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ARTICLE INFO ABSTRACT

Keywords: Atherosclerosis of the coronary arteries continues to be one of the major global health burdens and acute cor-
Atheros_dewSis onary syndrome is responsible annually for at least 30 % of all deaths globally. Acute coronary syndrome may be
?eégressmn_ plaque the consequence of thrombus formation after erosion or rupture of obstructive or non-obstructive atherosclerotic
nflammation

plaque. The rupture of plaques is mostly caused by mechanical stress usually called cap fatigue. Vulnerable
plaques are characterized by a softer atheromatous core and a thinner fibrous cap, with inflammation and hy-
percholesterolemia playing a crucial role in the atherothrombotic process. Based on animal studies that extend
back to the 1920s, regression of atherosclerotic plaques in humans has just started to be considered and pursued.
The idea that the human atherosclerotic plaques could regress at all met an important resistance over the de-
cades; indeed, advanced plaques contain components, such as necrosis, calcification and fibrosis, which are hard
to be removed. However, new animal models and imaging technics allowed a more complete and accurate
quantitative assessment of plaque volume and are shedding new light on atherosclerosis regression. In this re-
view, we are revisiting the existence of atherosclerosis regression in preclinical and clinical studies, with a focus
on the latest mechanistic insights and on the newest pharmacological agents, particularly in patients with dia-
betes. Interestingly, we suggested that based on literature insights and preclinical studies, a combination of drugs
to target hyperglycemia, dyslipidemia and inflammation may be desirable for a fast-track Pharmacological
regression of atherosclerotic plaque in patients with type 2 diabetes.

Anti-dislipidemic therapy

1. Introduction

The regression of atherosclerotic plaques is one of the holy grail of
cardiovascular medicine since the first studies back in the 1920s [1]. In
the last decades with new available drugs, atherosclerosis regression
seems to become a real possibility [2]. Mechanisms involved in the
aforementioned phenomenon, include extensive lowering of plasmatic
concentrations of atherogenic lipoproteins and an increase of reverse
cholesterol transport from atheroma to the liver [3]. The shrinkage of

the lesion is associated with a reduction of atherogenic lipids from the
arterial wall, removal of cholesterol and necrotic debris by phagocytes
and migration of foam cell out from the vessel wall [4]. However, the
presence in advanced plaques of components such as necrotic debris,
calcification and fibrosis renders the atheroma hard to reduce [5].
Literature suggested that atherosclerosis regression is strongly associ-
ated with the control of lipid profile, LDL-c and triglycerides reduction
and increase in HDLc, as well as with a reduction of inflammation,
probably responsible for the atherosclerotic process and the instability
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of the plaques [6,7]. In this review we will provide an overview of
contemporary animal and human studies, in which the regression over
time of established atherosclerotic plaques has been evaluated. There is
a clear need for studies on atherosclerosis regression, aiming at fully
understanding the mechanism of this process, particularly in patients
with diabetes.

2. Preclinical studies

Possibly the first drug which showed to reduce major cardiovascular
events and slow angiographic progression of coronary atherosclerosis
(Table 1) was fenofibrate [8]. The mechanism of action is via the acti-
vation of peroxisomal proliferator-activated receptor-alpha (PPAR--
alpha), a nuclear transcription factor that controls a variety of cellular
functions. In animal treated with fenofibrate during a hypercholester-
olemic diet, a significantly regression of atherosclerotic plaque was
observed [8]. The lesions were more "stable", with reduced infiltrating
macrophages and increased smooth muscle cells, supporting the po-
tential anti-atherogenic effects of PPAR-alpha agonists [8]. Another
early study, in which a shrinkage of atherosclerotic lesions has been
demonstrated, was conducted in animals receiving intravenous bolus
injections of phosphatidylcholine; indeed, in less than two weeks the
plaques were less severe in treated animals [9]. In the last decades
several studies were conducted on atherosclerotic animal models during
high cholesterol feeding and showed that the switch to low cholesterol
feeding, induced a shrinkage of atherosclerotic plaque. Rhesus monkeys
treated with high cholesterol chow for 17 months developed widespread
coronary lesions with fibrosis and 60 % luminal narrowing; while the
switching to a low fat or linoleate-rich diets brought the cholesterol
levels down to 3.6 mmol/l (140 mg/dl) and it was associated with a
reduction of necrosis, fibrosis and a shrinkage of the plaques [10]. The
administration of HDL, apolipoprotein A-1 (ApoA-1) and phospholipids
were found to induce atherogenic regression in rabbits, but the regres-
sion was restricted only to fatty streaks and not to established plaques
(Table 1) [11]. Apo A-I transgenic overexpression promotes athero-
sclerosis regression in preclinical models and has a variety of effects on
cholesterol flux and inflammation that may contribute to the regressive
phenotype [12]. Even after an LDL reduction level to extremely low
levels, HDL-targeted interventions (primarily CETP inhibition) may
favor atheroma regression. A successful strategy to obtain plaque
regression in mice was to increase HDL levels through the injection of an

Table 1
The more representative animal studies to achieve plaque stabilization and
regression.

Publication Treatment/Strategy Model Result
Friedman M. Proc Phosphatide infusion and Rabbit Regression
Soc Exp biol Med  low-fat chow
1957
Armstrong ML Circ ~ Low fat or linoleate-rich diet =~ Monkey  Regression
Res 1970
Miyazaki A ATVB Intravenous injectionof Rabbit Regression
1995 HDL, ApoA—1 and restricted to fatty
phospholipidis streaks plaques
Forster R Cell 1999  CCR?7 antibodies Mice Regression
Shah PK Circ 2001 High dose recombinant Mice Regression
Apolipoprotein
A-1
Bucciarelli LG Circ SRAGE Treatment in Mice Stabilization
2002 diabetic apoE-/-
Corti R Fenofibrate in Rabbit Regression
Atherosclerosis atherosclerotic rabbit
2007 obtained by double ballon
injury and
hypercolesterolemic diet
Van gils JM Nat Nitrin—1 inhibition Mice Regression
Immunol 2012
Rader DJ JAMA ApoA-I overexpression in Mice Regression
Cardiol 2018 Apo E-/- mice
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adenoviral vector carrying the gene of human ApoA-1 [13,14]. A similar
study conducted in Apo E KO mice demonstrated the remodeling of the
atherosclerotic lesions with reduction of infiltrating macrophages and
increasing of smooth muscle cells with more stability to the plaque [15].
The other big driver of atherosclerotic plaque is inflammation (Fig. 1),
which favored infiltration of the plaque, through an increased produc-
tion of cytokines (i.e.: IL-6, TNF alpha, MCP-1, MMP-9) and a higher
expression of adhesion molecules such as ICAM, VCAM-1. These afore-
mentioned events are responsible for the plaque instability by inducing
the thinning of the fibrous cap and by sustaining chronic inflammation
at the site of lesion development [7,16-19]. The receptor for advanced
glycation end products (RAGE), which is a multiligand member of the
immunoglobulin superfamily of cell surface molecules, is one of the
proinflammatory molecules involved in the atherosclerotic process.
Engagement of RAGE by its signal transduction ligands induces in-
flammatory cell infiltration and activation in the vessel wall, RAGE
blockade has been considered a strategy to stabilize atherosclerosis and
vascular inflammation [7]. Another player is CCR7 chemokine (C-C
motif) receptor 7, which is required for dendritic cell emigration [20],
thus injection antibodies against the CCR7 ligands inhibited most of
foam cells from emigrating from the aortic transplant lesions, estab-
lishing a functional role for CCR7 in regression. Regression of athero-
sclerosis occurs through several mechanisms and molecules
dyslipidemia and inflammation being the major factors involved [21]
(Table 1).

3. Human studies

Aggressive lowering LDL was probably the first treatment that
correlated significantly with the reduction in calcium-volume score
indicating that calcified plaques can shrink too. The first two main trials
(Table 2), which were able to demonstrate atherosclerosis regression
were the REVERSAL trial (Reversal of Atherosclerosis with Aggressive
Lipid Lowering) [22] and the ASTEROID (A Study to Evaluate the Effect
of Rosuvastatin on Intravascular Ultrasound-Derived Coronary
Atheroma Burden) [23]. Patients with acute coronary syndrome were
treated for over a year with high-dose statins and evaluated by coronary
intravascular ultrasonography. In the REVERSAL trial, patients treated
with conventional therapy were subjected to the progression of
atherosclerosis, while in the high dose statin group a reduction in
atheroma volume was observed particularly in patients with a reduction
of LDL peripheral levels of more than 50 % [22]. In the ASTEROID trial
(Table 2) all patients who received high-dose therapy for 24 months
experienced an important shrinking of the plaque volume of nearly 7 %
as compared to pretreatment. The greater reduction in atheroma volume
in the ASTEROID trial could be explained by the longer treatment (i.e. +
6 months) and by the greater reduction in LDL levels (i.e.—~20 mg/dl)
[27,28]. Both studies employed statins which are known for their
lipid-lowering effect. However, different types and doses of statins were
used in these studies, which could influence the outcomes; furthermore,
patients with established coronary artery disease in secondary preven-
tion, but not primary intervention, were included. In the ARBITER trial
(Arterial Biology for the Investigation of the Treatment Effects of
Reducing Cholesterol), atorvastatin induced a regression of carotid
intima-media thickness, whereas this was not observed in the pravas-
tatin group [24]. Marked LDL reduction to absolute value below
100 mg/dL with a high-potency statin provided atherosclerosis regres-
sion at 1 year, as evaluated with quantification of carotid intima-media
thickness [24]. The METEOR trial demonstrated that rosuvastatin can
induce a reduction of carotid intimamedia thickness in low-risk in-
dividuals with subclinical atherosclerosis [25,26]. In the SATURN trial
(Study of Coronary Atheroma by Intravascular Ultrasound: Effect of
Rosuvastatin Versus Atorvastatin) the effect of 2 high-intensity regimens
of rosuvastatin and atorvastatin on plaque were studied over 24 months
treatment, and a significant atheroma regression was observed with
both treatments [27]. Radiofrequency analysis revealed a reduction in
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Fig. 1. Mechanisms of plaque’s formation and drug therapy to obtain atherosclerosis regression.

fibrofatty plaque component and an increase in plaque calcium with
both high-intensity statins. This process called plaque delipidation is
associated with fibrous healing and increased in calcium component
which reflect plaque stabilization [27] (Table 2). Another important
player of clinical trials is ezetimibe, which targets the Niemann- Pick
Cl-like 1 protein, thereby reducing absorption of cholesterol from the
intestine. Intensive statin treatment was evaluated versus low-dose
statin plus ezetimibe and the effect on fibrous cap thickness of coro-
nary vulnerable plaques was assessed. At 12 months of follow up total
cholesterol and LDLc were further decreased in the combination therapy
group [28], with reduction of the fibrous cap thickness (-32.5 %) and
better stability to the plaque [28]. Interestingly, treated-patients who
did not experienced a fall in C-reactive protein demonstrated less

coronary atheroma regression, suggesting that systemic inflammation
may contribute to residual cardiovascular risk in optimally treated pa-
tients [29]. Larger trials, including the HEAVEN trial (Virtual Histology
Evaluation of Atherosclerosis

Regression During Atorvastatin and Ezetimibe Administration) [30],
the PRECISE-IVUS trial

(Plaque Regression With Cholesterol Absorption Inhibitor or Syn-
thesis Inhibitor Evaluated by

Intravascular Ultrasound) [31], the OCTIVUS trial (Ezetimibe In
Addition To Atorvastatin Therapy On The Plaque Composition in Pa-
tients with Acute Myocardial Infarction) [32] and the ZIPANGU trial
(ezetimibe clinical investigation for regression of intracoronary plaque
evaluated by angioscopy and ultrasound) [33], showed numerically
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Table 2

Human clinical trials testing statins and ezetimibe.
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Trial Treatment/strategy Time/N. Result Range of lipid profile
Pts/Technique
ARBITRER AT 80 mg vs PV 40 mg treatment 12 months/ CMIT regression in AT group AT LDL-c—48.5 % (76 +/—23 mg/d)
Circ 2002 161 pts with CAD/ Ultrasound Stabilization in the PV group PV LDL-c was —27.2 % (110 +/—-30 mg/
dLy*
REVERSAL AT 80 mg vs PV 40 mg treatment 18 months/654 Pts/IVUS AT group reduced progression of AT LDL-c - 50 %
JAMA 2004 atherosclerosis 2.0 mmol/L (79 mg/dL) PV LDL-c
2.8 mmol/L
(110 mg/dL)***
ASTEROID RO 40 mg 24 month/ 507 Pts/ Regression of total atheroma RO LDL-c —53.2 % (60.8 mg/dl)**
Jama 2006 IVUS (—6.8 %) RO HDL-c + 14.7 % (49 mg/dl)
METEOR RO 40 mg vs placebo 24 months/ Reduction of progression of CMIT inlow RO LDL-c —49 % (78 mg/dL)**
Jama 2007 Pts with subclinical risk pts
atherosclerosis/
Ultrasound
SATURN RO 40 mg vs AT 80 mg 24 months/1385 pts with CAD/  Regression greater in RO LDL-c < 52 mg/dl vs AT LDLc< —70
NEJM 2011 IVUs RO mg/dL**)
(PAV: —1.60,)"* RO CRP —0.2 mg/1 and RO HDLc;
+ 2.8 mg/dL**)
HEAVEN AT 80 mg +EZT 10 mg vs standard 12 months/89 pts Regression plaque AT 80 mg +EZT
Circ 2012 therapy pts with stable angina/Virtual PAV —0.4 %,vs 4+ 1.4 %* LDL-c < 2 mmol/l (79 mg/dD)*
Istology IVUS Lumen + 40, 5 % vs
+ 14-9 %*
PRECISEIVUS AT max tollerated +EZT 12 months/ PCI/IVUS Regression plaque AT+EZT vs AT LDL-c
J Am Coll 10 mg vs AT max Absolute change in PAV -1.4 % vs 63.2 mg/dl vs. 73.3 mg/dl**
Card 2015 tollerated -0.3%
PAV reduction 78 % vs. 58 %;
ZIPANGU AT 10-20 mg and EZT 9 months PCI/IVUS Plaque stabilization AT+EZ LDL-c decreased from
Circ 2017 10 mg/day vs AT 10-20 mg PAV 50.0 % vs.49.8 % 103-63 mg/dL**

AT LDL -c decreased from 100 to
75 mg/dl in AT**

Abbreviations: Pravastatin (PV); Atorvastatin (AT); Rosuvastatin (RO); Carotid intima-media thickness (CMIT); Atherosclerosis regression (AR), Cardiovascular
disease (CAD); Ezetimibe (EZT); PAV (percentage atheroma volume);

" p < 0.05;
" P <0.001;

" P < 0.0001.

Table 3
Human clinical trials testing PCSK9 inhibitors.
Trial Treatment/strategy Time/N. Pts/Technique Result Range of lipid
profile

GLAGOV EV 76 wks/968 pts with Regression plaque LDL-c reduction of
Phase 3 420 mg/month+maximally CAD/IVUS PAV vs 47.3 %;64.3 % 75 %
JAMA tollerated statin vs statin TAV 48.9 % vs 61.5 %** 93.0 vs 36.6 mg/dl**
2016 alone

HUYGENS EV 420 mg/month+ 50 weeks/150 pts with non-ST-elevation ~ Amilioreted the high-risk features of coronary plaques LDL-c reduction of
Phase 3 maximally tollerated statin ACSV/OCT/IVUS 75 %
Cardiovasc
Diagn Ther
2021

PACMAN- AL 150 mg biweekly sc-+high 52 weeks/300 Pts/IVUS Regression in non-infarct-related arteries «Triple LDL-c 23.6 mg/dl vs.
AMI intensity statin OCT regression» : in 31.7 % (1/3 pts)** 74.4 mg/dl**
Phase 3 NIFS
JAMA
2022

ARCHITECT AL 150 mg + high intensity 78 weeks/104 pts with familial Reduction of PAV, ameliorate architecture and -LDL-c from 138 to
Phase 4 statin hypercholesterolemia without clinical composition (rise in calcified and fibrous cap; decrease 45 mg/dl, -
Circ 2023 atherosclerotic CVD if in fibro-fatty and 67.6 % reduction**

LDL< 100 mg/dl was not achieved/
CCTA

necrotic plaques)

-Total chol from
209-118 mg/dl**
-HDL from 51 to
53 mg/dl

P =0.267

Abbreviations: Atorvastatin (AT); Ezetimibe (EZT); PAV (percentage atheroma volume), Evolocumab (EV), Alirocumab (AL), Cardiovascular disease (CAD), Total
atheroma volume (TAV);

*p < 0.05;

P < 0.0001.
P <0.001;
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greater plaque regression in patients treated with ezetimibe in combi-
nation with statin as compared to those treated with statin alone
(Table 2). The discovery of the role of proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) in LDL-c metabolism has led to develop of
potent LDL-c lowering drugs, the PCSK9 inhibitor. The GLAGOV trial
(Global

Assessment of Plaque Regression with a PCSK9 Antibody as
measured by Intravascular Ultrasound) (Table 3), a phase III multi-
center, double blind, randomized, placebo controlled study, evaluated
the effect of evolocumab, a human IgG2 monoclonal antibody with high
binding affinity for PCSK9, on the change in burden of coronary
atherosclerosis as measured by the intravascular ultrasound-derived
percentage atheroma volume in subjects undergoing a clinically indi-
cated coronary angiogram with evidence of cardiovascular disease, who
are receiving maximally tolerated statin therapy. Addition of evolocu-
mab reduced LDL-C from 93.0 to 36.6 mg/dL and was associated with a
reduction in percentage atheroma volume by 0.95 % after 76 weeks of
treatment [34-36]. The HUYGENS study determined whether intensi-
fied lipid lowering therapy with evolocumab in addition to maximally
tolerated statin therapy will have incremental benefits on high-risk
features of coronary artery plaques [37]. Patients were randomized
1:1 to treatment with evolocumab or placebo with primary endpoint
being the absolute change in minimum fibrous cap thickness in a
matched arterial segment from baseline to week 50. The inverse asso-
ciation between achieved LDL-c levels and plaque calcification, suggests
that this effect is a result of lipid lowering, rather than a pleiotropic
effect of statins [37].

The more recent PACMAN-AMI trial (Effect of Alirocumab added to
High-Intensity statin therapy on Coronary Atherosclerosis in Patients
with Acute Myocardial Infarction) a double-blind, placebocontrolled,
randomized clinical trial enrolled 300 patients undergoing percutaneous
coronary intervention for acute myocardial infarction. The primary ef-
ficacy end point was the change in intravascular ultrasound derived
percentage atheroma volume from baseline to week 52. The addition of
subcutaneous alirocumab, compared with placebo, to high-intensity
statin therapy resulted in significantly greater coronary plaque regres-
sion in non-infarct-related arteries [38]. The PACMAN- AMI trial was
designed to investigate rates, determinants, and prognostic implications
of “Triple Regression” (concomitant atheroma volume reduction, lipid
content reduction, and increase in fibrous cap thickness). Indeed, “Triple
Regression” occurred in one-third of patients with acute myocardial
infarction, who were receiving high-intensity lipid-lowering therapy
and was associated with alirocumab treatment [39]. Very recently, data
from the ARCHITECT trial (Effect of Alirocumab on Atherosclerotic
Plaque Volume, Architecture and Composition) showed that alirocumab
favored the regression of coronary plaque burden and plaque stabiliza-
tion as assessed by coronary computed tomographic angiography over
78 weeks in patients with familial hypercholesterolemia without clinical
atherosclerotic cardiovascular disease [40] (Table 3). Among the
non-statin treatment, niacin was tested in a high risk patients treated on
either statin or statin plus niacin [41]. In the HATS study (HDL-ather-
osclerosis treatment STUDY), a reduction in coronary artery stenosis and
in cardiovascular events was observed in niacin-treated patients who
experienced an increase of HDL [42]. The EVAPORATE trial (Effect of
Vascepa on Improving Coronary Atherosclerosis in People With High
Triglycerides Taking Statin Therapy)) enrolled 80 patients affected by
coronary atherosclerosis documented by MDCT (multidetector
computed tomography), on statin therapy and with persistently elevated
triglycerides levels. According to the protocol it was added to the statin
therapy 4 g/day of icosapent ethyl ester (IPE), a highly purified eico-
sapentaenoic acid ethyl ester and after 18 months the treated patients
compared to placebo group achieved a low-attenuation plaque (LAP)
volume by 17 %, while in the placebo group the LAP volume was more
than double + 109 %, also the fibrous and fibrofatty plaque volumes
were significantly reduce in the treated group providing important
mechanistic data on plaque characteristics [43]. Recently cholesteryl
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ester transfer protein inhibitors were investigated as pharmacological
agents for their ability to raise HDL levels and Apo A-I levels and to
reduce LDL-C and apo levels. The first cholesteryl ester transfer protein
inhibitor tested in a clinical trial, torcetrapib, increased the all-cause
mortality and cardiovascular events, which led to the premature
ending of the ILLUMINATE (Investigation of Lipid Level Management to
Understand its Impact in Atherosclerotic Events) trial, even if regression
of coronary atherosclerosis assessed by intravascular ultrasound was
observed in patients who achieved the highest HDL-c levels [44,45].
Dalcetrapib and Anacetrapib, two more recent molecules, showed to
increase HDL-c levels by 138 %, accompanied by a more robust re-
ductions in LDL-c [46].

In spite of the positive results of the REVEAL trial (The Randomized
EValuation of the Effects of Anacetrapib Through Lipid-modification),
Merck decided not to proceed in asking regulatory approval for anace-
trapib. Dalcetrapib (Dal-GenE study) remains a molecule within this
area still in clinical development [47]. The latest arrival is bempedoic
acid, an oral pro-drug that is activated in the liver and inhibits choles-
terol synthesis in hepatocytes, and that recently received clinical
approval. Bempedoic acid may provide an oral therapeutic option
complementary to ezetimibe in statin intolerant patients who require
additional LDL-c lowering. Bempedoic acid added to background
lipid-modifying therapy that included ezetimibe reduced LDL-c by
28.5 % more than placebo [48]. There are no trials which investigated if
bempedoic acid can induce regression or at least alt the progression of
atherosclerosis [49].

4. Clinical studies in patients with diabetes

Patients with diabetes mellitus have a substantially higher rate of
major cardiovascular event and worst outcome after myocardial
infarction and percutaneous coronary intervention [50]. Data from a
sub-analysis of the COSMOS trial (Coronary Atherosclerosis Study
Measuring Effects of

Rosuvastatin Using Intravascular Ultrasound in Japanese Subjects)
[51] suggest that atherosclerosis regression in patients with diabetes
mellitus was less pronounced in patients with high HbAlc levels
compared with those with low HbAlc levels <6.5% [51]. The
JAPAN-ACS trial (Japan Assessment of Pitavastatin and Atorvastatin in
Acute Coronary Syndrome), suggested that diabetes mellitus is a major
negative determinant of coronary artery plaque regression during statin
therapy in patients with acute coronary syndrome by intravascular ul-
trasound [52]. Results showed that early statin treatment after acute
coronary syndrome induced regression of coronary plaque volume, but
in the diabetic patients more intensive therapy is needed to obtain the
same benefit [52]. These data were confirmed by the TRUTH trial
(treatment with Statin on Atheroma Regression Evaluated by Intravas-
cular Ultrasound with Virtual Histology) [53]. All the studies demon-
strated that very high-risk patients for cardiovascular disease, such as
patients with diabetes must be treated with high intensity statin treat-
ment to obtain regression of coronary plaque [54]. A post-hoc pooled
analysis of data from seven prospective, randomized trials included
more than 3000 patients in the analysis, suggested that higher are the
levels of HbA1 the higher is the rate of coronary atheroma progression
rates and worst are the clinical outcomes [55]. This reinforced the idea
that glycometabolic control is an important player in the progression of
atherosclerotic plaque. Optimal glycometabolic control is as important
as antihypertensive treatment and the lipidic lowering agents’ strategy
when it comes to plaque regression [55]. In a post-hoc analysis of the
SATURN trial (Study of Coronary Atheroma by Intravascular Ultra-
sound: Effect of Rosuvastatin Versus Atorvastatin) the long-term high--
intensity statin arm promoted coronary atheroma regression in 1039
patients with diabetes [56]. High-intensity statin therapy induced
atherosclerosis regression in patients with diabetes to a similar degree
with nondiabetic patients only when LDL-c were reduced below
70 mg/dl (1.8 mmol/l). Moreover, atheroma volume regression was
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significantly less evident in patients with diabetes, but similar to pa-
tients without diabetes when LDL-c levels were below or equal to
70 mg/dl (1.8 mmol/1) [56]. In the PACMAN AMI trial PCSK9i used
alone or in combination with statins facilitate the reduction of LDL-c
below the 50 % reduction or less than 70 mg/dl (1.8 mmol/1) resulted
in significantly greater coronary plaque regression with 8 % of them
achieving triple regression [38,39]. The PERISCOPE trial (Pioglitazone
Effect on Regression of Intravascular Sonographic Coronary

Obstruction Prospective Evaluation), showed that pioglitazone led to
a significantly greater decline in HbA1lc levels compared to glimepiride
and was associated with more atheroma volume regression [57]. Mul-
tiple therapies should be used in patients with diabetes to obtain
atheroma regression [58,61] (Table 4).

5. Discussion

New imaging techniques [62] have unequivocally established that
pharmacological interventions have the capacity to promote plaque
regression, depending on the degree of lipid lowering achieved, while
new drugs have the ability to reduce inflammation and to improve
glycometabolic control in patients with diabetes [17,63-65]. Clinical
guidelines suggested the importance of optimizing statin intensity or
achieving low LDL-C targets in the setting of established atherosclerotic
disease.

Considerable residual cardiovascular risk is apparent in patients
already prescribed statin therapies if LDL target is not achieved, espe-
cially in those at high cardiovascular risk as diabetic patients, or in those
achieving lower LDL-C levels according to the guidelines [6,66]. The
presence of low-level systemic inflammation may be a key-component
particularly in patients with diabetes [17,67]. PCSK9i added to statin
and non-statin drugs can help to achieve atheroma regression in the
diabetic and non-diabetic patients [38-40,68]. A multitude of thera-
peutic options are available to reduce the risk of cardiovascular events
by inducing plaque regression, thus an intensive management of a global
coronary risk, rather than a single risk factor, may lead to the prevention
of atheroma progression and cardiovascular events [69]. A major issue
to be considered is patients’ adherence, which can be somehow reduced
by complex therapy; indeed, compliance and statin side effects are 2
major downsides of most of the study. Recently, the introduction of
ezetimibe, bempedoic acid and PCSK9i helped to reduce statin dose and
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to reach desired lipid levels avoiding statin side effects. Since the
inflammation is a key point in the development of atherosclerosis, any
potential anti-inflammatory drug may be tested for the ability to revert
atherosclerosis. For instance, Anakinra, an IL-1 receptor antagonist, may
be able to reduce the residual cardiovascular risk. Interestingly some
preclinical studies have demonstrated a plaque regression and remod-
eling when anti-IL-1 receptor was used, but no studies are available in
humans [70,71]. Interleukin-1p (IL-1p) plays a central role in stimula-
tion of innate immune system and inflammation and in several chronic
inflammatory diseases. One of the molecules mainly involved in IL-1f
maturation is the Purinergic 2 x 7 receptor (P2X7R), which is involved
in the progression of atherosclerosis [72,73]. P2X7R blockade with
suppression of NLRP3 activation may be associated with plaque
regression [72,73]. These studies provide preliminary evidence for the
powerful anti-inflammatory action of P2X7R targeting and its potential
role in the attenuation and stabilization of atherosclerotic plaque. The
TNF-alpha Converting Enzyme, also called ADAM17 is a type I trans-
membrane metalloproteinase. ADAM17 promotes vascular inflamma-
tion in endothelial cells, smooth muscle cells, and macrophages, and
regulates the occurrence and development of atherosclerosis. ADAM17
is an attractive candidate to study its role in inflammatory disorders and
it could be considered as a therapeutical target to obtain plaque
regression [74]. Given the new therapeutical treatments for diabetes
[59,60,68,75,76] and the more potent treatments available for dyslipi-
demia [38,39], we suggested that multi-treatment with GLP1Ras [60],
SGLT2is [59] and intensive therapy with statins, ezetimibe, bempedoic
acid and PCSK9 inhibitors, may be employed to achieve LDL target and
induce the regression of atherosclerotic coronary plaques [51,52]
(Fig. 1).

Funding

P.F. is supported by the Italian Ministry of University Research grant
20229ZA2YF.

CRediT authorship contribution statement
Bucciarelli Loredana: Writing — original draft. Andreini Daniele:

Writing — review & editing. Fiorina Paolo: Writing — review & editing.
Marchetti Davide: Writing — review & editing. Catapano Federica:

Table 4
Principal human Clinical Trials in patients with type 2 diabetes.
Trials in DM Treatment/strategy Time/N. Pts/Technique Result Range of lipid profile
population
PERISCOPE Pioglitazone vs 34.5 months Regression of PAV with a greater decline of
JAMA 2008 glimepiride 5238 pts of which 543 pts coronary HbAlc

JAPAN-ACS in Acute
coronary Syndrome
Circ 2010

SATURN
NEJM 2011

COSMOS subanalysis
Cardiovac diabetol
2012

TRUTH
Circ 2012
GLAGOV
JAMA 2016
PACMAN-AMI
JAMA 2022

PI 4 mg and AT 20 mg

RO 40 mg vs
atorvastatin 80 mg

RO 2.5 mg up -titrated
to 20 mg/die

PI 4 mg or PV 40 mg

EV-+maximun dose of
tollerated statin

AL +high intensity
statin

intravascular ultrasonography (18
months)
within 72 h after PCI/73 DM over 251 pts

24 months/159 DM over 1039 Pts/IVUS
76 week/40 pts with HbAlc >0 = 6.5 %
(HG)

86 pts with HbAlc< 6.5 % (LG)

8 months/50 DM over 119 Pts

18 months/20 % DM pts/IVUS
52weeks/26 % DM pts/IVUS

OCT
NIFS

PAV + 0.73 % with glimepiride, - 0.16 % with
pioglitazone*

Regression plaque achieved only for lower LDL-
C level compared to non DM patients

Regression of plaques by PAV

Plaque regression less in ptz with HbAlc>or
= 6.5 % compared to ptz HbAlc< 6.5 % group
PAV significantly correlated with baseline
HbAlc.

Regression of fibro-fatty part less pronunced in
DM ptz
Sub analysis for DM were not made

Regression in non-infarct-related arteries
«Triple regression» : in 8 % of DM (1/3 diabetic
Pts)

Regression only for
LDL< 70 mg/dl

LDL< 80 mg/dl

LDL reduced 37 % HG,
39 % LG

HDL increased 16 % HG,
22 % LG

LDL reduction of 75 %

LDL< 70 mg/dl or 50 %
reduction from baseline

Abbreviations: Diabetes Mellitus (DM), Atorvastatin (AT); Ezetimibe (EZT); PAV (percentage atheroma volume), Evolocumab (EV), Alirocumab (AL), Cardiovascular

disease (CAD), 642 Rosuvastatin (RO) Pitavastatin (PI), Pravastatin (PV).
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