regimens in terms of improv-
ing CVD risk following kidney transplantation falls into two broad
categories: first, the reduction of CNI-related complications and,
second, possible cardioprotective effects of the mTOR inhibitor
class of drugs to be used as broadly as possible.

Endoplasmic reticulum stress and obesity

Addressing the topic from a new perspective, obesity leads to
chronic ER stress in adipose tissue. ATF6-regulated chaper-
ones are increased in subcutaneous fat from obese individuals.
Increased elF2a phosphorylation in enlarged fat depots possibly
reflects PERK activation. The correlation of ER stress with in-
sulin sensitivity is lost after adjusting for body mass index (60),
raising doubts as to whether ER stress is indeed a direct cause
of IR. IRE1 activation was found in the adipose tissue of obese,
compared with non-obese, volunteers, with JNK1 activation
and up-regulation of XBP1s mRNA, calreticulin, calnexin, and
protein disulfide isomerase (61). In a study comparing various
fat depots, BiP and XBP1 expression was higher in visceral com-
pared with subcutaneous fat, and more so in severe obesity (62).
One year after gastric bypass surgery, adipocyte XBP1s and BiP
mRNA levels as well as JNK and eIF2a phosphorylation were
significantly decreased, as compared to pre-surgery levels (63).
The increased expression of IRE1- and ATF6-dependent chaper-
ones in adipocytes from obese individuals is mimicked in vitro
by adipocyte exposure to Lipopolysaccharides (LPS), saturated
FFAs, or glucose (64). FFA-induced ER stress in adipocytes is
pro-inflammatory via PERK-dependent IKK activation (65). In
addition to contributing to inflammation, ER stress can modify
FFA and adipokine secretion. Adipocyte ER stress induces basal
lipolysis through down-regulation of perilipin (66). Decreased
ER disulfide-bond A oxidore-ductase-like (DsbA-L) protein ex-
pression in obesity impairs adiponectin folding and multimeriza-
tion, and causes ER stress (67). Insulin receptor expression and
leptin secretion are also decreased during ER stress, whereas
IL-6 is strongly induced (68). It appears that ER stress in adipo-
cytes might initially lead to changes resembling early prediabetic

stages, at least partly supporting the regulation of systemic
energy homeostasis. ER stress also inhibits resistin transcription
inmurine adipocytes through the up-regulation of transcriptional
repressor CAAT/enhancer binding protein homologous protein-
10 (CHOP). ER stress is a potent regulator of resistin, suggesting
that it may underlie the local down-regulation of resistin mRNA
and protein in fat in murine obesity. The paradoxical increase in
plasma resistin may exist because of various systemic abnormali-
ties associated with obesity and IR (69). Attempts to modulate
the adipose tissue UPR have generated surprising results. BiP
heterozygosity protects mice from HFD-induced IR in white fat;
this has been attributed to the development of an adaptive un-
folded protein response (UPR) in BiP+/- mice characterized by
lesser translational attenuation and enhanced XBP1 splicing and
ERAD. High-fat-diet (HFD)-induced obesity and T2D are im-
proved in Grp78+/- mice. Adaptive UPR in white adipose tissue
could contribute to this improvement, linking ER homeostasis
to energy balance and glucose metabolism (70). Interestingly,
recent results showed that a swimming protocol reduces pro-
inflammatory molecules (JNK, IxB, and NF-kappaB) in adipose
and hepatic tissues. In addition, exercise decreases ER stress, by
reducing PERK and eIF2o phosphorylation. Thus, exercise can
reduce ER stress, improving IR in the same tissues (71). Coming
back to the liver, it is one of the most important secretory organs
in the body. It synthesizes and secretes bile acids, lipoproteins,
and all the major plasma proteins including the albumin, globu-
lins, fibrinogen, and proteins responsible for blood clotting. In
keeping with this secretory function, the liver physiologically
activates the UPR. The three major arms of the mammalian UPR
include 1) protein kinase RNA (PKR)-like ER kinase (PERK), 2)
inositol-requiring protein-1 (IRE1a.), and 3) activating transcrip-
tion factor-6 (ATF6) pathways. A circadian rhythm of IREla
signalling is closely linked to circadian regulation of mouse liver
lipid metabolism. The resulting aberrant circadian lipid metabo-
lism in mice devoid of the circadian clock could be involved in
the appearance of the associated MS (72). Physiological ER stress
is detected in the liver of rodents that are refed after fasting; this
resolves within hours (73). By contrast, chronic hepatic ER stress
has been described in obese animals and humans with NAFLD
(74). Defective autophagy in obesity may favour ER stress by
insufficiently clearing dysfunctional organelles, demonstrating
that autophagy is an important regulator of organelle function
and insulin signalling and that the loss of autophagy is a critical
component of the defective insulin action seen in obesity (75).
ER stress and ER stress sensors play an important role in liver
lipid metabolism and in the onset of HS and IR. Recent find-
ings demonstrate that GRP78 inhibits both insulin-dependent
and ER stress-dependent SREBP-1c proteolytic cleavage, and
explain the role of ER stress in HS in obese rodents (76). The
BiP protein, a stress response protein, plays an important role
in the proper folding and assembly of nascent protein and in
the scavenging of misfolded proteins in the ER lumen. Hepatic
adenoviral BiP over-expression in ob/ob mice decreases SREBP-
1c activation, hepatic triglyceride and cholesterol contents, and
improves insulin sensitivity. Interestingly, SREBP is associated
with BiP and, as is the case for ATF6, the export of SREBP to-
wards the Golgi. The Akt kinase is a critical effector in growth
factor signalling. Activation of Akt driven by the growth factor-
dependent PI3K (phosphatidylinositol-3-OH kinase) is coupled
to the plasma membrane translocation and phosphorylation of
Akt on two sites by PDK1 (phosphoinositide-dependent protein
kinase-1) on Thr-308 and by mTORC2 on Ser-473. In a recent
study some authors examined the subcellular localization of
mTORC?2 and identified that this kinase complex predominantly



resides on ER. Their immunostaining analysis did not show a
substantial co-localization of the mTORC2 component rictor
with Golgi, lysosome, clathrin-coated vesicles, early endosomes,
or plasma membrane but indicated a strong co-localization of
rictor with ribosomal protein S6 and ER marker. Their biochemi-
cal study also identified the mTORC2 components rictor, SIN1,
and mTOR as the highly abundant proteins in the ER fraction,
whereas only small amounts of these proteins are detected in
the plasma membrane and cytosolic fractions. They found that
growth factor signalling does not alter the ER localization of
mTORC2, nor does it induce its translocation to the plasma
membrane. Based on this study they suggest that the mTORC2-
dependent phosphorylation of Akt on Ser-473 takes place on the
ER surface (77).

Conclusion

The aforementioned findings offer clinical investigators interesting
suggestions. To date, most studies on transplanted humans have
investigated cardiovascular effects, i.e. atherosclerosis, only in
terms of incidence, and only rarely as a primary or main secondary
end-point. Generally, the onset of T2D or lipid abnormalities is
highlighted collaterally when other data are recorded during fol-
low-up. These data have sometimes been used to argue in favour
of a given immunosuppressant, but in most studies the focus is on
immunological details, graft survival, and renal or hepatic function
and not primarily on CAD. In addition, measurement techniques
of CVD vary considerably from those used in pure cardiovascular
studies. As a consequence, most of the data from observational
studies are sometimes of questionable impact. Undertaking clini-
cal trials using cardiovascular end-points in organ transplant
recipients to extend them possibly to other populations is a prior-
ity. Observational studies, however, have the advantage of generat-
ing new hypotheses which ought to be proven.
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