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Abstract: Diabetes mellitus (DM) is one of the most common and costly disorders that affect humans
around the world. Recently, clinicians and scientists have focused their studies on the effects of
glycemic variability (GV), which is especially associated with cardiovascular diseases. In healthy
subjects, glycemia is a very stable parameter, while in poorly controlled DM patients, it oscillates
greatly throughout the day and between days. Clinically, GV could be measured by different
parameters, but there are no guidelines on standardized assessment. Nonetheless, DM patients with
high GV experience worse cardiovascular disease outcomes. In vitro and in vivo studies showed
that high GV causes several detrimental effects, such as increased oxidative stress, inflammation, and
apoptosis linked to endothelial dysfunction. However, the evidence that treating GV is beneficial
is still scanty. Clinical trials aiming to improve the diagnostic and prognostic accuracy of GV
measurements correlated with cardiovascular outcomes are needed. The present review aims to
evaluate the clinical link between high GV and cardiovascular diseases, taking into account the
underlined biological mechanisms. A clear view of this challenge may be useful to standardize the
clinical evaluation and to better identify treatments and strategies to counteract this DM aspect.

Keywords: glycemic variability; diabetes; cardiovascular disease; translational studies

1. Introduction

Diabetes mellitus (DM) is a well-known risk factor for CVD [1-3]. Based on the Fram-
ingham risk score, which is one of the most commonly used algorithms to estimate the
10-year cardiovascular risk of an individual, DM patients show an increased incidence of
cardiovascular events and have a 2 to 4-fold higher risk of cardiovascular mortality [4,5]. Re-
cently, attention has turned to glucose variability as an independent risk factor underlying
CVD risk in addition to hyperglycemia per se.

There are three main components of dysglycemia in DM patients: chronic hyper-
glycemia, hypoglycemia, and glycemic variability (GV). The clinical term GV biologically
refers to the blood glucose oscillations that occur throughout the day (short-term GV),
including hypoglycemic periods and postprandial glucose increases, as well as the blood
glucose oscillations that occur at the same time on different days (long-term GV). Both
short- and long-term GV have been hypothesized to be deleterious [5,6]. Particularly, sev-
eral studies demonstrated that prolonged poor glycemic control is associated with worse
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outcomes in CVD patients [7]. Recent studies showed that glucose oscillations were more
significantly associated with atherosclerotic-related diseases than chronic hyperglycemia
in patients with type 2 DM (T2DM) [8-10]. Moreover, high GV, in patients with acute
coronary syndrome (ACS), was associated with increased major adverse cardiovascular
(MACE) and cerebrovascular events (MACCE) [11,12]. High GV, experienced by patients
after cardiac surgery, led to major complications and adverse outcomes [13,14]. The mech-
anisms that might explain the deleterious effects of GV on cardiovascular complications
could be related to oxidative stress, with increased production of reactive oxygen species
(ROS), coagulation, vascular inflammation, and endothelial dysfunction [4,6,15]. Indeed,
glycemic oscillations were shown to cause significant oxidative stress and inflammation in
endothelial cells, to increase the adhesion of monocytes to endothelial cells, and to increase
endothelial cell apoptosis [15]. Consequently, current treatment recommendations for
patients with DM place a heavy emphasis on closely monitoring and controlling glycemic
levels to improve CV outcomes. Intriguingly, new continuous glucose measuring (CGM)
technologies are enabling clinicians to collect unbiased glucose data under routine living
conditions [16]. CGM data have revealed that (i) glycemia is a strictly stable parameter in
healthy subjects, and (ii) persistent aberrant glucose fluctuations are well monitored by
these new applicable devices [16].

In light of the above, the present review aims to clarify our knowledge about the
role of GV in cardiovascular disease onset and progression. Furthermore, we focused on
the importance of identifying and adopting correct therapeutical strategies to obtain GV
effective reduction and thus, a beneficial translation on CV outcomes.

2. Glycemic Variability and Clinical Implications

Despite several epidemiological investigations that identified chronic hyperglycemia
as a risk factor for DM complications leading to CVD, GV has been presented as an
independent risk factor and predictor of worse cardiovascular outcomes [17,18]. It is well
established that hyperglycemia accelerated glycation, causing a strong relationship between
hemoglobinAlc (HbAlc) levels and glucose plasma levels; instead, glucose oscillations are
partially independent of blood glucose level and HbAlc. Thus, the “gold” standard HbAlc
used to reflect the severity of hyperglycemia could only represent the long-term blood
glucose control but not the oscillations in plasma glucose [19]. Studies have shown that the
risk of development or progression of macrovascular and microvascular complications are
different even though the patients have the same HbAlc level [3,20,21]. According to these
studies, mean blood glucose and pre-prandial and post-prandial blood glucose, but not
HbA1lc, were significantly correlated with the risk of cardiovascular complications [3,20,21].
Accordingly, post-prandial hyperglycemia has been identified as an independent risk factor
for CVD complications in DM patients [22], sustaining the relationship between GV and
worst DM complications.

Nowadays, there are many different indexes applied for GV measurement (Table 1),
and the standard deviation (SD) of the mean glucose value is one of the most utilized [20].
Other commonly used indicators include the coefficient of variation (CV, calculated as
SD/mean glucose value), the mean amplitude glycemic excursion (MAGE), the glycemic
lability index (LI), the mean of daily difference (MODD), the continuous overlapping net
glycemic action (CONGA), the high blood glucose index (HBGI), the low blood glucose
index (LBGI), the interquartile range (IQR), and the Average Daily Risk Range (ADRR) [21].
Recently, it has been recognized that an essential parameter to consider when evaluating
GV, which would facilitate safe and effective therapeutic decision making, is also the time
spent in the various glycemic ranges (i.e., time per day within target glucose range (TIR),
time below target glucose range (TBR), and time above target glucose range (TAR) [23].
Since each index has its limitations, to better compare data across different studies, the
clinical community should design standardized guidelines to precisely measure GV [24].
Achieving this goal will be a key point to identify the biological mechanisms underlying GV.
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Nevertheless, GV has been evaluated in numerous clinical trials and associated with
the negative outcomes in CVD (Table 2). In particular, it was presented as a potential
and independent prognostic predictor in patients with chronic and acute coronary artery
dis-ease (CAD) [12,25,26], playing an important role in the pathogenesis of atherosclero-
sis [25,27,28].

2.1. Role of Glycemic Variability in Subclinical Atherosclerosis and CVD Risk

First of all, it has been shown that GV has a detrimental effect on subclinical atheroscle-
rosis before plaque formation. Indeed, a high carotid-intimal medial thickness (IMT),
measured in patients without carotid stenosis was independently correlated with MAGE
and blood glucose SD [26]. According to other studies, an impaired GV was associated
with IMT and left ventricular mass index in short-term DM patients with optimal metabolic
control [29]. Of note, the latest meta-analysis, aimed to evaluate the GV effects on CVD
risk factors, indicates that GV reduction is accompanied by IMT decline, leading to a
decreased risk of acute myocardial infarction (AMI) and stroke [30]. In addition, the au-
thors speculated that GV may affect the phosphoinositide 3-kinase (PI3K)/protein kinase
B signal pathway, aggravate glucose tolerance, and increase IMT levels, thus leading to
CVD [30]. Recently, a new prospective observational study has been proposed to clarify
the relationships between GV, evaluated by continuous glucose monitoring (CGM), the
incidence of composite cardiovascular events, and the progression of atherosclerosis in
patients with type 2 DM who have no apparent history of CVD [31]. Interestingly, the
enrollment of 1000 patients is already complete, and hopefully, the results will be available
in 2024, after 5 years of follow-up (University Hospital Medical Information Network
Clinical Trial Registry UMIN000032325).

2.2. Glycemic Variability and Stable Coronary Artery Disease

In stable CAD patients, pre-procedural GV, assessed by CGM, was found to correlate
with myocardial and renal damage markers, e.g., increased levels of neutrophil gelatinase-
associated lipocalin and serum creatinine, after coronary stenting [41]. GV measured by
MAGE before percutaneous coronary intervention (PCI) was associated with increased
coronary neointimal growth after 9 months of follow-up [42]. The authors suggested
that measuring GV might be useful in secondary prevention, since GV affects neointimal
thickening independently of dyslipidemia control [42]. Furthermore, intraoperative GV
may negatively influence the outcomes after cardiac surgery. Indeed, recent evidence
recognized GV as an independent risk factor for early postoperative acute kidney injury [43].
In addition, for patients who underwent scheduled coronary artery bypass grafting (CABG)
surgery, post-operative GV was associated with poor short-term outcomes, including
increased risk of post-operative atrial fibrillation (AF), cardiac arrest, pneumonia, renal
failure, stroke, sepsis, reoperation, and mortality [13,44—46]. Similar, to CABG surgery, in
patients who underwent transcatheter aortic valve implantation (TAVI), post-procedural
GV was independently correlated with an increased risk of major complications within
30 days after the procedure [14].

2.3. Glycemic Variability and Coronary Plaque Vulnerability

It is important to consider that blood GV is also related to the vulnerability of coronary
plaque (Table 3), which in turn is closely associated with the risk of experiencing AML
Higher blood GV, measured by MAGE in ACS patients, was an independent determinant
of increased lipid and decreased fibrous contents with larger plaque burden [44]. Of note,
significant correlations of MAGE values with coronary plaque instability were found, and
higher GV was more closely linked with the markers of oxidative stress and inflammation
as compared to conventional glucose indicators [44]. However, recent data evidenced
the relationship of GV with the vulnerability of the coronary plaque, which is seen as
an alteration of fibrous and necrotic plaque volume in ACS patients, independently of
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oxidative stress. Nevertheless, in this study, 8-iso-ProstaglandinF2o was used for oxidative
stress evaluation, which may not fully reflect oxidative stress damage in ACS patients [34].

Table 1. GV index.

GV Index Definition Reported Features
It is equally sensitive in predicting future episodes
ADRR Average Daily Risk The sum of the daily peak risks for of extreme hypoglycemia and hyperglycemia, and it
Range hyperglycemia and hypoglycemia is less sensitive to variability within the target blood
glucose range [32]
Contintous Intraday (within-day) glycemic
. variation. The standard deviation of the Itis a parameter that reflects the variability of blood
CONGA Overlapping Net . . S
: . differences of glucose readings for a glucose over a certain time interval [20]
Glycemic Action . .
defined period of hours
Coefficient of The extent of variability m relat1on*to Less influenced when comparing data sets with
cv Variation the mean of the population. 100 widely different mean glucose values (or HbAlc) [6]
SD/mean of the observations y &
Distribution of glucose data at a given  Plotting the IQR (around the median glucose curve)
. time-point calculated from on a modal day glucose profile makes it is easy to
QR Interquartile Range non-parametric statistics. The spot what time of day has the most GV and needs
difference between the 25-75 percentile. attention [33]
It processes three glucose values to It can serve as an indicator of patients” prognosis
LI Lability Index calculate a lability value and then [34,35] P Prog
moves to the next three glucose values ”
Implemented by converting glucose
LBGI/HBGI Low/High Blood values into risk scores. If the risk score ~ They can assess the risk of severe hypoglycemia or
Glucose Index is below 0, then the risk is labeled LBGI; hyperglycemia in diabetic patients [36]
if it is above 0, HGBL.
Absolute differences between This measure includes minor as well as major
MAG Mean Absolute sequential readings divided by the time  glucose swings and a time axis as the coordinate; it
Glucose between the first and last blood glucose  does not permit assessment of the real magnitude of
measurement glycemic excursions but rather their kinetics [37]
Average of all blood glucose excursions .
. . The most common measure of glucose spikes,
Mean Amplitude or swings (peak to trough) that are . .
MAGE . ) swings, or excursions as opposed to glucose
Glycemic Excursion  greater than 1 SD of all measures for a . .
. . dispersion [20]
given glucose profile
i . . A variation measure that is the most familiar to
The amount of variation or dispersion L -
Mean Mean and Standard . clinicians and easy to calculate. Most accurate if
L of a data set. The SD of the data set is ,, .. .
and SD Deviation . . values are “normally distributed around the mean,
the square root of its variance L
which is often not the case [33]
Interday (between-day) glycemic
Mean of Daily variation. The absolute value of the It can be used to assess the continuous changes of
MODD . difference between glucose values .
Difference - blood glucose between different days [20]
taken on two consecutive days at the
same time
The amount of time that glucose is in Early studies suggest that time-in-range is just as
TIR Time in Range the target ranges between 3.9 and good a predictor of long-term diabetes

10.0 mmol/L within 24 h

complications [23,38]




Int. J. Mol. Sci. 2021, 22, 8393

50f15

Table 2. Glucose variability and cardiovascular outcomes.

Ccv Patients Intervention Glucose Fluctuation Observed Effect(s)
Diagnosis ~ Number Type Monitoring
ACS MAGE, SMBG within 72 h Increased GV associated with 1ncr§asgd com}?051te
STEMI 237 p-PCI after p-PCI MACE and non-IRA revascularization during
p in-hospital and 30-day follow-up [12]
ACS Increased GV associated with 30-day increased
STEMI, 864 PCI/CABG Mean ar.1d SD of b 10.0 d glucose incidence of MACCE and AF during hospitalization,
NSTEMI, during hospitalization .
UA and length of hospital stay [11]
Mean and SD of blood glucose . . .
ACS + DM 262 PCI/CABG  6-months follow-up using the Increased GV associated with 2-fold increased MACE
L after 6 months of follow-up [18]
WeChat application
ACS + DM PCI/CABG/ SD with the A GV cut-off value of >2.70 mmol/L predicts
STEMI, 327 medical cut-off > 2.7 mmol/L, in mid-term MACE in patients after 16.9 months of
NSTEMI treatment hospital follow-up [39]
Increased post-operative GV associated with
CAD 1461 CAGB Post-operative CV within 24 h increased risk for in-hospital major adverse
events [13]
Post-operative SD, CV, MAGE Increased 24 h post-operative GV was independently
CAD 2073 CAGB within 24 h associated with AF incidence [40]
SD, CV, MAGE, CONGA 12 h Alte'red GV indexes assoc1ateF1 with post—proceidural
CAD + DM 28 PCI impairment of renal function and myocardial
before and after PCI
damage [41]
Larger glucose fluctuation is an independent risk
. factor for impaired uniform vessel healing after
CAD + DM 50 PCI MAGE, 3 consecutive days second-generation drug-eluting stent implantation

before PCI

after 9 months of follow-up and associated with
MACE [42]

ACS: acute coronary syndrome; AF: atrial fibrillation; CABG: cardiac artery bypass grafting; CAD: coronary artery disease; CONGA:
continuous overall net glycemic action; CV: cardiovascular; DM: diabetes mellitus; GV: glycemic variability; IRA: infarct-related coronary
artery; MACE: major adverse cardiovascular events; MACCE: major adverse cardiovascular and cerebrovascular events; MAGE: mean
amplitude of glycemic excursions; NSTEMI: non-ST segment elevation myocardial infarction; p-PCI: primary percutaneous coronary
intervention; SD: standard deviation; SMGB: self-measured blood glucose; STEMI: ST-elevation myocardial infarction; UA: unstable angina.

The effect of GV has been also assessed on the morphological features of coronary

plaques in CAD patients treated with lipid-lowering therapy. Using MAGE, GV was
identified as the only independent predictor of the thin-cap fibro-atheroma, evaluating
166 lesions in 72 CAD patients [47]. Of note, various indexes of GV, such as SD, MAGE,
CONGA, and MODD, were all associated with vulnerability of coronary plaque, but
MAGE and SD were shown to have the highest correlation in comparison with others [48].
Recently, the impact of CD14++/CD16+ monocytes on plaque vulnerability in DM and
non-DM patients with asymptomatic CAD has been evaluated. This study revealed that
GV, measured by MAGE, could alter the balance of monocyte subsets, favoring those
associated with plaque vulnerability [45].

Nevertheless, further studies are required to find a way to prevent the deleterious
effects of GV on plaque formation. In this regard, the design of The Observation of Coronary
Atheroma Progression under Continuous Glucose Monitoring Guidance in Patients with
T2DM (OPTIMAL) study was recently reported (University Hospital Medical Information
Network Clinical Trial Registry UMIN000036721). The results of this important study will
reveal if reducing the extent of GV will affect coronary atheroma progression [46].
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Table 3. Glucose fluctuation and plaque vulnerability.

CV Diagnosis Patients  Intervention GV Monitoring Observed Effect(s)
Number Type
MAGE during hospital admission (at Hl gher GV is aSSOCI?ted with mcrease'd
ACS 57 PCI 10 + 6 days) to minimize the influence lipid and decreased fibrous contents with
STEMI, NSTEM y larger plaque burden and higher
of ACS N
remodeling index [44]
MAGE and PPGE negatively correlated
ACS 8 PCI MAGE, MODD, PPGE, LAGE with the percent fibrous volume and
NSTEMI, UA post-procedural 48-72 h positively with the percent necrotic
volume [34]
CAD 72 PCI MAGE, 3 consecutive days before PCI Increased GV correlateg with lipid-rich
plaque formation [47]
All GV indexes associated with plaque
SD, MAGE, CONGA, MODD before  vulnerability, MAGE, and ST had a higher
CAD 53 PCI . .
the procedure correlation with coronary plaque
vulnerability in comparison to others [48]
Increased GV correlated with CD14++
CAD + DM 51 PCI MAGE, 3 consecutive days before PCI CD16+ monocytes in non-DM

patientsCD14++ CD16+ monocytes
associated with plaque vulnerability [45]

2.4. Glycemic Variability and Acute Coronary Syndromes

Notably, greater GV, measured by MAGE, in patients with AMI who underwent
primary PCI was independently associated with composite MACE (in-hospital and 30 days
follow-up) as well as not infarct-related coronary revascularization [12]. Results from
other studies suggested that higher GV, in ACS patients, was correlated with a greater
incidence of acute kidney injury, AF, longer hospitalization, and MACE during 30 days
follow-up [11,49]. ACS patients with higher GV measured by self-measured blood glucose
(SMBG) had a 2-fold increased risk of MACE at 6 months follow-up [18]. Therefore, high
GV might be an additional parameter to be considered for better risk stratification of
patients with ACS. Indeed, recently published results proposed the cut-off of >48.6 mg/dL
for GV, as assessed by SD during hospitalization, indicating the strong predictive ability
of GV on poor outcomes after 1.5 years follow-up [39]. Of note, the HEART2D study
(NCT00191282) failed to demonstrate that post-prandial hyperglycemia is an independent
risk factor for cardiovascular disease in DM patients [22]. However, a post-hoc analysis
confirmed that targeting post-prandial glycemia, in older T2DM AMI survivors, reduced
the risk for a subsequent cardiovascular event [50]. On the other hand, analysis of the
effect of tight glycemic control in acute myocardial infarction showed that myocyte progen-
itor cell number (MPC) and myocyte proliferation significantly increased with the early
achievement of tight glycemic control, indicating its beneficial effect on the regenerative
potential of ischemic myocardium [51].

Recently, the LIBERATES trial (IRAS ID 223768; Trial Registration: ISRCTN14974233)
was designed to investigate the role of CGM to optimize glycemic markers in T2DM
patients who experienced AMI. The main hypothesis is that a modern glycemic monitoring
strategy would optimize glucose levels in these patients and thus improve their quality of
life [52]. Therefore, until the results of this trial are available, the reduction of cardiovascular
outcomes achieved by controlling the GV remains to be proved.
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2.5. Glycemic Variability in Patients with Type 1 Diabetes (T1DM) and
Cardiovascular Complications

Recently, Greven et al. [53] showed that mean glucose concentration and HbAlc levels,
as well as treatment regimens, were similar between T1DM and T2DM. However, the
extent of GV was greater in T1DM rather than T2DM, possibly because of the preserved
residual beta-cell function in the latter group [53,54].

The association between GV and increased risk of cardiovascular complications, such
as cardiovascular autonomic neuropathy (CAN) in TIDM, was exanimated in a recently
published systematic review [24]. This review showed high heterogeneity in the method-
ological approaches of different studies, and thus, it is difficult to compare them and come
to an unambiguous conclusion regarding GV implication. Of note, the results from analysis
of the associations between CAN, the glycemic control, and cardiovascular risk factors
in patients with TIDM and T2DM suggested that CAN is a more frequent complication
in T1IDM [55]. Whereas the attempt to assess whether GV can independently contribute
to the CAN onset or progression in T1IDM patients could not lead to an unequivocal con-
clusion due to high heterogeneity and inconsistency of methodological approaches for
the CAN and GV assessment in different studies. Thus, further studies using unified and
standardized methods to measure CAN and GV are required.

2.6. Possible Pharmacological Treatment to Control High Glycemic Variability Detrimental Effects

New glucose-lowering drugs, with a potential benefit on the stabilization of glycemic
fluctuations, have been recently introduced for the management of diabetic patients,
namely, Glucagon-like peptide 1 receptor (GLP1-R) agonists, sodium-glucose co-transporter
2 (SGLT?2) inhibitors, and dipeptidyl-peptidase-4 enzyme (DPP-4) inhibitors.

Nusca et al. [54] summarized the clinical studies investigating the effects of these
new agents on GV assessed by CGM. Of note, GLP1-R agonists, SGLT2 inhibitors, and
DPP-4 inhibitors seem to be able to alleviate GV with a low risk of hypoglycemia [6,54].
Several studies indicated an important effect of DPP-4 inhibitor on GV reduction, while
only a neutral effect was observed on cardiovascular outcomes. On the other hand, SGLT2
inhibitors and GLP1-R agonist was shown to be effective not only on the attenuation of
GV but also on the reduction of major adverse cardiovascular events (MACE) in patients
with type 2 diabetes [54]. In particular, Famulla et al. [49] showed that Empagliflozin, a
potent and selective SGLT2 inhibitor, decreased glucose exposure and variability, increasing
time in the glucose target range. Moreover, treatment with Dapagliflozin, over 24 weeks,
improved time in range, mean glucose, and glycemic variability without increasing the
time spent in the hypoglycemic range [56]. Considering the complex beneficial effect of
SGLT2 inhibitors and GLP1-R agonists on both GV and CV outcomes further supports that
this pharmacological strategy is more appropriate for the T2DM patient treatment.

Furthermore, glargine, and the new long-acting insulin analogs degludec, have been
proven to be effective strategies for reducing GV [15,57,58]. Nevertheless, no significant
difference was found between glargine and degludec in impact on GV [59] and MACE [60].
The main method to control GV is represented by a proper CGM strategy, which combines
patient education with the use of effective GV-reducing drugs [49,56,61,62]. Taking these
data together, we can conclude that CGM combined with new glucose-lowering drugs has
beneficial effects on metabolic control in both TIDM and T2DM as well as across various
insulin treatment regimens [49,56,61,62].

Finally, multiple modifiable risk factors should be considered in the evaluation of dia-
betes complications. Indeed, the result of a recently published clinical trial (NCT00535925),
conducted on high-risk diabetic patients with cardiovascular disease, showed that a com-
prehensive and multifactorial intensive treatment of main cardiovascular risk factors
significantly reduces the risk of MACEs and all-cause mortality [63].
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3. Animal Models of Glycemic Variability

There are many animal models to study the DM and its complications with character-
istics similar to humans; thus, the genetic background and the experimental procedure, as
well as the nutritional regimen, should be carefully selected depending on what aspects of
the disease are being studied (Figure 1) [57,64,65].

In vivo studies have shown that the earliest defects that characterize DM are abnor-
malities in myocardial substrate metabolism (increased fatty acid oxidation and decreased
glucose uptake and oxidation) and energy metabolism (decreased mitochondrial func-
tion) [58,66,67]. Moreover, impaired insulin signaling in the myocardium increases the sus-
ceptibility to ischemia and hypertrophy [67,68]. Likewise, atherosclerotic apolipoprotein-E-
deficient mice streptozotocin (STZ) injected to induce DM exhibited increased atherosclero-
sis in the aortic sinus, carotid artery, and abdominal aorta, as well as calcifications in the
proximal aorta [69,70]. Finally, the LDLr-/-ApolipoproteinB100/100 mouse model, on a
diabetogenic/ pro-calcific diet, had a 77% incidence of hemodynamically significant aortic
stenosis and developed calcification in both valve leaflets and hinge regions [71].

On the other hand, the animal models used to investigate the effects of GV are gen-
erated using artificial interventions, such as poorly maintained insulin control, feeding
maltose, or glucose injection [72-74]. Indeed, Saito et al. [75] showed that the glucose
fluctuations induced in diabetic rats increased ROS production with a direct consequence
on the upregulation of thioredoxin-interacting protein—a ubiquitously expressed protein
that binds and inhibits thioredoxin thereby inducing oxidative stress and apoptosis, in-
flammation, and cardiomyocyte apoptosis. Based on these results, the authors speculated
that these mechanisms could be at the core of cardiac fibrosis caused by GV. In another
study, it has been shown that GV promoted the development of endothelial dysfunction, in
a T2DM rat model, via inflammation [74]. In particular, in the serum of DM rats, tumor
necrosis factor-alpha (TNF-o) and soluble intercellular adhesion molecule 1 (ICAM-1),
inflammatory indicators, were drastically increased in the GV group compared with the
steady high glucose group. The results confirmed that high glucose concentrations caused
vascular endothelial dysfunction and GV could aggravate the endothelial injury even
further. Moreover, in the GV group, there was also an increased production of the vasocon-
strictor endothelin-1 (ET-1), indicating that the endothelial vasomotor dysfunction in early
DM rats might be related to increasing vessel stress [74]. In agreement, experiments using
Kakizaki rats indicated that GV enhances monocyte adhesion to the endothelium in the
thoracic aorta [19,76], and in Otsuka Long-Evans Tokushima Fatty (OLEFT) rats, it induces
vascular smooth muscle cells proliferation and migration via mitogen-activated protein
kinases, PI3K, and nuclear factor kappa B pathways [77]. Furthermore, a subsequent
study confirmed that GV enhances vascular smooth muscle cell proliferation to a greater
extent than constant hyperglycemia by enhancing matrix metalloprotease-2 (MMP-2) and
Osteopontin (OPN) [78].

Taking all this in vivo evidence together, it is clear that DM is strongly associated
with the appearance of cardiovascular pathologies and more importantly that GV causes
drastic deleterious effects to the vascular system, even compared to the sustained hyper-
glycemia condition.
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Figure 1. In vivo mouse and rat models used to study the effects of glucose in the cardiovascular system and the respective
obtained results.

4. In Vitro Studies of Glycemic Variability Effects on Human Cells

Several lines of evidence suggest that endothelial dysfunction and damage represent
the early steps in the development of vascular complications in DM [79-81]. Indeed,
in vitro investigations on the GV biological effects, in human cells, were primarily focused
on endothelial cells (Figure 2). Of note, to reproduce in vitro the GV effects, scientists have
adopted glucose oscillation methods that are achieved by continuously changing cell media
with different glucose concentrations (i.e., low and high cyclically every 24 h), bearing in
mind that in vitro models do not recapitulate all the interday and intraday GV experienced
by humans.

Experiments on human umbilical vein endothelial cells showed that glucose oscil-
lations could easily promote nitrotyrosine (3-NO-Tyr) and 8-hydroxydeoxyguanosine(8-
OHJG) production by the poly ADP-ribose polymerase pathway [82] as well as promote
ROS synthesis by the mitochondrial respiratory chain, enhancing oxidative stress and
endothelial cell apoptosis [79]. Simultaneously, the authors revealed an increase in the
expression levels of cell-adhesion molecules, such as ICAM-1, vascular adhesion molecule
1 (VCAM-1), and E-selectin, while phosphokinase C (PKC) inhibitor bisindolylmaleimide-I
and PKCp specific inhibitor LY379196 could decrease their expression [19,82-85]. Ex-
periments on human coronary artery endothelial cells corroborate the above-mentioned
findings by showing that glucose oscillations evoked a more intense inflammatory response
than constant high glucose, with a marked increase in interleukin-6, TNF-«, and ICAM-1 in
supernatants of cell culture [86]. Indeed, coronary artery endothelial cells under oscillating
glucose conditions showed an enhancement of oxidative stress and cellular apoptosis
through the inhibition of the Nrf2/HO-1 pathway [87]. In human retinal endothelial cells,
the exposure to glucose oscillations induced the overproduction of ROS at the mitochon-
drial transport chain level and an increased production of vascular endothelial growth
factor (VEGF) that enhances cell proliferation, leading to the development of diabetic
retinopathy [88].

Finally, recent evidence indicates that microRNA (miRNA) may function as important
regulators in the modulation of DM complications [10]. It has been demonstrated that
the exposure of endothelial cells to glucose oscillating conditions produced an impaired
antioxidant response increasing the expression of superoxide dismutase-1 (SOD-1), which
caused the upregulation of miR-185 that contributes to glutathione peroxidases-1 (Gpx-1)
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deregulation [89]. In addition, the miRNA-1273g-3p has been linked to increasing au-
tophagy and impaired cell proliferation, migration, and angiogenesis in endothelial cells
under oscillating glycemic conditions [90].

These findings suggest that GV may be more closely linked to endothelial dysfunction
and cardiovascular events than hyperglycemic conditions. In particular, a deeper analysis
of the glucose-oscillation-related molecular mechanisms involved in endothelial damage
could be useful for the development of new pharmacological treatments.
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Figure 2. In vitro endothelial models used the effects of glucose in the cardiovascular system and the respective obtained

results. HUVEC: human umbilical vein endothelial cells; HCAEC: human coronary artery endothelial cells; HREC: human

retinal endothelial cells.

5. Future Perspectives and Conclusions

Glycemic variability, measured as glucose oscillations intra- and interday, is often
underestimated but remains a relevant aspect in the management of DM patients. It has
been extensively shown that both GV and hyperglycemia cause similar detrimental effects
on the cardiovascular system. However, it is now recognized that the paths leading to
cardiovascular complications of GV and sustained hyperglycemia are quite different.

Indeed, GV might be also considered as an important parameter to better stratify
the cardiovascular risk of these patients. However, the evidence that treating high GV is
beneficial in reducing cardiovascular outcomes is still scanty, and the investigations of
novel therapeutic approaches for GV control are underway.

This review highlights the importance of designing ad hoc clinical trials with stan-
dardize GV measurements, involving CGM systems in cardiovascular patients. Indeed,
well-designed studies with advanced monitor devices will reveal the right time and dosage
of glucose-lowering agents with beneficial results in terms of GV reduction.

In addition to these clinical aspects, we focused on the essential role of the translational
approach to investigate and identify the detrimental molecular mechanisms generated
by poor glycemic control. However, most of the in vitro studies were performed on im-
mortalized cells with operator-dependent treatments, not resembling the complex human
conditions. Hence, studies on primary cells, co-culture systems, and automated bioreactors
will be crucial to improve the knowledge of molecular pathways involved in high GV
effects. In turn, these approaches will help to identify new therapeutic strategies aimed to
protect cells from high GV harmful effects.

In conclusion, we underline the necessity to (1) standardize and automatize GV mea-
surements to obtain clear and comparable data; (2) integrate clinical, cellular, and molecular
aspects linked to high GV on cardiovascular outcomes; and (3) design appropriate studies
to refine the therapeutical strategies that effectively reduce the cellular and molecular
consequences caused by high GV in DM patients.
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Abbreviations and Acronyms

3-NO-Tyr nitrotyrosine
8-OHdAG 8-hydroxydeoxyguanosine

ACS acute coronary syndrome

ADRR average daily risk range

AF atrial fibrillation

AMI acute myocardial infarction

CABG coronary artery bypass grafting
CAD coronary artery disease

CGM continuous glucose monitoring
CONGA  continuous overlapping net glycemic action
Ccv coefficient of variation

CVD cardiovascular diseases

DM diabetes mellitus

ET-1 endothelin-1

GV glycemic variability

GPx-1 glutathione peroxidase-1

HbAlc hemoglobin Alc

HBGI high blood glucose index

ICAM-1 intercellular adhesion molecule 1
IMT intimal medial thickness

IOR interquartile range

LBGI low blood glucose index

LI glycemic lability index

MACCE major adverse cardiovascular and cerebrovascular events
MAGE mean amplitude glycemic excursion

MMP-2 matrix-metalloprotease-2

MODD the mean of daily difference

NO nitric oxide

NSTEMI  non-ST elevation myocardial infarction
OLEFT Otsuka Long-Evans Tokushima Fatty

OPN osteopontin

PCI percutaneous coronary intervention
PI3K phosphoinositide-3-kinase

PKC phosphokinase C

ROS reactive oxygen species

SMBG self-measured blood glucose

SD standard deviation of the mean glucose
SOD-1 superoxide dismutase-1

STEMI ST-elevation myocardial infarction
STZ streptozotocin

T2DM type 2 diabetes mellitus

TAVI transcatheter aortic valve implantation
TNF-o tumor necrosis factor-alpha

VCAM-1  vascular adhesion molecule-1
VEGF vascular endothelial growth factor



Int. J. Mol. Sci. 2021, 22, 8393 12 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Monnier, L.; Colette, C.; Owens, D. The glycemic triumvirate and diabetic complications: Is the whole greater than the sum of its
component parts? Diabetes Res. Clin. Pract. 2012, 95, 303-311. [CrossRef] [PubMed]

Zimmet, P; Alberti, K.G.; Magliano, D.J.; Bennett, PH. Diabetes mellitus statistics on prevalence and mortality: Facts and fallacies.
Nat. Rev. Endocrinol. 2016, 12, 616-622. [CrossRef] [PubMed]

Cavalot, F. Do data in the literature indicate that glycaemic variability is a clinical problem? Glycaemic variability and vascular
complications of diabetes. Diabetes Obes. Metab. 2013, 15 (Suppl. S2), 3-8. [CrossRef]

Leon, B.M.; Maddox, T.M. Diabetes and cardiovascular disease: Epidemiology, biological mechanisms, treatment recommenda-
tions and future research. World |. Diabetes 2015, 6, 1246-1258. [CrossRef] [PubMed]

Kannel, W.B.; McGee, D.L. Diabetes and cardiovascular disease: The Framingham study. JAMA 1979, 241, 2035-2038. [CrossRef]
Ceriello, A.; Monnier, L.; Owens, D. Glycaemic variability in diabetes: Clinical and therapeutic implications. Lancet Diabetes
Endocrinol. 2019, 7, 221-230. [CrossRef]

Roussel, R,; Steg, P.G.; Mohammedi, K.; Marre, M.; Potier, L. Prevention of cardiovascular disease through reduction of glycaemic
exposure in type 2 diabetes: A perspective on glucose-lowering interventions. Diabetes Obes. Metab. 2018, 20, 238-244. [CrossRef]
[PubMed]

Torimoto, K.; Okada, Y.; Mori, H.; Tanaka, Y. Relationship between fluctuations in glucose levels measured by continuous glucose
monitoring and vascular endothelial dysfunction in type 2 diabetes mellitus. Cardiovasc. Diabetol. 2013, 12, 1. [CrossRef]

Su, G,; Mi, S.; Tao, H.; Li, Z.; Yang, H.; Zheng, H.; Zhou, Y.; Ma, C. Association of glycemic variability and the presence and
severity of coronary artery disease in patients with type 2 diabetes. Cardiovasc. Diabetol. 2011, 10, 19. [CrossRef]

Poznyak, A.; Grechko, A.V.; Poggio, P.; Myasoedova, V.A.; Alfieri, V.; Orekhov, A.N. The Diabetes Mellitus-Atherosclerosis
Connection: The Role of Lipid and Glucose Metabolism and Chronic Inflammation. Int. J. Mol. Sci 2020, 21, 1835. [CrossRef]
Xia, J.; Xu, J.; Li, B,; Liu, Z.; Hao, H.; Yin, C.; Xu, D. Association between glycemic variability and major adverse cardiovascular
and cerebrovascular events (MACCE) in patients with acute coronary syndrome during 30-day follow-up. Clin. Chim. Acta Int. ].
Clin. Chem. 2017, 466, 162-166. [CrossRef] [PubMed]

Zhang, ] W.; He, L].; Cao, S.J.; Yang, Q.; Yang, S.W.; Zhou, Y.]. Effect of glycemic variability on short term prognosis in acute
myocardial infarction subjects undergoing primary percutaneous coronary interventions. Diabetol. Metab. Syndr. 2014, 6, 76.
[CrossRef]

Subramaniam, B.; Lerner, A.; Novack, V.; Khabbaz, K.; Paryente-Wiesmann, M.; Hess, P.; Talmor, D. Increased glycemic variability
in patients with elevated preoperative HbA1C predicts adverse outcomes following coronary artery bypass grafting surgery.
Anesth. Analg. 2014, 118, 277-287. [CrossRef]

Besch, G.; Pili-Floury, S.; Morel, C.; Gilard, M.; Flicoteaux, G.; du Mont, L.S.; Perrotti, A.; Meneveau, N.; Chocron, S.;
Schiele, E; et al. Impact of post-procedural glycemic variability on cardiovascular morbidity and mortality after transcatheter
aortic valve implantation: A post hoc cohort analysis. Cardiovasc. Diabetol. 2019, 18, 27. [CrossRef] [PubMed]

Wu, N.; Shen, H,; Liu, H.; Wang, Y.; Bai, Y.; Han, P. Acute blood glucose fluctuation enhances rat aorta endothelial cell apoptosis,
oxidative stress and pro-inflammatory cytokine expression in vivo. Cardiovasc. Diabetol. 2016, 15, 109. [CrossRef]

Mazze, R.S.; Strock, E.; Wesley, D.; Borgman, S.; Morgan, B.; Bergenstal, R.; Cuddihy, R. Characterizing glucose exposure for
individuals with normal glucose tolerance using continuous glucose monitoring and ambulatory glucose profile analysis. Diabetes
Technol. Ther. 2008, 10, 149-159. [CrossRef] [PubMed]

Colette, C.; Monnier, L. Acute glucose fluctuations and chronic sustained hyperglycemia as risk factors for cardiovascular diseases
in patients with type 2 diabetes. Horm. Metab. Res. 2007, 39, 683-686. [CrossRef]

Xia, J.; Hu, S.; Xu, J.; Hao, H,; Yin, C.; Xu, D. The correlation between glucose fluctuation from self-monitored blood glucose and
the major adverse cardiac events in diabetic patients with acute coronary syndrome during a 6-month follow-up by WeChat
application. Clin. Chem. Lab. Med. 2018, 56, 2119-2124. [CrossRef] [PubMed]

Ge, Q.M;; Dong, Y.; Zhang, HM.; Su, Q. Effects of intermittent high glucose on oxidative stress in endothelial cells. Acta Diabetol.
2010, 47 (Suppl. S1), 97-103. [CrossRef]

Suh, S.; Kim, ].H. Glycemic Variability: How Do We Measure It and Why Is It Important? Diabetes Metab. |. 2015, 39, 273-282.
[CrossRef] [PubMed]

Zhang, 7.Y.; Miao, L.F; Qian, L.L.; Wang, N.; Qi, M.M.; Zhang, YM.; Dang, S.P.; Wu, Y.; Wang, R.X. Molecular Mechanisms of
Glucose Fluctuations on Diabetic Complications. Front. Endocrinol. 2019, 10, 640. [CrossRef]

Ceriello, A. Postprandial hyperglycemia and cardiovascular disease: Is the HEART2D study the answer? Diabetes Care 2009, 32,
521-522. [CrossRef]

Battelino, T.; Danne, T.; Bergenstal, R.M.; Amiel, S.A.; Beck, R.; Biester, T.; Bosi, E.; Buckingham, B.A.; Cefalu, W.T;
Close, K.L,; et al. Clinical Targets for Continuous Glucose Monitoring Data Interpretation: Recommendations From the
International Consensus on Time in Range. Diabetes Care 2019, 42, 1593-1603. [CrossRef]

Helleputte, S.; De Backer, T.; Lapauw, B.; Shadid, S.; Celie, B.; Van Eetvelde, B.; Vanden Wyngaert, K.; Calders, P. The relationship
between glycaemic variability and cardiovascular autonomic dysfunction in patients with type 1 diabetes: A systematic review.
Diabetes Metab. Res. Rev. 2020, 36, €3301. [CrossRef]

Hu, Y,; Liu, W,; Huang, R.; Zhang, X. Postchallenge plasma glucose excursions, carotid intima-media thickness, and risk factors
for atherosclerosis in Chinese population with type 2 diabetes. Atherosclerosis 2010, 210, 302-306. [CrossRef]


http://doi.org/10.1016/j.diabres.2011.10.014
http://www.ncbi.nlm.nih.gov/pubmed/22056719
http://doi.org/10.1038/nrendo.2016.105
http://www.ncbi.nlm.nih.gov/pubmed/27388988
http://doi.org/10.1111/dom.12140
http://doi.org/10.4239/wjd.v6.i13.1246
http://www.ncbi.nlm.nih.gov/pubmed/26468341
http://doi.org/10.1001/jama.1979.03290450033020
http://doi.org/10.1016/S2213-8587(18)30136-0
http://doi.org/10.1111/dom.13033
http://www.ncbi.nlm.nih.gov/pubmed/28597588
http://doi.org/10.1186/1475-2840-12-1
http://doi.org/10.1186/1475-2840-10-19
http://doi.org/10.3390/ijms21051835
http://doi.org/10.1016/j.cca.2017.01.022
http://www.ncbi.nlm.nih.gov/pubmed/28111271
http://doi.org/10.1186/1758-5996-6-76
http://doi.org/10.1213/ANE.0000000000000100
http://doi.org/10.1186/s12933-019-0831-3
http://www.ncbi.nlm.nih.gov/pubmed/30857532
http://doi.org/10.1186/s12933-016-0427-0
http://doi.org/10.1089/dia.2007.0293
http://www.ncbi.nlm.nih.gov/pubmed/18473688
http://doi.org/10.1055/s-2007-985157
http://doi.org/10.1515/cclm-2018-0220
http://www.ncbi.nlm.nih.gov/pubmed/30016270
http://doi.org/10.1007/s00592-009-0140-5
http://doi.org/10.4093/dmj.2015.39.4.273
http://www.ncbi.nlm.nih.gov/pubmed/26301188
http://doi.org/10.3389/fendo.2019.00640
http://doi.org/10.2337/dc08-2209
http://doi.org/10.2337/dci19-0028
http://doi.org/10.1002/dmrr.3301
http://doi.org/10.1016/j.atherosclerosis.2009.11.015

Int. J. Mol. Sci. 2021, 22, 8393 13 of 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Mo, Y.; Zhou, J.; Li, M.; Wang, Y.; Bao, Y.; Ma, X,; Li, D.; Lu, W.; Hu, C.; Jia, W. Glycemic variability is associated with subclinical
atherosclerosis in Chinese type 2 diabetic patients. Cardiovasc. Diabetol. 2013, 12, 15. [CrossRef] [PubMed]

Ceriello, A.; Esposito, K.; Piconi, L.; Ihnat, M.A.; Thorpe, J.E.; Testa, R.; Boemi, M.; Giugliano, D. Oscillating glucose is more
deleterious to endothelial function and oxidative stress than mean glucose in normal and type 2 diabetic patients. Diabetes 2008,
57,1349-1354. [CrossRef] [PubMed]

Monnier, L.; Mas, E.; Ginet, C.; Michel, E; Villon, L.; Cristol, J.P.; Colette, C. Activation of oxidative stress by acute glucose
fluctuations compared with sustained chronic hyperglycemia in patients with type 2 diabetes. JAMA 2006, 295, 1681-1687.
[CrossRef]

Di Flaviani, A.; Picconi, E; Di Stefano, P.; Giordani, I.; Malandrucco, I.; Maggio, P.; Palazzo, P.; Sgreccia, F.; Peraldo, C.;
Farina, F; et al. Impact of glycemic and blood pressure variability on surrogate measures of cardiovascular outcomes in type 2
diabetic patients. Diabetes Care 2011, 34, 1605-1609. [CrossRef]

Liang, S.; Yin, H.; Wei, C.; Xie, L.; He, H.; Liu, X. Glucose variability for cardiovascular risk factors in type 2 diabetes: A
meta-analysis. J. Diabetes Metab. Disord. 2017, 16, 45. [CrossRef] [PubMed]

Mita, T.; Katakami, N.; Okada, Y.; Yoshii, H.; Osonoi, T.; Nishida, K.; Shiraiwa, T.; Torimoto, K.; Kurozumi, A.; Wakasugi, S.; et al.
Protocol of a Prospective Observational Study on the Relationship Between Glucose Fluctuation and Cardiovascular Events in
Patients with Type 2 Diabetes. Diabetes Ther. Res. Treat. Educ. Diabetes Relat. Disord. 2019, 10, 1565-1575. [CrossRef] [PubMed]
Patton, S.R.; Clements, M.A. Average daily risk range as a measure for clinical research and routine care. J. Diabetes Sci. Technol.
2013, 7, 1370-1375. [CrossRef] [PubMed]

Bergenstal, R-M. Glycemic Variability and Diabetes Complications: Does It Matter? Simply Put, There Are Better Glycemic
Markers! Diabetes Care 2015, 38, 1615-1621. [CrossRef] [PubMed]

Zhang, T.; Su, G.; Mi, S.H.; Yang, H.X.; Xin, W.; Dai, W.L.; Liu, ].H. Association Between Blood Glucose Variability and the
Characteristics of Vulnerable Plaque in Elderly Non-ST Segment Elevation Acute Coronary Syndrome Patients. Int. Heart . 2019,
60, 569-576. [CrossRef] [PubMed]

Gu, W,; Liu, Y;; Liu, H,; Yang, G.; Guo, Q.; Du, J.; Jin, N.; Zang, L.; Lv, Z.; Ba, J.; et al. Characteristics of glucose metabolism indexes
and continuous glucose monitoring system (CGMS) in patients with insulinoma. Diabetol. Metab. Syndr. 2017, 9, 17. [CrossRef]
Gomez, A.M.; Munoz, O.M.; Marin, A.; Fonseca, M.C.; Rondon, M.; Robledo Gomez, M.A.; Sanko, A.; Lujan, D,
Garcia-Jaramillo, M.; Leon Vargas, EM. Different Indexes of Glycemic Variability as Identifiers of Patients with Risk of
Hypoglycemia in Type 2 Diabetes Mellitus. . Diabetes Sci. Technol. 2018, 12, 1007-1015. [CrossRef]

Kohnert, K.D.; Heinke, P; Fritzsche, G.; Vogt, L.; Augstein, P; Salzsieder, E. Evaluation of the mean absolute glucose change as a
measure of glycemic variability using continuous glucose monitoring data. Diabetes Technol. Ther. 2013, 15, 448-454. [CrossRef]
[PubMed]

Saboo, B.; Kesavadev, J.; Shankar, A.; Krishna, M.B.; Sheth, S.; Patel, V.,; Krishnan, G. Time-in-range as a target in type 2 diabetes:
An urgent need. Heliyon 2021, 7, €05967. [CrossRef] [PubMed]

Gerbaud, E.; Darier, R.; Montaudon, M.; Beauvieux, M.C.; Coffin-Boutreux, C.; Coste, P.; Douard, H.; Ouattara, A.; Catargi, B.
Glycemic Variability Is a Powerful Independent Predictive Factor of Midterm Major Adverse Cardiac Events in Patients With
Diabetes With Acute Coronary Syndrome. Diabetes Care 2019, 42, 674—681. [CrossRef] [PubMed]

Clement, K.C.; Alejo, D.; DiNatale, J.; Whitman, G.J.R.; Matthew, T.L.; Clement, S.C.; Lawton, J.S. Increased glucose variability is
associated with atrial fibrillation after coronary artery bypass. J. Card. Surg. 2019, 34, 549-554. [CrossRef]

Nusca, A.; Lauria Pantano, A.; Melfi, R.; Proscia, C.; Maddaloni, E.; Contuzzi, R.; Mangiacapra, F.; Palermo, A.; Manfrini, S.;
Pozzilli, P; et al. Glycemic Variability Assessed by Continuous Glucose Monitoring and Short-Term Outcome in Diabetic Patients
Undergoing Percutaneous Coronary Intervention: An Observational Pilot Study. J. Diabetes Res. 2015, 2015, 250201. [CrossRef]
[PubMed]

Kuroda, M.; Shinke, T.; Otake, H.; Sugiyama, D.; Takaya, T.; Takahashi, H.; Terashita, D.; Uzu, K.; Tahara, N.; Kashiwagi, D.; et al.
Effects of daily glucose fluctuations on the healing response to everolimus-eluting stent implantation as assessed using continuous
glucose monitoring and optical coherence tomography. Cardiovasc. Diabetol. 2016, 15, 79. [CrossRef] [PubMed]

Nam, K.; Jeon, Y.; Kim, W.H.; Jung, D.E.; Kwon, S.M.; Kang, P.; Cho, Y.J.; Kim, T.K. Intraoperative glucose variability, but not
average glucose concentration, may be a risk factor for acute kidney injury after cardiac surgery: A retrospective study. Can. J.
Anaesth. 2019, 66, 921-933. [CrossRef]

Okada, K.; Hibi, K.; Gohbara, M.; Kataoka, S.; Takano, K.; Akiyama, E.; Matsuzawa, Y.; Saka, K.; Maejima, N.; Endo, M; et al.
Association between blood glucose variability and coronary plaque instability in patients with acute coronary syndromes.
Cardiovasc. Diabetol. 2015, 14, 111. [CrossRef]

Yoshida, N.; Yamamoto, H.; Shinke, T.; Otake, H.; Kuroda, M.; Terashita, D.; Takahashi, H.; Sakaguchi, K.; Hirota, Y.;
Emoto, T.; et al. Impact of CD14(++)CD16(+) monocytes on plaque vulnerability in diabetic and non-diabetic patients with
asymptomatic coronary artery disease: A cross-sectional study. Cardiovasc. Diabetol. 2017, 16, 96. [CrossRef]

Kataoka, Y.; Hosoda, K.; Makino, H.; Matsubara, M.; Matsuo, M.; Ohata, Y.; Koezuka, R.; Tamanaha, T.; Tomita, T.;
Honda-Kohmo, K,; et al. The efficacy of glycemic control with continuous glucose monitoring on atheroma progression:
Rationale and design of the Observation of Coronary Atheroma Progression under Continuous Glucose Monitoring Guidance in
Patients with Type 2 Diabetes Mellitus (OPTIMAL). Cardiovasc. Diagn. Ther. 2019, 9, 431-438. [CrossRef] [PubMed]


http://doi.org/10.1186/1475-2840-12-15
http://www.ncbi.nlm.nih.gov/pubmed/23316958
http://doi.org/10.2337/db08-0063
http://www.ncbi.nlm.nih.gov/pubmed/18299315
http://doi.org/10.1001/jama.295.14.1681
http://doi.org/10.2337/dc11-0034
http://doi.org/10.1186/s40200-017-0323-5
http://www.ncbi.nlm.nih.gov/pubmed/29164077
http://doi.org/10.1007/s13300-019-0665-8
http://www.ncbi.nlm.nih.gov/pubmed/31338757
http://doi.org/10.1177/193229681300700529
http://www.ncbi.nlm.nih.gov/pubmed/24124966
http://doi.org/10.2337/dc15-0099
http://www.ncbi.nlm.nih.gov/pubmed/26207055
http://doi.org/10.1536/ihj.18-503
http://www.ncbi.nlm.nih.gov/pubmed/31019178
http://doi.org/10.1186/s13098-017-0215-3
http://doi.org/10.1177/1932296818758105
http://doi.org/10.1089/dia.2012.0303
http://www.ncbi.nlm.nih.gov/pubmed/23550553
http://doi.org/10.1016/j.heliyon.2021.e05967
http://www.ncbi.nlm.nih.gov/pubmed/33506132
http://doi.org/10.2337/dc18-2047
http://www.ncbi.nlm.nih.gov/pubmed/30728222
http://doi.org/10.1111/jocs.14071
http://doi.org/10.1155/2015/250201
http://www.ncbi.nlm.nih.gov/pubmed/26273664
http://doi.org/10.1186/s12933-016-0395-4
http://www.ncbi.nlm.nih.gov/pubmed/27208906
http://doi.org/10.1007/s12630-019-01349-0
http://doi.org/10.1186/s12933-015-0275-3
http://doi.org/10.1186/s12933-017-0577-8
http://doi.org/10.21037/cdt.2019.09.02
http://www.ncbi.nlm.nih.gov/pubmed/31737515

Int. J. Mol. Sci. 2021, 22, 8393 14 of 15

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Kuroda, M.; Shinke, T.; Sakaguchi, K.; Otake, H.; Takaya, T.; Hirota, Y.; Osue, T.; Kinutani, H.; Konishi, A.; Takahashi, H.; et al.
Association between daily glucose fluctuation and coronary plaque properties in patients receiving adequate lipid-lowering
therapy assessed by continuous glucose monitoring and optical coherence tomography. Cardiovasc. Diabetol. 2015, 14, 78.
[CrossRef] [PubMed]

Otowa-Suematsu, N.; Sakaguchi, K.; Komada, H.; Nakamura, T.; Sou, A.; Hirota, Y.; Kuroda, M.; Shinke, T.; Hirata, K.I.; Ogawa, W.
Comparison of the relationship between multiple parameters of glycemic variability and coronary plaque vulnerability assessed
by virtual histology-intravascular ultrasound. J. Diabetes Investig. 2017, 9, 610-615. [CrossRef]

Famulla, S.; Pieber, T.R.; Eilbracht, J.; Neubacher, D.; Soleymanlou, N.; Woerle, H.].; Broedl, U.C.; Kaspers, S. Glucose Exposure
and Variability with Empagliflozin as Adjunct to Insulin in Patients with Type 1 Diabetes: Continuous Glucose Monitoring Data
from a 4-Week, Randomized, Placebo-Controlled Trial (EASE-1). Diabetes Technol. Ther. 2017, 19, 49-60. [CrossRef]

Raz, I; Ceriello, A.; Wilson, PW.; Battioui, C.; Su, E.W.; Kerr, L.; Jones, C.A.; Milicevic, Z.; Jacober, S.]. Post hoc subgroup analysis
of the HEART2D trial demonstrates lower cardiovascular risk in older patients targeting postprandial versus fasting/premeal
glycemia. Diabetes Care 2011, 34, 1511-1513. [CrossRef]

Marfella, R.; Sasso, F.C.; Cacciapuoti, F.; Portoghese, M.; Rizzo, M.R; Siniscalchi, M.; Carbonara, O.; Ferraraccio, F.; Torella, M.;
Petrella, A.; et al. Tight glycemic control may increase regenerative potential of myocardium during acute infarction. J. Clin.
Endocrinol. Metab. 2012, 97, 933-942. [CrossRef] [PubMed]

Everett, C.C.; Reynolds, C.; Fernandez, C.; Stocken, D.D.; Sharples, L.D.; Sathyapalan, T.; Heller, S.; Storey, R.F.; Ajjan, R.A.
Rationale and design of the LIBERATES trial: Protocol for a randomised controlled trial of flash glucose monitoring for
optimisation of glycaemia in individuals with type 2 diabetes and recent myocardial infarction. Diabetes Vasc. Dis. Res. 2020, 17,
1479164120957934. [CrossRef]

Greven, W.L,; Beulens, ].W.; Biesma, D.H.; Faiz, S.; de Valk, H.W. Glycemic variability in inadequately controlled type 1 diabetes
and type 2 diabetes on intensive insulin therapy: A cross-sectional, observational study. Diabetes Technol. Ther. 2010, 12, 695-699.
[CrossRef] [PubMed]

Nusca, A.; Tuccinardi, D.; Albano, M.; Cavallaro, C.; Ricottini, E.; Manfrini, S.; Pozzilli, P.; Di Sciascio, G. Glycemic variability in
the development of cardiovascular complications in diabetes. Diabetes Metab. Res. Rev. 2018, 34, 3047. [CrossRef]

Motataianu, A.; Maier, S.; Bajko, Z.; Voidazan, S.; Balasa, R.; Stoian, A. Cardiac autonomic neuropathy in type 1 and type 2
diabetes patients. BMC Neurol. 2018, 18, 126. [CrossRef]

Mathieu, C.; Dandona, P; Phillip, M.; Oron, T.; Lind, M.; Hansen, L.; Thoren, F,; Xu, J.; Langkilde, A.M.; On behalf of the DEPICT-1
and DEPICT-2 Investigators. Glucose Variables in Type 1 Diabetes Studies with Dapagliflozin: Pooled Analysis of Continuous
Glucose Monitoring Data From DEPICT-1 and -2. Diabetes Care 2019, 42, 1081-1087. [CrossRef] [PubMed]

Al-Awar, A.; Kupai, K.; Veszelka, M.; Szucs, G.; Attieh, Z.; Murlasits, Z.; Torok, S.; Posa, A.; Varga, C. Experimental Diabetes
Mellitus in Different Animal Models. J. Diabetes Res. 2016, 2016, 9051426. [CrossRef]

Buchanan, J.; Mazumder, PK.; Hu, P.; Chakrabarti, G.; Roberts, M.W.; Yun, U.J.; Cooksey, R.C.; Litwin, S.E.; Abel, E.D. Reduced
cardiac efficiency and altered substrate metabolism precedes the onset of hyperglycemia and contractile dysfunction in two
mouse models of insulin resistance and obesity. Endocrinology 2005, 146, 5341-5349. [CrossRef]

Cindro, P.V.; Krnic, M.; Modun, D.; Smajic, B.; Vukovic, J. The differences between insulin glargine U300 and insulin degludec
U100 in impact on the glycaemic variability, arterial stiffness and the lipid profiles in insulin naive patients suffering from type
two diabetes mellitus—outcomes from cross-over open-label randomized trial. BMC Endocr. Disord. 2021, 21, 86. [CrossRef]
Marso, S.P.; McGuire, D.K.; Zinman, B.; Poulter, N.R.; Emerson, S.S.; Pieber, T.R,; Pratley, R.E.; Haahr, PM.; Lange, M.; Brown-
Frandsen, K.; et al. Efficacy and Safety of Degludec versus Glargine in Type 2 Diabetes. N. Engl. |. Med. 2017, 377, 723-732.
[CrossRef]

Bolli, G.B.; Songini, M.; Trovati, M.; Del Prato, S.; Ghirlanda, G.; Cordera, R.; Trevisan, R.; Riccardi, G.; Noacco, C. Lower fasting
blood glucose, glucose variability and nocturnal hypoglycaemia with glargine vs NPH basal insulin in subjects with Type 1
diabetes. Nutr. Metab. Cardiovasc. Dis. 2009, 19, 571-579. [CrossRef]

Rodbard, D. Continuous Glucose Monitoring: A Review of Recent Studies Demonstrating Improved Glycemic Outcomes. Diabetes
Technol. Ther 2017, 19, S25-S37. [CrossRef]

Sasso, F.C.; Pafundi, P.C.; Simeon, V.; De Nicola, L.; Chiodini, P.; Galiero, R.; Rinaldi, L.; Nevola, R.; Salvatore, T.; Sardu, C.; et al.
Efficacy and durability of multifactorial intervention on mortality and MACEs: A randomized clinical trial in type-2 diabetic
kidney disease. Cardiovasc. Diabetol. 2021, 20, 145. [CrossRef]

Srinivasan, K.; Ramarao, P. Animal models in type 2 diabetes research: An overview. Indian J. Med. Res. 2007, 125, 451-472.
King, A.J. The use of animal models in diabetes research. Br. |. Pharmacol. 2012, 166, 877-894. [CrossRef]

Carley, A.N.; Severson, D.L. Fatty acid metabolism is enhanced in type 2 diabetic hearts. Biochim. Biophys. Acta 2005, 1734,
112-126. [CrossRef]

Hsueh, W.; Abel, E.D.; Breslow, ]J.L.; Maeda, N.; Davis, R.C.; Fisher, E.A.; Dansky, H.; McClain, D.A.; McIndoe, R.;
Wassef, M.K.; et al. Recipes for creating animal models of diabetic cardiovascular disease. Circ. Res. 2007, 100, 1415-1427.
[CrossRef]

McQueen, A.P,; Zhang, D.; Hu, P; Swenson, L.; Yang, Y.; Zaha, V.G.; Hoffman, J.L.; Yun, U.]J.; Chakrabarti, G.; Wang, Z.; et al.
Contractile dysfunction in hypertrophied hearts with deficient insulin receptor signaling: Possible role of reduced capillary
density. J. Mol. Cell. Cardiol. 2005, 39, 882-892. [CrossRef]


http://doi.org/10.1186/s12933-015-0236-x
http://www.ncbi.nlm.nih.gov/pubmed/26062762
http://doi.org/10.1111/jdi.12750
http://doi.org/10.1089/dia.2016.0261
http://doi.org/10.2337/dc10-2375
http://doi.org/10.1210/jc.2011-2037
http://www.ncbi.nlm.nih.gov/pubmed/22170713
http://doi.org/10.1177/1479164120957934
http://doi.org/10.1089/dia.2010.0044
http://www.ncbi.nlm.nih.gov/pubmed/20687867
http://doi.org/10.1002/dmrr.3047
http://doi.org/10.1186/s12883-018-1125-1
http://doi.org/10.2337/dc18-1983
http://www.ncbi.nlm.nih.gov/pubmed/30967434
http://doi.org/10.1155/2016/9051426
http://doi.org/10.1210/en.2005-0938
http://doi.org/10.1186/s12902-021-00746-1
http://doi.org/10.1056/NEJMoa1615692
http://doi.org/10.1016/j.numecd.2008.05.003
http://doi.org/10.1089/dia.2017.0035
http://doi.org/10.1186/s12933-021-01343-1
http://doi.org/10.1111/j.1476-5381.2012.01911.x
http://doi.org/10.1016/j.bbalip.2005.03.005
http://doi.org/10.1161/01.RES.0000266449.37396.1f
http://doi.org/10.1016/j.yjmcc.2005.07.017

Int. J. Mol. Sci. 2021, 22, 8393 15 of 15

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Zaragoza, C.; Gomez-Guerrero, C.; Martin-Ventura, J.L.; Blanco-Colio, L.; Lavin, B.; Mallavia, B.; Tarin, C.; Mas, S.; Ortiz, A.;
Egido, J. Animal models of cardiovascular diseases. . Biomed. Biotechnol. 2011, 2011, 497841. [CrossRef]

Hayek, T.; Hussein, K.; Aviram, M.; Coleman, R.; Keidar, S.; Pavoltzky, E.; Kaplan, M. Macrophage foam-cell formation in
streptozotocin-induced diabetic mice: Stimulatory effect of glucose. Atherosclerosis 2005, 183, 25-33. [CrossRef]

Scatena, M.; Jackson, M.E,; Speer, M.Y.; Leaf, E.M.; Wallingford, M.C.; Giachelli, C.M. Increased Calcific Aortic Valve Disease
in response to a diabetogenic, procalcific diet in the LDLr(-/-)ApoB(100/100) mouse model. Cardiovasc. Pathol. 2018, 34, 28-37.
[CrossRef] [PubMed]

Horvath, E.M.; Benko, R.; Kiss, L.; Muranyi, M.; Pek, T.; Fekete, K.; Barany, T.; Somlai, A.; Csordas, A.; Szabo, C. Rapid ‘glycaemic
swings” induce nitrosative stress, activate poly(ADP-ribose) polymerase and impair endothelial function in a rat model of diabetes
mellitus. Diabetologia 2009, 52, 952-961. [CrossRef]

Mita, T.; Otsuka, A.; Azuma, K.; Uchida, T.; Ogihara, T.; Fujitani, Y.; Hirose, T.; Mitsumata, M.; Kawamori, R.; Watada, H. Swings
in blood glucose levels accelerate atherogenesis in apolipoprotein E-deficient mice. Biochem. Biophys. Res. Commun. 2007, 358,
679-685. [CrossRef]

Wang, ].S.; Yin, H.J.; Guo, C.Y,; Huang, Y.; Xia, C.D.; Liu, Q. Influence of high blood glucose fluctuation on endothelial function of
type 2 diabetes mellitus rats and effects of Panax Quinquefolius Saponin of stem and leaf. Chin. J. Integr. Med. 2013, 19, 217-222.
[CrossRef] [PubMed]

Saito, S.; Teshima, Y.; Fukui, A.; Kondo, H.; Nishio, S.; Nakagawa, M.; Saikawa, T.; Takahashi, N. Glucose fluctuations increase
the incidence of atrial fibrillation in diabetic rats. Cardiovasc. Res. 2014, 104, 5-14. [CrossRef]

Azuma, K.; Kawamori, R.; Toyofuku, Y.; Kitahara, Y.; Sato, F.; Shimizu, T.; Miura, K.; Mine, T.; Tanaka, Y.; Mitsumata, M.; et al.
Repetitive fluctuations in blood glucose enhance monocyte adhesion to the endothelium of rat thoracic aorta. Arterioscler. Thromb.
Vasc. Biol. 2006, 26, 2275-2280. [CrossRef]

Yu, S.H.; Yu, ].M,; Yoo, H].; Lee, S.J.; Kang, D.H.; Cho, Y.J.; Kim, D.M. Anti-Proliferative Effects of Rutin on OLETF Rat Vascular
Smooth Muscle Cells Stimulated by Glucose Variability. Yonsei Med. ]. 2016, 57, 373-381. [CrossRef]

Sun, J.; Xu, Y.; Dai, Z.; Sun, Y. Intermittent high glucose enhances proliferation of vascular smooth muscle cells by upregulating
osteopontin. Mol. Cell. Endocrinol. 2009, 313, 64—69. [CrossRef]

Quagliaro, L.; Piconi, L.; Assaloni, R.; Martinelli, L.; Motz, E.; Ceriello, A. Intermittent high glucose enhances apoptosis related to
oxidative stress in human umbilical vein endothelial cells: The role of protein kinase C and NAD(P)H-oxidase activation. Diabetes
2003, 52, 2795-2804. [CrossRef]

Hadi, H.A.; Suwaidi, J.A. Endothelial dysfunction in diabetes mellitus. Vasc. Health Risk Manag. 2007, 3, 853-876.

Garoffolo, G.; Madonna, R.; de Caterina, R.; Pesce, M. Cell based mechanosensing in vascular patho-biology: More than a simple
go-with the flow. Vasc. Pharmacol. 2018, 111, 7-14. [CrossRef]

Piconi, L.; Quagliaro, L.; Da Ros, R.; Assaloni, R.; Giugliano, D.; Esposito, K.; Szabo, C.; Ceriello, A. Intermittent high glucose
enhances ICAM-1, VCAM-1, E-selectin and interleukin-6 expression in human umbilical endothelial cells in culture: The role of
poly(ADP-ribose) polymerase. J. Thromb. Haemost. 2004, 2, 1453-1459. [CrossRef]

Risso, A.; Mercuri, F; Quagliaro, L.; Damante, G.; Ceriello, A. Intermittent high glucose enhances apoptosis in human umbilical
vein endothelial cells in culture. Am. J. Physiol. Endocrinol. Metab. 2001, 281, E924-E930. [CrossRef] [PubMed]

Schisano, B.; Tripathi, G.; McGee, K.; McTernan, P.G.; Ceriello, A. Glucose oscillations, more than constant high glucose, induce
P53 activation and a metabolic memory in human endothelial cells. Diabetologia 2011, 54, 1219-1226. [CrossRef]

Xiao, X.; Dong, Y.; Zhong, J.; Cao, R.; Zhao, X.; Wen, G.; Liu, J. Adiponectin protects endothelial cells from the damages induced
by the intermittent high level of glucose. Endocrine 2011, 40, 386-393. [CrossRef]

Liu, T.; Gong, ].; Chen, Y.; Jiang, S. Periodic vs constant high glucose in inducing pro-inflammatory cytokine expression in human
coronary artery endothelial cells. Inflamm. Res. 2013, 62, 697-701. [CrossRef]

Liu, T.S.; Pei, YH.; Peng, Y.P,; Chen, |.; Jiang, S.S.; Gong, ].B. Oscillating high glucose enhances oxidative stress and apoptosis in
human coronary artery endothelial cells. J. Endocrinol. Investig. 2014, 37, 645-651. [CrossRef]

Sun, J.; Xu, Y;; Sun, S.; Sun, Y.; Wang, X. Intermittent high glucose enhances cell proliferation and VEGF expression in retinal
endothelial cells: The role of mitochondrial reactive oxygen species. Mol. Cell. Biochem. 2010, 343, 27-35. [CrossRef]

La Sala, L.; Mrakic-Sposta, S.; Micheloni, S.; Prattichizzo, E,; Ceriello, A. Glucose-sensing microRNA-21 disrupts ROS homeostasis
and impairs antioxidant responses in cellular glucose variability. Cardiovasc. Diabetol. 2018, 17, 105. [CrossRef]

Guo, J; Sang, Y.; Yin, T.; Wang, B.; Yang, W.; Li, X,; Li, H.; Kang, Y. miR-1273g-3p participates in acute glucose fluctuation-induced
autophagy, dysfunction, and proliferation attenuation in human umbilical vein endothelial cells. Am. J. Physiol. Endocrinol. Metab.
2016, 310, E734-E743. [CrossRef]


http://doi.org/10.1155/2011/497841
http://doi.org/10.1016/j.atherosclerosis.2005.02.018
http://doi.org/10.1016/j.carpath.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29539583
http://doi.org/10.1007/s00125-009-1304-0
http://doi.org/10.1016/j.bbrc.2007.04.118
http://doi.org/10.1007/s11655-012-1093-z
http://www.ncbi.nlm.nih.gov/pubmed/22610957
http://doi.org/10.1093/cvr/cvu176
http://doi.org/10.1161/01.ATV.0000239488.05069.03
http://doi.org/10.3349/ymj.2016.57.2.373
http://doi.org/10.1016/j.mce.2009.08.019
http://doi.org/10.2337/diabetes.52.11.2795
http://doi.org/10.1016/j.vph.2018.06.013
http://doi.org/10.1111/j.1538-7836.2004.00835.x
http://doi.org/10.1152/ajpendo.2001.281.5.E924
http://www.ncbi.nlm.nih.gov/pubmed/11595647
http://doi.org/10.1007/s00125-011-2049-0
http://doi.org/10.1007/s12020-011-9531-9
http://doi.org/10.1007/s00011-013-0623-2
http://doi.org/10.1007/s40618-014-0086-5
http://doi.org/10.1007/s11010-010-0495-5
http://doi.org/10.1186/s12933-018-0748-2
http://doi.org/10.1152/ajpendo.00444.2015

	Introduction 
	Glycemic Variability and Clinical Implications 
	Role of Glycemic Variability in Subclinical Atherosclerosis and CVD Risk 
	Glycemic Variability and Stable Coronary Artery Disease 
	Glycemic Variability and Coronary Plaque Vulnerability 
	Glycemic Variability and Acute Coronary Syndromes 
	Glycemic Variability in Patients with Type 1 Diabetes (T1DM) and Cardiovascular Complications 
	Possible Pharmacological Treatment to Control High Glycemic Variability Detrimental Effects 

	Animal Models of Glycemic Variability 
	In Vitro Studies of Glycemic Variability Effects on Human Cells 
	Future Perspectives and Conclusions 
	References

