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Abstract
Aging is characterized by the loss of homeostasis that 
leads to changes in the biochemical composition of 
tissues, reduced ability to respond adaptively to en-
vironmental stimuli, and increased susceptibility and 
vulnerability to diseases including coronary artery dis-
eases, carotid artery disease and brain vessel disease. 
Hypercholesterolemia is one of the primary risk factors 
for these pathologies, whose incidence is highly related 
to aging. Almost 25% of men and 42% of women 
older than 65 years have a serum total cholesterol 
level greater than 240 mg/dL. The mechanisms behind 
this age-related increase in plasma cholesterol are still 
incompletely understood, thus, the control of plasma 
cholesterol content in aged people is more challenging 
than in adults. In this review the different pharmaco-
logical approaches to reduce plasma cholesterol levels, 
particularly in aged people, will be discussed. In brief, 
current therapies are mostly based on the prescription 
of statins (3-hydroxy-3-methylglutaryl-CoA reductase 
inhibitors) that are pretty effective but that exert sev-
eral side effects. More attention should be given to po-
tential drug interactions, potential age-related changes 
in drug pharmacokinetics, adverse effects such as my-

opathy and competing risks when statins are prescribed 
to old patients. In combination or in alternative to sta-
tin therapy, other agents might be required to reduce 
low density lipoprotein (LDL) cholesterol levels. Among 
the available drugs, the most commonly prescribed are 
those addressed to reduce cholesterol absorption, to 
modulate lipoprotein lipase activity and bile acid se-
questrants: even these pharmacological interventions 
are not exempt from side effects. The use of antioxi-
dants or organoselenium compounds and the discovery 
of new proteins able to modulate exclusively LDL re-
ceptor recycling such as Proprotein convertase subtilisin 
kexin 9 and SEC24 offer new pharmacological approaches 
to selectively reduce the main causes of dyslipidemia.

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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Core tip: The strategies used to reduce plasma choles-
terol levels in elderly people are mainly addressed to 
the inhibition of the rate limiting enzyme of cholesterol 
biosynthetic pathway, 3-hydroxy-3-methylglutaryl-CoA 
reductase (HMGR), in order to increase low density li-
poprotein (LDL) receptor membrane exposure and LDL 
clearance from the circulation. Indeed current therapies 
are mostly based on the prescription of statins (HMGR 
inhibitors) that are pretty effective but that exert side 
effects. More attention should be given to potential 
drug interactions, potential age-related changes in drug 
pharmacokinetics, adverse effects such as myopathy 
and competing risks when statins are prescribed to eld-
erly. Thus, new therapeutic agents should be taken into 
account.
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INTRODUCTION
Aging is characterized by the loss of  homeostasis that 
leads to changes in the biochemical composition of  tis-
sues, reduced ability to respond adaptively to environ-
mental stimuli, and increased susceptibility and vulnera-
bility to diseases including coronary artery, carotid artery, 
and brain vessel diseases[1-3].

Hypercholesterolemia is one of  the primary risk fac-
tors for these pathologies, whose incidence is highly re-
lated to aging. Almost 25% of  men and 42% of  women 
older than 65 years have a serum total cholesterol level 
greater than 240 mg/dL[4]. The mechanisms behind 
this age-related increase in plasma cholesterol are still 
incompletely understood. Of  particular interest are the 
findings that indicate a gradual decline in the fractional 
clearance of  low density lipoprotein (LDL) from the 
circulation[5-7] and a reduced expression of  hepatic LDL 
receptor (LDLr) with increasing age in some species[8,9]. 
Experimental data show that aging significantly rises 
secretion rates of  biliary lipids (bile salt, cholesterol and 
phospholipid), and bile cholesterol content as well as 
sizes and hydrophobicity indices of  the bile salt pool[10]. 
The age-related disruption of  cholesterol metabolism 
could be caused by the progressive decline and perturba-
tion in homeostasis maintenance that occur in aging[11].

Cholesterol biosynthesis is a tightly regulated meta-
bolic pathway that employs multiple feedback mecha-
nisms to maintain homeostasis. Over the past several 
decades, much work has focused on the regulation of  
3-hydroxy-3-methylglutaryl-CoA reductase (HMGR), 
which catalyzes the conversion of  HMG-CoA to meval-
onate through a four-electron oxidoreduction. This reac-
tion is the rate-limiting step in the synthesis of  choles-
terol and other isoprenoids such as dolichol, ubiquinone, 
and prenyls[12].

HMGR is highly regulated. Short-term regulation is 
achieved by phosphorylation/dephosphorylation reac-
tions exerted by adenosine monophosphate (AMP)-
activated kinase (AMPK) and protein phosphatase 2A 
(PP2A), respectively. Long-term regulation concerns the 
modulation of  HMGR protein levels by several factors, 
among others Sterol Regulatory Element Binding Protein 
(SREBP) and Insulin- induced genes (Insigs), which can affect 
enzyme transcription, degradation and cholesterol uptake by 
LDLr as a function of  an intracellular sterol amount[13]. 

CHOLESTEROL HOMEOSTASIS 
REGULATION DURING AGING
Experimental studies on aged rats revealed an increased 
plasma cholesterol and a sustained hepatic cholesterol 
biosynthesis, with a full activation of  HMGR which re-

sults to be completely dephosphorylated[14]. The mecha-
nisms underlying this dysregulation appear to be gender-
dependent.

In aged-male rats, the full activation of  HMGR ob-
served in aging has been associated with a rise in reactive 
oxygen species (ROS)[15]. The proposed model is that 
high ROS levels induce both p38 and AMPK activation. 
In turn, p38 causes an increased association between 
PP2A and HMGR, leading to HMGR dephosphoryla-
tion and full activation. AMPK phosphorylating activity 
on HMGR is impaired by the enhanced association of  
PP2A and HMGR. H2O2-treatment confirms that the 
effect induced by ROS on HMGR dephosphorylation is 
mediated by the activation of  the p38/MAPK pathway 
in HepG2 cell line[16].

On the contrary, studies performed on estropausal 
rats, in which estrogen levels are decreased, suggest that 
the menopause-related increase in HMGR activity is 
caused by the decreased activation of  AMPK observed 
upon estrogen deficiency[17,18].

HMGR is an attractive target for the treatment of  
hypercholesterolemia. Indeed a decrease of  intracellular 
cholesterol synthesis leads to a homeostatic response 
which induces the up-regulation of  cell-surface recep-
tors that bind atherogenic lipoproteins such as LDL and 
VLDL. The reduction of  plasma lipoproteins accounts 
for the clinical utility of  HMGR inhibitors, such as 
statins. Despite their worldwide use and their beneficial 
effects, statins can cause myopathy characterized by 
weakness, pain, elevated serum creatine phosphokinase 
(CK) and, to a lesser extent, rhabdomyolysis, which is a 
life-threatening condition[19] Elderly patients are especial-
ly vulnerable to side effects of  statins: this issue as well 
as the lack of  certainty about their efficacy in aging, can 
affect the prescription of  these medications.

Indeed the Heart Protection Study, PROSPER, and 
SAGE illustrate the benefit of  statin treatment on 
coronary or surrogate end points in higher-risk elderly 
patients, although the data is still somewhat controver-
sial, particularly for individuals ≥ 80 years of  age. An 
observational study of  acute-care hospitals in the United 
States identified no association between statin use at 
discharge and improved survival rate in acute myocardial 
infarction patients ≥ 80 years of  age, although it did 
find benefit in patients < 80 years of  age[20]. 

Thus an optimal management of  cholesterol should 
take into account the mechanisms at the root of  choles-
terol metabolism disruption in elderly people, the risk-
benefit ratio of  statin use and the effects exerted by al-
ternative medications prescribed to reduce hypercholes-
terolemia. These different pharmacological approaches 
will be examined in the review.

INHIBITORS OF CHOLESTEROL 
SYNTHESIS:
Statins
Statins inhibit competitively HMGR activity impairing 
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HMG-CoA binding. The bulky hydrophobic statins oc-
cupy the HMG-binding pocket and part of  the CoA 
cleft[21]. On HMGR inhibition, statins reduce intracellular 
hepatic cholesterol biosynthesis and decrease intracellular 
cholesterol accumulation. The reduction of  the intracel-
lular cholesterol levels stimulates, via SREBP activation, 
the synthesis of  LDLr and their expression on the cell 
surface. These receptors are responsible for the uptake 
of  LDL and of  their precursors, the very LDLs (VLDL) 
and VLDL remnants, whose hydrolysis produces LDL. 
The effect of  statins on VLDL also explains their role in 
reducing triglyceride levels[22]. Moreover, hyperlipidemic 
patients show an increase of  Na+/Li+ countertransport 
activity which is rescued by statin treatment[23-25]. As 
mentioned above, although the statin therapy is generally 
well tolerated, the most frequent adverse effect is repre-
sented by myopathy. To avoid statin side effects, studies 
have been performed on genetic polymorphisms that can 
change statin tolerance and efficacy[25-28].

Statin-associated myopathy is characterized by a 
broad spectrum of  symptoms, ranging from benign 
myalgia up to life-threatening rhabdomyolysis[22], a syn-
drome characterized by massive muscle necrosis, with 
the subsequent release of  potassium and other ions into 
the plasma compartment, and severe myoglobinuria, 
which may cause damages to kidneys and other organs. 
Rhabdomyolysis may be accompanied by arrhythmias, 
acute renal failure, and cardiac arrest. These side effects 
could be ascribable to statins themselves or to the inhibi-
tion of  some HMGR end products such as prenyls and 
ubiquinone[29,30]. 

In order to avoid statin side effects that older people 
are more likely to develop, new compounds have been 
tested to reduce cholesterol synthesis through the inhibi-
tion of  enzymes (squalene synthase, squalene epoxidase, 
and oxidosqualene cyclase) downstream the farnesyl 
pyrophosphate branch point of  cholesterol biosynthetic 
pathway[19]. Nevertheless no compounds have yet en-
tered clinical trials. 

ANTIOXIDANTS
ω-3 fatty acids
Martini and coworkers demonstrated that a diet supple-
mented with ω-3 fatty acids completely prevents the 
age-related hypercholesterolemia in 24-mo old rats by 
exerting a powerful antioxidant activity: the reduction of  
intracellular ROS content due to the supplementation of  
ω-3 fatty acids totally prevented the activation of  p38/
MAPK responsible for PP2A association with HMGR 
and the consequent activation of  the enzyme. The proper 
HMGR activation state promotes plasma cholesterol 
maintenance at physiological levels by completely pre-
venting age-related hypercholesterolemia[16,31].

Resveratrol
Resveratrol (trans-3,5,4’-trihydroxystilbene) is a naturally 
occurring polyphenol present in red wine and berries[32]. 
In vivo studies have revealed that red wine polyphenols 

are able to inhibit atherosclerotic progression. Cho et 
al[33] demonstrated that resveratrol reduces cholesterol 
synthesis inhibiting both the activity of  hepatic HMGR 
similarly to atorvastatin, and the expression of  HMGR 
mRNA[33].

Flavonoids
Flavonoids are ubiquitous compounds, occurring in vari-
ous plants and their derivatives such as tea, herbs, citrus 
fruits and red wine; many of  them have been shown to 
be strong free radical scavengers and antioxidants. Several 
epidemiological studies have supported the hypothesis 
that the antioxidant actions of  flavonoids may reduce the 
risk of  developing cardiovascular diseases[34].

Punithavati and Prince reported a significant in-
crease in the activity of  HMGR in plasma and liver of  
isoproterenol treated rats. The increased lipid peroxida-
tion induced by the treatment, enhanced the activity of  
HMGR, which in turn led to an excessive production 
and accumulation of  cholesterol. Pre-treatment with 
the flavonoids quercetin and α-tocopherol (vitamin E) 
normalized the activity of  HMGR. Thus, the observed 
decrease in HMGR after quercetin and α-tocopherol 
administration in rats might be due to the inhibition of  
lipid peroxidation[35].

Naringenin is the aglycone of  naringin, a naturally 
occurring flavanone glycoside obtained from citrus fruits 
and grapefruit. Naringenin hypocholesterolemic effect 
is due to the reduction of  both HMGR and acyl CoA: 
cholesterol O-acyltransferase activities[36].

Discovery of  isoflavones as HMGR inhibitors in 
soy food is very intriguing. Kinetic studies showed that 
isoflavones inhibit HMGR by binding the enzyme active 
site. Therefore isoflavones may exert steric hindrance 
between HMGR and its substrates through hydrophobic 
interactions[37].

Tocochromanols
Tocochromanols are a group of  amphipathic, lipid-
soluble organic molecules composed of  a polar moiety 
derived from tyrosine and a hydrophobic polyprenyl side 
chain originating from the isoprenoid pathway. Toco-
chromanols with a phytyl-derived side chain are termed 
tocopherols whereas those with a geranylgeranyl derived 
side chain are termed tocotrienols. Some studies clearly 
demonstrate that tocotrienols are able to inhibit HMGR 
activity in guinea pigs and chickens. Moreover γ and δ to-
cotrienols stimulate HMGR ubiquitination and degrada-
tion and inhibit SREBP processing[38,39].

Coumarins
Coumarins are an elite class of  oxygen heterocycles that 
show a wide variety of  biological effects. They are present 
in many plants, fungi and bacteria and have found for 
centuries application in the traditional medicine[40]. Cou-
marins are extremely variable in structure; their biological 
activities are influenced by the various types of  substitu-
tions in their basic structure which consists of  fused ben-
zene and α-pyrone rings. Coumarins and their derivatives 
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have attracted intense interest in recent years because of  
their diverse pharmacological properties: many coumarin 
derivatives have the special ability to scavenge reactive 
ROS and to influence processes involving free radical 
injury. In particular both esculetin and a novel synthetic 
4-methylcoumarin, 4-methylesculetin (ESC), possess two 
hydroxyl moieties on their benzene rings, and these were 
the two most effective radical scavengers among the cou-
marins selected for a structure-activity relationship study 
in cell culture[41]. Beyond its antioxidant activity, ESC is 
able to lower HMGR activity reducing PP2A protein 
levels leading to HMGR hyperphosphorylation. ESC was 
demonstrated to lower HMGR protein levels through re-
duced transcriptional and increased degradational events 
in HepG2 cells[42].

Organoselenium compounds: Diphenyl diselenide’s 
case
Besides enhancing memory in a menopause model in 
rats[43,44] and decreasing the depressive-like behavior in 
ovariectomized mice submitted to subchronic stress[43], 
diphenyl diselenide [(PhSe)2], an organoselenium com-
pound, has been reported to reduce hypercholesterolemia 
in cholesterol-fed rabbits[45] and in hyperlipidemic Triton 
WR-1339-induced mice[46]. Moreover, (PhSe)2 was shown 
to inhibit human LDL oxidation in vitro[45], to reduce 
foam atherosclerotic lesion in hypercholesterolemic LDL 
receptor knockout (LDLr -/-) mice, to decrease infiltra-
tion of  inflammatory cells in vessel-wall, and to prevent 
the upregulation of  the proatherogenic monocyte che-
moattractant protein-1[47]. Recent results demonstrated 
that (PhSe)2 is able to increase HMGR phosphorylation/
inactivation and LDLr protein levels without directly in-
hibiting HMGR activity[1]. 

The lack of  any evidence in literature about the po-
tential side effects of  antioxidant compounds in elderly 
people, and the abundance of  data highlighting their 
beneficial effects on ROS production and, as a conse-
quence on lipid profile, make the above mentioned com-
pounds eligible for therapeutical interventions addressed 
to inhibit the mechanisms underlying hypercholesterol-
emia in the elderly.

INHIBITORS OF CHOLESTEROL 
ABSORPTION: FOCUS ON EZETIMIBE
An alternative approach to the inhibition of  cholesterol 
biosynthesis consists on the limitation of  cholesterol ab-
sorption: to this aim the compound Ezetimide was and 
is currently used in treatments against hypercholesterol-
emia.

Ezetimide, or 1-(4-fluorophenyl)-(3R)-[3-(4-fluorophenyl)-
(3S)-hydroxyprophyl]-(4S)-(4-hydroxyphenyl)-(2-azetidino
ne), inhibits intestinal cholesterol absorption by selectively 
blocking in the jejunal brush border the Niemann-Pick 
C1-like 1 protein (NPC1L1), the human sterol transport 
protein that was expressed at the enterocyte/gut lumen 
(apical) as well as in the hepatobiliary (canalicular) inter-

face[48]. Current evidence points to the NPC1L1 protein 
working in conjunction with the adaptor protein 2 (AP2) 
complex and clathrin to facilitate internalization of  
free cholesterol into the enterocyte. Cholesterol in the 
gut lumen or bile incorporates into the cell membrane, 
where it can bind to NPC1L1. The NPC1L1/cholesterol 
complex is internalized or endocytosed by joining to 
AP2 clathrin, creating a vesicle complex that then trans-
locates with the help of  myosin along microfilaments in 
the cytosol to a storage endosome called the endocytic 
recycling compartment. When intracellular cholesterol 
becomes low, NPC1L1 is released from the endocytic 
recycling compartment and traffics back along microfila-
ments to the cell membrane[49].

A meta-analysis of  eight randomized placebo con-
trolled trials showed that monotherapy with ezetimibe in 
hypercholesterolemic subjects was associated with a sig-
nificant reduction of  LDL-cholesterol (LDL-C), of  total 
cholesterol, of  triglycerides, and with an increase of  high 
density lipoprotein (HDL) compared to placebo[50].

In terms of  elevations in liver function tests, ezeti-
mibe appears to cause similar elevations in transaminases 
as compared to placebo when given as monotherapy. 
Also, as combination therapy with statins, ezetimibe does 
not significantly cause an increase in liver enzymes more 
than it is observed with statin therapy alone. The addi-
tion of  ezetimibe to statin therapy does not appear to 
increase the incidence of  elevated creatine kinase levels 
and was not associated to an increased risk of  myositis 
beyond what is noted intreatment with statin alone[51]. 
Ezetimibe is well tolerated also by elderly individuals and 
no substantial differences have been observed between 
young and old people in the drug effects[52]. Among the 
inhibitors of  cholesterol absorption is worth mentioning 
Orlistat which is prescribed in obese patients improving 
plasma lipid profile[53]. No studies have been performed 
on elderly people treated with orlistat[54].

NIACIN
Nicotinic acid and nicotinamide (collectively termed nia-
cin) serve as precursors of  co-enzymes nicotinamide ad-
enine dinucleotide and nicotinamide adenine dinucleotide 
phosphate (NAD+ and NADP+) and are water-soluble 
vitamins of  the vitamin B complex. Niacin was one of  
the first drugs used to treat hyperlipidemia[55].

Several clinical trials have demonstrated that niacin 
administration, either alone or combined with other lipid 
lowering agents, significantly reduces total mortality and 
coronary events, retards progression, and induces regres-
sion of  coronary atherosclerosis. Following administra-
tion, niacin rapidly inhibits adipocyte lipolysis appar-
ently through the inhibition of  hepatic diacylglycerol 
acyltransferase 2: it leads to the inhibition of  triglyceride 
synthesis and to the decrease of  apolipoprotein B-con-
taining lipoproteins; this is accompanied by a similarly 
rapid drop in plasma levels of  free fatty acids[56]. The net 
effect is a reduced catabolism of  HDL and a decreased 
accumulation of  cholesterol esters in LDL particles. It 
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has also been suggested that niacin may directly inhibit 
the uptake and catabolism of  apolipoprotein AI-contain-
ing HDL particles, thus acting to further increase plasma 
levels of  HDL[56]. 

The main problem with the use of  niacin is connect-
ed to its side effects: administration of  pharmacological 
doses of  niacin is accompanied by unwanted effects, 
primarily a cutaneous reaction called flushing, which oc-
curs in up to 90% of  patients. Niacin-induced flushing is 
mediated primarily by the production of  prostaglandins 
D2 and E2 by dermal/epidermal immune cells, lead-
ing to vasodilation of  blood vessels and resulting in the 
symptoms of  redness, warmth, tingling and itching[56]. 
Several gastrointestinal adverse effects, such as nausea, 
vomiting, dyspepsia and abdominal pain, can also occur. 
Moreover, the most severe niacin-induced side effect is 
hepatotoxicity, which is accompanied by an increase in 
hepatic transaminase levels[11]. 

Despite evidence for an atheroprotective effect of  
niacin from previous small clinical studies, the large out-
come trials, AIM-HIGH and HPS2-THRIVE did not 
reveal additional beneficial effects of  niacin on top of  
statin treatment[57]. Thus the administration of  this medi-
cation especially in elderly people would deserve more 
attention.

FIBRATES
Fibrates have been used in clinical practice for about half  
century due to their ability to substantially decrease tri-
glyceride levels and increase HDL, less effects are exert-
ed as LDL lowering agents. All fibrates are peroxisome 
proliferators-activated receptors (PPARs)α agonists. 
Fibrates enhance the oxidation of  fatty acids in liver and 
muscle and reduce the rate of  hepatic lipogenesis, there-
by decreasing the secretion of  VLDL. The increased 
uptake of  triglyceride-derived fatty acids in muscle cells 
results from an increase in lipoprotein lipase (LPL) activ-
ity in adjacent capillaries and a decrease in the amount 
of  apolipoprotein CⅢ (Apo CⅢ), which is transcrip-
tionally mediated by PPARα. The decrease in Apo CⅢ 
reduces the inhibition of  LPL activity. The enhanced 
catabolism of  VLDL generates surface remnants, which 
are transferred to HDL. HDL concentrations are further 
augmented by an increase in PPARα - mediated tran-
scription of  apolipoprotein AⅠ (Apo AⅠ) and Apo AⅡ. 
Ultimately, the rate of  HDL-mediated reverse choles-
terol transport may increase[58]. Although the beneficial 
effects of  fibrates, their use is associated with a slightly 
increased risk (< 0.0%) for myopathy, cholelithiasis, and 
venous thrombosis[59]. A study in which a subgroup anal-
ysis by age was performed showed a significant decrease 
in total cardiovascular disease events in patients aged < 
5 years, but not in patients aged ≥ 5 years. Furthermore, 
in a study of  1568 men with lower extremity arterial dis-
ease, bezafibrate had no significant effects on cardiovas-
cular events in patients aged ≥ 5 years, compared with 
placebo[60]. 

APOB100 ANTISENSE 
OLIGONUCLEOTIDES
The recent development of  antisense oligonucleotides 
(ASOs) that can target a specific mRNA and suppress 
the translation of  its protein in the liver has opened up 
a novel therapeutic window for reducing levels of  ath-
erogenic lipoproteins. Mipomersen (ISIS 301012) an 
antisense inhibitor directed to human apoB-100, was 
recently documented in phase 2 clinical trials to lower 
plasma apoB-100 and LDL cholesterol levels in humans. 
The side effects exerted by ASOs are mainly associated 
to transaminase[61]. No studies have been performed to 
understand if  differences exist in the efficacy or in the 
side-effects exerted by these molecules in adults and aged 
people. 

BILE ACID SEQUESTRANTS
Bile acids are amphiphilic molecules synthesized from 
cholesterol in the liver; in their transit through the intes-
tinal lumen they emulsify diet fats, aiding in their absorp-
tion. Bile acids are then reabsorbed by active ileal uptake 
and recycled through the enterohepatic circulation. Bile 
acid sequestrants, such as colestipol, colestyramine and 
colesevelam, are anion exchange resins being similar in 
mechanism of  binding bile acids in the intestinal lumen.

They interrupt enterohepatic circulation of  choles-
terol-rich bile acids and increase their fecal excretion, 
leading to the depletion of  intrahepatic cholesterol, 
which causes LDLr upregulation[62]. Hepatic LDL uptake 
is thereby raised, resulting in augmented LDL particle 
clearance and in the reduction of  plasma LDL-C by 
15% around. However, the side effects of  gastrointesti-
nal intolerance including bloating, abdominal pain and 
constipation, as well as the inhibition of  the absorption 
of  medications like levothyroxine or warfarin, reduce 
patient compliance. Therefore, bile acid sequestrants are 
often prescribed with other lipid-regulating agents, most 
commonly statins[63]. None overall differences in safety 
or effectiveness of  bile acid sequestrant administration 
between aged and young subjects were observed[52].

INHIBITION OF PCSK9
Proprotein convertase subtilisin kexin 9 (PCSK9), is a 
72-kDa protease, highly expressed in the liver[64]. nce se-
creted, PCSK9 binds LDLr inducing the redistribution of  
the receptor from the cell surface to lysosomes: indeed 
PCSK9 appears to change the itinerary of  the LDLr, 
diverting internalized LDLr to degradation in lysosomes 
and preventing them from recycling to the cell surface[64].

PCSK9 inhibition is considered an attractive target 
for therapy against hypercholesterolemia. The current 
drug approaches tested to pharmacologically inhibit 
PCSK9 in humans are mainly focused on gene silencing 
that targets both PCSK9 intra- and extra-cellular func-
tions, and on mimetic peptides and monoclonal antibod-
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ies that exclusively target circulating PCSK9 and there-
fore its extracellular function. Other approaches such as 
orally active cell permeable small molecules that target 
PCSK9 processing have not reached preclinical develop-
ment[65]. The subcutaneous administration of  the PCSK9 
ASO produced by different pharmaceutical companies 
led to an increase of  LDLr hepatic expression and to 
a concomitant reduction in circulating total cholesterol 
levels in mice[66] and in non-human primates[67]. Peptides 
mimicking the epidermal growth factor A (EGFA) do-
main of  the LDLr interacting with PCSK9 at the plasma 
membrane have also been developed to inhibit PCSK9 
function. A synthetic EGFA peptide reduced in a dose-
dependent manner the cellular degradation of  the LDLr 
induced by exogenously added recombinant PCSK9[68]. 
Duff  et al[69] were able to reverse the PCSK9 mediated 
effect on cell surface LDLr by using antibodies that rec-
ognize epitopes on PCSK9 in the vicinity of  the region 
within the catalytic domain interacting with the LDLr. 
Evaluation of  treatments over the long term will deter-
mine whether the beneficial effects of  PCSK9 inhibition 
on LDL-C levels will directly translate into coronary ar-
tery disease risk reduction[70-72].

Chen et al[72] identified PCSK9 as a specific SEC24A-
dependent COPII cargo: indeed as trans-membrane and 
soluble proteins co-translationally inserted into the endo-
plasmic reticulum (ER), it is packaged into transport vesicles 
coated with coat protein complex Ⅱ (COPⅡ) for the ex-
port from the ER and the delivery to the Golgi for further 
processing[73].

Chen et al[72] reported that complete deficiency of  
SEC24A is compatible with normal development and 
survival in mice. However, these animals exhibit mark-
edly reduced plasma cholesterol and increased hepatic 
LDLr levels due to selective blockade in the secretion 
of  PCSK9. Consistent with these genetic data, hepatic 
LDLr levels are up-regulated in SEC24A deficient mice 
as a consequence of  a specific dependence of  PCSK9 
on SEC24A for efficient exit from the ER. 

The loss of  SEC24A disrupts PCSK9 secretion with-
out affecting other COPⅡ-dependent processes such as 
SREBP activation. PCSK9 represents the first example 
of  a soluble vertebrate cargo that is differentially regu-
lated by specific interaction with selective components 
of  the COPⅡ machinery. Although complete deficiency 
of  SEC24A in mice is compatible with embryonic devel
opment or survival to adulthood, no human patients 
have yet been identified with genetic deficiencies in any 
of  the four SEC24 paralogous genes. The SEC24A-
deficient phenotype suggests a potential role for genetic 
variation at the SEC24A locus in the control of  plasma 
cholesterol in humans, a key determinant of  risk for 
myocardial infarction and stroke.

Complete deficiency of  SEC24A is compatible with 
survival and normal development in mice, suggesting 
that pharmacologic inhibition of  hepatic SEC24A ex-
pression/function to achieve reduction in plasma cho-
lesterol may be well tolerated as a potential approach to 
inhibit PCSK9 secretion[72]. 

CONCLUSION
Atherosclerosis is the major cause of  heart disease, 
stroke, and death during aging in both developed and de-
veloping countries, for which the rise of  lipid levels into 
the bloodstream represents a primary risk factor. Epi-
demiological data have indicated that dyslipidemia and 
coagulation disturbances are among the most remark-
able functional alterations leading to the development of  
atherosclerotic condition.

Oxidative stress has recently been involved in the 
pathogenesis of  several diseases such as atherosclerosis. 
The production of  free radicals has been found to be 
a major causative factor for the peroxidative damage to 
plasma lipoprotein which are responsible for the initia-
tion and progression of  atherosclerosis in hyperlipidem-
ic subjects[13]. Both the conditions predisposing to artery 
diseases occur in the elderly which is defined as the 
series of  the deteriorative changes occurring during the 
adult period of  life that underlie increased vulnerability 
to challenges and decreased survival[12].

The strategies used to reduce plasma cholesterol 
levels in elderly people are mainly addressed to the in-
hibition of  the rate limiting enzyme of  cholesterol bio-
synthetic pathway, HMGR, in order to increase LDLr 
membrane exposure and LDL clearance from the cir-
culation. Indeed current therapies are mostly based on 
the prescription of  statins (HMGR inhibitors) that are 
pretty effective but that exert several side effects. More 
attention should be given to potential drug interactions, 
potential age-related changes in drug pharmacokinetics, 
adverse effects such as myopathy and competing risks 
when statins are prescribed to old patients. In combi-
nation or in alternative to statin therapy, other agents 
might be required to reduce LDL-C levels. Among the 
available drugs, the most commonly prescribed are those 
addressed to reduce cholesterol absorption, to modulate 
lipoprotein lipase activity and bile acid sequestrants: even 
these pharmacological interventions are not exempt 
from side effects. As an example, the efficacy, safety, and 
tolerability of  a nutraceutical-based protocol (contain-
ing berberine 500 mg, policosanol 10 mg, red yeast rice 
200 mg, folic acid 0.2 mg, coenzyme Q10 2.0 mg, and 
astaxanthin 0.5 mg) in elderly hypercholesterolemic pa-
tients previously intolerant to statins have been recently 
demonstrated[74].

The use of  antioxidants or organoselenium com-
pounds (PhSe)2 and the discovery of  new proteins able 
to modulate exclusively LDLr recycling such as PCSK9 
and SEC24 offer new pharmacological approaches to 
selectively reduce the main causes of  dyslipidemia. In or-
der to be effective, pharmacological interventions should 
be aimed at deleting the causes of  hypercholesterolemia 
considering their age and gender dependence. Indeed, 
very few research studies are dedicated to elderly (Table 1).

Thus, the selectivity of  the different pharmacologi-
cal targets according to the causes at the root of  the 
pathology could increase the risk/benefit ratio of  the 
prescribed medications. If  on one hand elderly people 
entered epidemiological studies assessing the tolerability 
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and the effectiveness of  drugs in this physiological con-
dition, on the other hand researches aimed at evaluating 
the efficacy of  medications in women, and in particular 
in elderly women are still missing. Thus further studies 
aimed at evaluating the putative efficacy and safety of  
the therapeutic approaches in alternative to statin treat-
ment to lower hypercholesterolemia and in turn artery 
disease risks in elderly people are needed.
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