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Metabolic abnormalities are important to mediate the inci-
dence and development of cardiovascular diseases. In gen-
eral, glucose metabolism in the heart accounts for almost
30% of cardiac energy production and the rest of energy
(70%) to maintain cardiac function is generated from fatty
acid oxidation. In diabetes or conditions that are associated
with insulin resistance (such as obesity), glucose utilization
is compromised in the heart, while fatty acid metabolism is
upregulated, leading to abnormal lipid uptake and storage,
referred to as “lipotoxicity” which contributes to the devel-
opment of “cardiomyopathy.”

In addition, whole-body metabolic dysfunction during
diabetes or insulin resistance is associated with hyperlipi-
demia and hypertension that will also contribute to vascular
pathogenesis and coronary heart disease. Myocardial infarc-
tion or ischemia, caused by partial or complete occlusion of
coronary arteries, is a leading cause of death in the world and
often occurs in diabetic patients. Coronary artery reperfu-
sion, or reflow, is the most effective clinical intervention to
limit hypoxic injury but it simultaneously induces additional
damage to the heart, referred to as “reperfusion injury.”
Ischemia/reperfusion injury (IRI) and organ failure, espe-
cially IRI-induced remote and multiple organ failure, con-
tribute significantly to postoperativemortality andmorbidity,
and reperfusion induced oxidative stress plays a critical role

in this pathology in particular in subjects with diabetes [1, 2].
More importantly, the hearts in patients with diabetes are less
tolerant to ischemic insult and less or not responsive to pre-
or postconditioning cardioprotective interventions that are
effective in nondiabetic subjects.

Thus, the mechanisms in mediating cardiac or whole-
body metabolic alterations during diabetes or metabolic
dysfunction have important clinical implications in the
development of new therapies for diabetes relevant heart
diseases such as cardiomyopathy and myocardial ischemia-
reperfusion injury. For example, any mechanism that facili-
tates a rapid recovery of aerobic metabolism has the potential
to limit ischemia-reperfusion injury in the heart.

In this special issue, P. C. Rezende et al. evaluated
the possible influence of diabetes in myocardial ischemic
preconditioning in both experimental and clinical settings of
myocardial ischemia-reperfusion injury and proposed that
the control of metabolic changes may restore intracellular
signaling protective mechanisms in diabetes.

Atrial fibrillation (AF) is the most common abnormal
human heart arrhythmia which imposes a substantial burden
on population health, especially in patients with diabetes
[3]. However, the underlying pathophysiologicalmechanisms
of AF remain unclear. In this special issue, Y. Zhao et al.
reported their novel findings that calcineurin, together with
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its upstream molecule, calpain 2, and downstream effector,
NFAT-c3, plays a critical role in the development of AF in
patients with vascular heart disease and diabetes.

Overall, we hope that the original and review articles
presented in this special issue, representing the current
advances in metabolic mechanisms and potential therapies
of diabetic cardiovascular complication, with respect to their
potential impact in cellular survival pathways and therapeutic
strategies, will stimulate further exploration of this important
area.
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Ischemic preconditioning (IP) is a powerful mechanism of protection discovered in the heart in which ischemia paradoxically
protects themyocardiumagainst other ischemic insults.Many factors such as diseases andmedicationsmay influence IP expression.
Althoughdiabetes poses higher cardiovascular risk, the physiopathology underlying this condition is uncertain.Moreover, although
diabetes is believed to alter intracellular pathways related to myocardial protective mechanisms, it is still controversial whether
diabetes may interfere with ischemic preconditioning and whether this might influence clinical outcomes.This review article looks
at published reports with animalmodels and humans that tried to evaluate the possible influence of diabetes inmyocardial ischemic
preconditioning.

1. Ischemic Preconditioning

After the seminal work of Murry and coworkers in 1986 [1]
who were the first to demonstrate that brief ischemia may
make the myocardium more resistant to a severe ischemic
insult [1], many experimental studies have tried to explain
this cardioprotective phenomenon called ischemic precondi-
tioning (IP). The great protection observed in experimental
models, which has shown a reduction of 75% in the infarcted
area [1] compared with that in animals not exposed to
the phenomenon, has caught the attention of the scientific
community. Efforts are, therefore, beingmade to try to under-
stand the mechanisms of IP and translate them into clinical
benefits. IP is considered the most intense cardioprotective
phenomenon discovered so far.

After IP was identified, its cardioprotective benefit was
at first thought to be a result of a vasodilatory phenomenon
that occurred in the coronary arteries after the initial
ischemic insult [2]. However, studies have shown that IP
occurs irrespective of the contribution of collateral vessels
or higher coronary flow [3, 4]. Currently, IP is understood
to be a complex intracellular mechanism, with many and
redundant metabolic pathways, which make the myocardial

cell temporarily more resistant to a severe and prolonged
ischemic insult [5, 6].

In the last 30 years many authors have tried to under-
stand the mechanisms responsible for cardioprotection and
much has been discovered [6]. Currently it is known that
reperfusion is a fundamental part of the preconditioning
stimulus, and after the first cycles of brief ischemia and reper-
fusion, some substances are produced and released by the
cardiomyocytes such as adenosine, bradykinin, endothelin,
opioids, and acetylcholine.They bind to specific receptors on
the membrane of the cardiomyocytes and activate pathways
in the mitochondria, leading to the activation of protein
kinases by reactive oxygen species. These protein kinases
such as Akt, Erk1/2, and protein kinase C result in the
recruitment of major pathways such as the Reperfusion
Injury Salvage Kinase (RISK) pathway, the Survivor Activa-
tor Factor Enhancement (SAFE) pathway, and the cGMP-
protein kinase G (PKG) pathway. These salvage pathways
activate downstream mediators such as endothelial nitric
oxide synthase (eNOS), protein kinase C𝜀 (PKC𝜀), and the
mitochondrial ATP-dependent potassium channel (K-ATP
channel), which have an inhibitory effect on mitochondrial
permeability/transition pore (MPTP) opening. It has been
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shown that the inhibition of the MPTP opening contributes
to cardioprotective effects [6–8].

Moreover, other studies have confirmed that potassium
ATPchannels both in the cellmembrane and inmitochondria
play a fundamental role in IP triggering [9]. And once trig-
gered, complex mechanisms are initiated and finally shift the
metabolism of the inner cells into a more ischemia-resistant
state. Based on these discoveries, some works demonstrated
the action of many medications and diseases in these path-
ways blocking or stimulating the specific cell machinery [10,
11]. Most notably, many of these studies have shown that
some specific classes of medications, such as antidiabetic
agents, and especially those that can block K-ATP channels
in the myocardiummay block ischemic preconditioning [12].
Furthermore, it has also been suggested that diabetes per se
may interfere with these channels [13] and other IP pathways
[14] and then compromise the triggering of this myocardial
protective phenomenon.

2. Clinical Significance of
Ischemic Preconditioning

Many centuries before the discovery of the experimental phe-
nomenon called IP and, actually, during the first observations
of patients with angina symptoms, some notable physicians
such as Heberden [15] and Osler [16] observed that some
patients with angina had a very peculiar and characteristic
symptom: warm-up and walk-through angina. Patients with
such symptoms described angina that had improved or even
disappeared with the continuation of exercise or with a brief
rest followed by the restart of exercise. Interestingly, these
observations may still be made by some coronary artery
disease patients, especially if they are carefully questioned
about these angina characteristics.

The clinical observation of warm-up angina was further
analyzed by electrocardiographic studies [17, 18]. These stud-
ies show that the improvement in symptoms was followed by
improvement in ischemic electrocardiographic parameters.
This observation allowed the application of sequential exer-
cise testing to observe the assumed clinical manifestation in
humans afforded by IP [18]. Moreover, based on these pre-
vious reports and other invasive studies [3, 4], it is currently
assumed that warm-up and walk-through angina may be
clinical manifestations of the experimental phenomenon
called IP.

After the discovery of some of the pathways related to IP,
many studies have demonstrated the impact of medications
on IP, both in experimental and in human studies [19]. So,
because antidiabetic drugs block K-ATP channels [9], many
authors have described the negative interference of these
drugs with IP [12], especially glibenclamide, a sulfonylurea
that causes blockage of the K-ATP channels in the pancreas
causing the secretion of insulin but that may also act in
these channels in the heart, possibly causing the blockage
of IP [20]. This is one of the possible explanations for
the occurrence of more cardiovascular outcomes in the
patients with diabetes hospitalized due to an acute coronary
syndrome and who were being treated with such drugs
[21].

Actually, few studies have tested the clinical protection
of IP in terms of clinical outcomes. One such study was
conducted by Ishihara and coworkers [22]. They evaluated
whether preinfarct angina is associated with fewer clinical
endpoints in patients hospitalized due to an acutemyocardial
infarction. In this retrospective study, patients who had an
acute myocardial infarction were assessed in terms of the
presence of preinfarct angina that was assumed to be any
thoracic pain within 24 hours prior to the infarct episode.
In such patients, the authors evaluated the release of markers
of myocardial necrosis, ventricular dysfunction, and hospital
mortality and compared these results between patients with
and without preinfarct angina. The authors showed in the
group of patients without diabetes that those who had pre-
infarct angina had a lower release of markers of myocardial
necrosis, better recovery of ventricular function, and lower
rates of hospital mortality. On the other hand, this study
showed that, in the population of patients with diabetes,
patients with preinfarct angina had similar outcomes com-
pared to the group of patientswith no preinfarct angina.Thus,
this study showed that IP represented by preinfarct angina
may be associated with better clinical outcomes and that dia-
betes may compromise this cardioprotective phenomenon.
However, despite these results, it is still uncertain whether IP
may be associated with better clinical outcomes.

3. Diabetes Mellitus and
Ischemic Preconditioning

Patients with both diabetes and ischemic heart disease are
supposed to have more aggressive coronary artery disease
and poorer cardiovascular outcomes [23, 24]. However, this is
controversial, because of the great variability in disease states
regarding diabetes and its association with other cardiovas-
cular risk factors. Moreover, the causes of this supposed
worse prognosis are not well understood and impairment in
myocardial protective mechanisms is supposed to be one of
the possible explanations [25, 26].

Although it has been tested in many animal and human
studies, the relation between diabetes mellitus and myocar-
dial ischemic preconditioning is a matter of intense debate
and controversy [27].

Although some IP pathways are believed to be possible
targets of diabetic metabolic alterations, the results of many
experimental studies are conflicting [27]. Some studies have
demonstrated that diabetes may impair IP [25, 26]; however,
others suggest that this mechanism is preserved in diabetic
models [28, 29].

This great variability in results is probably due to impor-
tant methodological differences.The animal models are quite
different among studies, as well as the protocols to induce
diabetes, the duration of the disease, and the endpoints
that are considered in terms of cardioprotection. Thus, there
are studies with dogs, rats, and rabbits that show different
responses in terms of cardioprotection [28, 30, 31]. On the
other hand, experimentalmodels examining a short period in
the diabetic state are more prone to preserve cardioprotective
phenomenon, while those with long periods of disease
frequently show the loss of this protection [32]. Moreover,
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some studies have assessed cardioprotection by the analysis
of the infarcted myocardial area, while others evaluated the
recovery of ventricular function, and others studied the
occurrence of ventricular arrhythmias. It is important to
emphasize that each of these biological variables represents
distinct pathophysiologies and may be diversely affected by
ischemic preconditioning.

Although they are not completely understood, many IP-
related pathways have been suspected as possible targets
of diabetes impairment [7]. Studies have shown that dia-
betes may alter both sarcolemmal and mitochondrial K-ATP
channels and then alter mitochondrial function [25]. This
diabetes-related dysfunctionalmitochondriamight lead to an
elevated superoxide production and, thus, to a higher suscep-
tibility to cellular injuries [25]. Other signaling pathways have
also been shown to be altered by diabetes. Some studies have
shown that diabetes may impair the activation of PI3K-Akt-
eNOS signaling, as well as some upstream mechanisms and
this was shown to be related to decreased generation of nitric
oxide and attenuated effect of IP-mediated cardioprotection
[8]. It has been suggested that hyperglycemia may be respon-
sible for this altered function because it may impair nitric
oxide action [33] and afterwards impair the action of K-ATP
channels openers in cardiac cells [34].

A reduced phosphorylation of ERK1/2 was also observed
in chronically diabetic animal models and this was associated
with greater myocardial infarct size [35]. Interestingly, some
other authors have shown a reduced release of calcitonin
gene-related peptide (CGRP) in diabetic animal models and
an attenuation of IP-induced cardioprotection [36]. Taken
together these studies show that many IP pathways as well
as mitochondrial channels and function may be disrupted by
diabetes and impose an altered cardiac response to ischemic
injuries. Interestingly, these findings were demonstrated in
chronically experimental diabetic myocardium, while acute
and subacute models showed distinct responses [7].

Human studies that have tried to evaluate the possible
interference of diabetes with ischemic preconditioning are
scarce. Some of them have studied myocardial human tissue
responses [37, 38] and others have assessed clinical endpoints
[22, 39].

Ghosh and coworkers [37] have studied in vitro myocar-
dial damage of human atrial appendages from patients
with and without diabetes. The authors assessed the release
of markers of myocardial necrosis and the percentage of
tissue viability after a severe ischemic insult in patients with
diabetes receiving dietary treatment only, in those taking
insulin, and in those taking oral hypoglycemic drugs and
compared them with those in patients without diabetes.
All the groups underwent ischemic or pharmacologic pre-
conditioning. Among other findings, they demonstrated a
similar intensity of cardioprotection between patients with
and without diabetes, although they found lower protection
in patients with diabetes who were taking insulin or oral
antidiabetic medications.Thus, in this study, diabetes did not
interfere with the cardioprotection afforded by IP.

Another study by Cleveland Jr. and coworkers [38]
assessed the contractile strength of isolated trabeculae of right
atrial appendages from patients with chronic coronary artery

disease, resected during bypass surgery. They assessed the
improvement in the contractile strength after a prolonged
ischemic insult followed by reperfusion in myocardial tissue
from patients with diabetes taking insulin, those taking oral
antidiabetic drugs (glibenclamide or glipizide), and patients
without diabetes. All the groups had experienced a previous
ischemic insult.The authors showed that the group of diabetic
tissues had a similar improvement in the contractile strength
compared to nondiabetic tissues and that the groups treated
with oral hypoglycemic drugs had a lower recovery of
contractile function.

A study from our research group evaluated ischemic
preconditioning by sequential treadmill exercise stress test-
ing in 174 patients with coronary artery disease and with
and without diabetes [40]. We assessed the improvement
in ischemic parameters as the time to reach 1.0mm ST-
segment deviation (T-1.0mm) and rate-pressure product and
compared the results between 2 sequential tests. Besides dia-
betes status, both groups were well balanced regarding most
demographic variables. Contrary to the initial expectation,
we found that, among the 86 patients with diabetes, 62 (72%)
had an improvement in T-1.0mm consistent with IP and
that among the 88 patients without diabetes, 60 (68%) had
an ischemic improvement consistent with IP (Figure 1, 𝑃 =
0.62) [40]. Interestingly, our study also showed in the diabetic
population a better result in terms of rate-pressure product,
which is a variable that represents myocardial oxygen con-
sumption. One major question is that the population with
diabetes was receiving well-controlled treatment for diabetes,
which can be noted by the controlled results of glycated
hemoglobin. Yet, different results could be found in other
populations with different diabetic statuses. On the other
hand, even when patients were stratified according to their
glycated hemoglobin, the higher quartiles were not associated
with lower incidences of myocardial protection (Figure 2)
[40]. Although this result confirms the results of studies with
human myocardial tissue, it contradicts the results of 2 other
studies with human populations [22, 39].

Lee and Chou [39] studied coronary artery disease
patients with and without diabetes during percutaneous
intervention and assessed the action of hypoglycemic agents
on IP. Thus, patients with angina symptoms, positive stress
testing, and coronary lesions indicated for percutaneous
treatment underwent sequential coronary balloon inflations.
During these inflations, the authors evaluated angina inten-
sity, ST-segment deviation by intracoronary electrocardiog-
raphy, and lactate production by measures from the venous
cardiac sinus.The authors observed that the group of patients
participating in the IP protocol (brief ischemic coronary
inflations) had a lower intensity of angina symptoms, lower
lactate levels, and lower ST-segment deviation. They also
noted that the group of patients with diabetes treated with
glimepiride had higher lactate production compared with
patients without diabetes treated with glimepiride. Aside
from this result, a major limitation of this study is that there
was not a direct comparison between IP from patients with
and without diabetes, with no action of hypoglycemic agents.

Ishihara et al.’s study has been discussed previously in
terms of the clinical endpoints in the population without
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Figure 1: Pie charts showing the number and percentage of patients with and without diabetes who demonstrated ischemic preconditioning
(IP). Extracted from [40].
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Figure 2: Graphs showing the percentage of patients who demonstrated ischemic preconditioning (IP+ in blue) andwho did not demonstrate
ischemic preconditioning (IP− in red) stratified into quartiles of A1c (a) and FastingGlycemia (b). IP = ischemic preconditioning; Q= quartile
(s). 𝑥-axis represents the percentage of patients, and 𝑦-axis represents the quartiles of A1c and Fasting Glycemia. Extracted from [40].

diabetes [22]. Here, we discuss the results of the population
from this study with diabetes.Thus, the authors have assessed
the effects of preinfarct angina in the peak of the markers
of myocardial necrosis, ventricular function, and hospital
mortality, in patients with and without diabetes, hospitalized
due to an acute myocardial infarction. In patients without
diabetes who had preinfarct angina, the authors found lower
peaks of biomarkers of necrosis, better recovery of ventricular
function, and lower hospital mortality. However, in the group
of patients with diabetes, they did not find any differences
in these parameters when they compared patients with or
without preinfarct angina. However, although the authors
have concluded that the presence of diabetes may prevent
the occurrence of ischemic preconditioning, many issues
limit these conclusions. This was a retrospective study, in
which the number of patients with diabetes was too small

(𝑛 = 121), especially compared with the group of patients
without diabetes (𝑛 = 490). In addition, 53 of the 121 patients
with diabetes were being treated with hypoglycemic agents,
and many studies have shown that some frequently used
hypoglycemic agents may block IP [12, 20].

Thus, both studies that suggest that IPmay be impaired by
diabetes mellitus have important methodological limitations.

Another study by Bilinska and coworkers [41] had
patients with coronary artery disease and with and without
diabetes undergo sequential bicycle exercise tests. Although
this study had a smaller number of patients with diabetes
and the major evaluation was to test antidiabetic drugs, the
comparison of patients with diabetes on oral dietary treat-
ment shows similar results compared with patients without
diabetes.These results are concordant with the findings of our
research center.
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Although the information from experimental studies
is valuable, the translation of such results to humans is
complicated, especially concerning diabetic metabolic alter-
ations. In humans, the association of diabetes with other
metabolic dysfunctions and other cardiovascular risk factors
results in interaction between them and may result in more
aggressive disease. In animal models, the majority of studies
cannot associate other metabolic states and diseases, or other
risk factors, frequently found in human populations with
diabetes. Regarding human studies, they are scarce and the
few ones performed so far have contradictory results. It is
possible that most of these differences may be attributable to
the interference of antidiabetic medications or to differences
in the effectiveness of glycemic control in short as well as in
chronic states. Assuming that hyperglycemia may negatively
influence protective mechanisms [42], it is possible that the
control of metabolic changes may restore intracellular signal-
ing protective mechanisms [27] and influence the findings of
these studies.

Finally, the influence of the diabetic state in IP mech-
anisms will need further study to better comprehend their
interdependence and to find effective ways to preserve car-
dioprotective effects and hopefully improve major cardiovas-
cular outcomes.
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Standen, and M. Galiñanes, “Mitochondrial dysfunction as the
cause of the failure to precondition the diabetic human myo-
cardium,” Cardiovascular Research, vol. 69, no. 2, pp. 450–458,
2006.

[26] S. B. Kristiansen, B. Løfgren, N. B. Støttrup et al., “Ischaemic
preconditioning does not protect the heart in obese and lean
animal models of type 2 diabetes,” Diabetologia, vol. 47, no. 10,
pp. 1716–1721, 2004.

[27] T. Miki, T. Itoh, D. Sunaga, and T. Miura, “Effects of diabetes on
myocardial infarct size and cardioprotection by precondition-
ing and postconditioning,” Cardiovascular Diabetology, vol. 11,
article 67, 2012.

[28] Y. Liu, J. D. Thornton, M. V. Cohen, J. M. Downey, and S.
W. Schaffer, “Streptozotocin-induced non-insulin-dependent
diabetes protects the heart from infarction,”Circulation, vol. 88,
no. 3, pp. 1273–1278, 1993.

[29] T. Honda, K. Kaikita, K. Tsujita et al., “Pioglitazone, a per-
oxisome proliferator-activated receptor-𝛾 agonist, attenuates
myocardial ischemia-reperfusion injury inmice withmetabolic
disorders,” Journal ofMolecular and Cellular Cardiology, vol. 44,
no. 5, pp. 915–926, 2008.

[30] J. R. Kersten, W. G. Toller, E. R. Gross, P. S. Pagel, and D. C.
Warltier, “Diabetes abolishes ischemic preconditioning: role of
glucose, insulin, and osmolality,” American Journal of Physio-
logy—Heart and Circulatory Physiology, vol. 278, no. 4, pp.
H1218–H1224, 2000.

[31] G. Hadour, R. Ferrera, L. Sebbag, R. Forrat, J. Delaye, andM. de
Lorgeril, “Improved myocardial tolerance to ischaemia in the
diabetic rabbit,” Journal of Molecular and Cellular Cardiology,
vol. 30, no. 9, pp. 1869–1875, 1998.
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Since the advent of insulin, the improvements in diabetes detection and the therapies to treat hyperglycemia have reduced the
mortality of acute metabolic emergencies, such that today chronic complications are the major cause of morbidity and mortality
among diabetic patients. More than half of the mortality that is seen in the diabetic population can be ascribed to cardiovascular
disease (CVD), which includes not only myocardial infarction due to premature atherosclerosis but also diabetic cardiomyopathy.
The importance of renin-angiotensin-aldosterone system (RAAS) antagonism in the prevention of diabetic CVD has demonstrated
the key role that the RAAS plays in diabetic CVD onset and development. Today, ACE inhibitors and angiotensin II receptor
blockers represent the first line therapy for primary and secondary CVD prevention in patients with diabetes. Recent research has
uncovered new dimensions of the RAAS and, therefore, new potential therapeutic targets against diabetic CVD. Here we describe
the timeline of paradigm shifts in RAAS understanding, how diabetesmodifies the RAAS, andwhat new parts of the RAAS pathway
could be targeted in order to achieve RAAS modulation against diabetic CVD.

1. Introduction

Cardiovascular diseases (CVD) are the main cause of
diabetes-related morbidity and mortality [1, 2]. They include
myocardial infarction, which is due to premature atheroscle-
rosis, and diabetic cardiomyopathy, both leading to heart
failure. Patients with diabetes have a higher prevalence of
cardiovascular morbidity and mortality as compared to the
general population [3], such that diabetes is considered not
only as an independent cardiovascular risk factor but also as
a cardiovascular event equivalent, meaning that patients with
diabetes have a risk of cardiovascular complications equal
to that of patients with a prior myocardial infarction [4].
This excess cardiovascular risk in comparison to the general
population is explained only partly by conventional cardio-
vascular risk factors, such as hyperglycemia, dyslipidemia,
hypertension, and cigarette smoking.

One of the links between diabetes and such a high
prevalence of CVD is renin-angiotensin-aldosterone system
(RAAS) activation. It has been shown that the RAAS plays

a major role in the development of diabetic cardiovascular
complications [5], as it promotes atherosclerosis [6, 7],
cardiomyocyte loss, and extensive myocardial fibrosis [8, 9].
Consistent with this view, ACE inhibitors and angiotensin II
receptor blockers represent the first line therapy for primary
and secondaryCVDprevention in patients with diabetes [10].
Recent research has uncovered new dimensions of the RAAS
and, therefore, new potential therapeutic targets against dia-
betic CVD. Here we describe the timeline of paradigm shifts
in RAAS understanding, how diabetes modifies the RAAS,
and what new parts of the RAAS pathway could be targeted
in order to achieve RAAS modulation against diabetic CVD.

2. Paradigm Shifts in the
Renin-Angiotensin-Aldosterone
System Understanding

2.1. The Renin-Angiotensin-Aldosterone System Has He-
modynamic and Nonhemodynamic Actions. The renin-
angiotensin-aldosterone system (RAAS) consists of a group

Hindawi Publishing Corporation
Journal of Diabetes Research
Volume 2016, Article ID 8917578, 17 pages
http://dx.doi.org/10.1155/2016/8917578

http://dx.doi.org/10.1155/2016/8917578


2 Journal of Diabetes Research

of enzymes and peptides whose main function is to control
blood pressure by regulating vasoconstriction, sodium reab-
sorption, and body fluid homeostasis.Themodern viewof the
RAAS began with the concept that this was a life-saving sys-
tem, which raised blood pressure by approximately 30mmHg
in case of an acute hemorrhage [11]. Classically, the process
whereby the RAAS raises blood pressure usually starts within
the kidney, where a blood pressure fall stimulates renin
release into the bloodstream [12, 13]. Then, circulating renin
cleaves hepatic angiotensinogen and generates angiotensin
(Ang) I, which is converted to Ang II by pulmonary
angiotensin-converting enzyme (ACE), as represented in Fig-
ure 1 [14–16]. Soon after its generation, Ang II causes smooth
muscle cell vasoconstriction, stimulates the sympathetic ner-
vous system, and promotes renal retention of salt and water
by binding to its specific receptors [17, 18]. Moreover, in the
adrenal glands, Ang II stimulates the release of aldosterone,
which enhances tubular sodium reabsorption in the kidney
and increases the effective circulating plasma volume [19].

Ang II has two main receptors: Ang II type 1 receptor
(AT1R) and Ang II type 2 receptor (AT2R), as represented
in Figure 2. Studies in mice lacking AT1R showed that the
hemodynamic actions of Ang II depended on AT1R [20–
22]. On the other hand, AT2R, which was found highly
expressed in differentiated mesenchymes during fetal life
and decreased rapidly after birth, seemed to regulate fetal
development [18, 23]. Nevertheless, AT2R is still detectable
in adulthood in different organs, such as the heart, kidney,
adrenal glands, brain, ovaries and uterus, and the vessels
[24], where its main function is to counterbalance AT1R. For
instance, AT2R-knockout mice exhibit high blood pressure
levels and increased vascular sensitivity to Ang II [25, 26],
suggesting that AT2R antagonizes AngII-AT1R peripheral
effects. Such an action could be achieved not only by
vasodilator effects that are independent of AT1R [27, 28] but
also by AT1R downregulation [29] and/or direct inhibition of
AT1R signaling [30, 31], as represented in Figure 2.

Although the RAAS was a life-saving system, the first
aspect that became clear was that if the Ang II cascade
was activated inappropriately, it could lead to hypertension
and CVD [32]. Therefore, ACE inhibitors and Ang II type 1
receptor blockers (ARB) were designed as antihypertensive
therapies [33, 34]. A paradigm shift in RAAS understanding
occurred when the CONSENSUS and the SOLVD trials
showed that theACE inhibitor Enalapril reduced overallmor-
tality by 27% and 16% in patients with heart failure [35, 36].
Enalapril’s benefit suggested that the RAAS had significant
nonhemodynamic actions that were associated with cardio-
vascular pathology. These trials led to mechanistic studies
demonstrating that Ang II promoted ventricular hypertrophy
[37–39], myocardial infarction [40], and atherosclerosis [41–
43], independent of blood pressure values. In particular, by
binding to AT1R, Ang II was able to induce reactive oxygen
species generation, tissue inflammation and fibrosis, and
the regulation of cell growth and differentiation as well as
apoptosis and survival as summarized in Table 1 [41–63].

2.2. Circulating and Tissue Renin-Angiotensin-Aldosterone
System. The observation that many tissues were capable

Renin

Ang I

Ang II

Angiotensinogen

ACE

Blood pressure 
fall

Aldosterone 
release

Salt and 
water 

retention

Vasoconstriction Sympathetic
activity

Blood pressure increase

Figure 1: The activation of systemic renin-angiotensin-aldosterone
system cascade for blood pressure control. The activation of the
circulating RAAS cascade that follows a blood pressure fall begins
with renin secretion by the kidney. Once it has been released
into the bloodstream, renin cleaves angiotensinogen to form Ang
I, which is then converted to Ang II by pulmonary ACE. Ang
II stimulates vasoconstriction, renal retention of salt and water,
aldosterone secretion, and sympathetic activity, whereby it increases
blood pressure. ACE is for angiotensin-converting enzyme; Ang is
for angiotensin; RAAS is for renin-angiotensin-aldosterone system.

of synthesizing the RAAS key components led to another
paradigm shift in the timeline of RAAS understanding: the
RAAS was not anymore only a circulating hormonal system
but also a tissue system widespread in cardiovascular organs
[64–68]. ACE and Ang II receptors were identified in all
the relevant target tissues including the heart, kidney, blood
vessels, and adrenal glands [69–71], where they have not
only endocrine but also paracrine and autocrine effects [72].
Interestingly, circulating and local systems can sometimes
behave in opposite ways, like in cases of high salt intake,
which generally downregulates circulating and upregulates
local RAAS [73].

Renin, angiotensinogen, ACE, and Ang II receptors were
all present in the heart [67], where they were found upreg-
ulated in models of cardiac injury, such as volume overload
[74], myocardial infarction [75], and heart failure [76–78].
For example, one of the first experimental observations was
that ACE increased in heart failure, its cardiac induction was



Journal of Diabetes Research 3

Ang II

AT1R AT2R

AT1R antagonism

(i) AT1R signaling inhibition
(ii) AT1R downregulation
(iii) AT1R-AT2R heterodimerization

Hemodynamic actions

Short-term effects
(i) Vasoconstriction
(ii) Sympathetic activity stimulation
(iii) Epinephrine release

Long-term effects
(i) Renal retention of salt and water
(ii) Aldosterone secretion
(iii) Vasopressin release

Non-hemodynamic actions
NO

bradykinin

Extracellular

Intracellular

Hypertension
Cardiovascular remodeling

Atherosclerosis

Anti-hypertensive effects
Anti-remodelling effects

Anti-atherosclerotic effects

(i) Hypertrophy
(ii) Proliferation
(iii) Fibrosis
(iv) Inflammation
(v) Oxidative

Figure 2: Angiotensin II receptors. Angiotensin II has two major receptor isoforms: Ang II type 1 receptor (AT1R) and Ang II type 2
receptor (AT2R). AT1R stimulation mediates the classical actions of Ang II, including hemodynamic and nonhemodynamic effects, leading
to hypertension, cardiac remodeling, and atherosclerosis. On the other hand, AT2R stimulation usually causes opposing effects to AT1R.
Moreover, it can antagonize AT1R by downregulating it, inhibiting its signaling, or binding to it. Ang is for angiotensin; AT1R is for Ang II
type 1 receptor; AT2R is for Ang II type 2 receptor; NO is nitric oxide.

tissue specific, and it correlated with the size of myocardial
infarction [76]. Interestingly, ACE was expressed not only
in the cardiomyocytes adjacent to the infarct size, but also
in fibroblasts, macrophages, and endothelial cells. Further
studies demonstrated that the increase in cardiac ACE was
functionally significant, as it was associated with an increased
intracardiac conversion of Ang I to Ang II, which could
potentially impair ventricular function and induce ventric-
ular arrhythmias [79], eventually promoting heart failure.

Almost a decade after the CONSENSUS and the SOLVD
studies, the HOPE [5] trial extended to high-risk patients,
such as those with diabetes, the concept that RAAS blockade
protected against cardiovascular morbidity and mortality.
In that trial, Ramipril significantly reduced the rates of
death, myocardial infarction, and stroke in patients with
vascular disease or diabetes. Likewise, the LIFE trial showed
that Losartan was more effective than Atenolol in reducing
cardiovascular morbidity and mortality in patients with
hypertension, diabetes, and ventricular hypertrophy [80].
Also the EUROPA [81] and ADVANCE [82] trials provided
evidence that an ACE inhibitor treatment improved survival

and reduced the risk of major cardiovascular events in
patients with diabetes. Consistent with these results, exper-
imental studies demonstrated that Ang II blockade signif-
icantly reduced cardiac damage [8, 9] and atherosclerotic
plaque accumulation [6, 7] in the context of diabetes. More
recently, the ONTARGET trial has evaluated whether the
combination of an ACE inhibitor with an ARB was better
than the full dose of either drug. In the end, there was no
superiority of the ACE inhibitor versus the ARB in terms
of cardiovascular events. Moreover, dual blockade did not
confer greater cardiovascular protection and it actually put
risk of more adverse events [83].

At the same time the RALES and EPHESUS trials showed
that aldosterone antagonism on top of Ang II blockade
provided a major additive benefit as it reduced significantly
overall mortality and the rate of death from cardiovascular
causes among patients with severe heart failure [84] or after
acute myocardial infarction [85].These results suggested that
Ang II blockade could not totally suppress the production
of aldosterone and that other factors in addition to Ang II
were important in the production of this hormone.Moreover,
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Table 1: Cellular and tissue effects of Ang II, Ang 1–7, aldosterone, and (pro)renin in normal conditions.

Ang II
(via AT1R∗)

Ang 1–7
(via Mas1R∗)

Aldosterone
(via MR∗)

(Pro)renin
(via (P)RR∗)

Cardiomyocytes Hypertrophy [44] Hypertrophy inhibition
[112, 113]

Hypertrophy [86]
Apoptosis [87]
Oxidative stress [87]

Hypertrophy [136, 137]
Hyperplasia [138]
Cell elongation [139]

Cardiac fibroblasts
Proliferation [44]
Extracellular matrix
production [45–48]

Antiproliferative effects
[114, 115]
Inhibition of collagen
production [115]

Proliferation and migration
[88]
Extracellular matrix
production (collagen/elastin)
[48, 89, 90]

Endothelial cells Oxidative stress [49]
Inflammation [50, 51]

Nitric oxide production [116]
Anti-inflammatory effects
[117]

Oxidative stress [91]
Inflammation [92]

Hyperplasia [140]
Survival [140]

Smooth muscle cells

Oxidative stress [52]
Hypertrophy [53, 54]
Proliferation [55]
Migration [56, 57]
Extracellular matrix
production [58]

Antiproliferative effects
[118, 119]

Proliferation [93]
Migration [94]
Extracellular matrix
production [95, 96]

Hyperplasia [141, 142]
Survival [142]
Oxidative stress [142]

Macrophages Inflammation [51, 59] Anti-inflammatory effects
[120]

Inflammation [97]
Oxidative stress [98] Inflammation [143]

Heart
Hypertrophy [60]
Fibrosis [61]
Apoptosis [62, 63]

Antiarrhythmic effects [121]
Antifibrotic effects [122]
Antiremodeling effects
[123–126]

Hypertrophy [99]
Fibrosis [100]
Proarrhythmogenic [101]
Inflammation [102]

Cardiac function
deterioration [144]
Fibrosis [144]
Angiogenesis [144]

Vessels
Impaired vascular
relaxation to Ach [52]
Atherosclerosis [41–43]

Vasodilation [127, 128]
Antiatherosclerotic effects
[128]

Impaired vascular relaxation
to Ach [91]
Atherosclerosis [103]

Angiogenesis [140, 145]

∗Cellular and tissue effects are predominantly mediated by the indicated receptors.
Ang is for angiotensin; AT1R is for Ang II type 1 receptor;Mas1R is forMas1 receptor;MR is formineralocorticoid receptor; and (P)RR is for (pro)renin receptor.

they reinforced the notion that aldosterone promoted organ
damage by a series of cellular and tissue effects, elicited by
binding predominantly to the mineralocorticoid receptors,
which are reported in Table 1 [86–103]. More recently,
Eplerenone benefits have been extended to diabetic patients,
where this treatment reduced adverse CV events in diabetic
patients with heart failure following myocardial infarction
[104]. A randomized study evaluating the effects of two
aldosterone antagonists, Finerenone versus Eplerenone, in
diabetic patients with heart failure is still ongoing [105].

2.3. ACE2 and (Pro)Renin Discovery. Nevertheless, ACE2
discovery represents perhaps the last fundamental paradigm
shift in RAAS understanding [106, 107]. ACE2 is a car-
boxypeptidase whose main function is to degrade Ang II
to generate Ang 1–7, as represented in Figure 3. Although
ACE2 can also degrade Ang I to generate Ang 1–9, its catalytic
efficiency is 400-fold higher with Ang II, and therefore its
main effect is the degradation of Ang II to Ang 1–7 [108,
109]. Ang 1–7 is a biologically active peptide, which exerts
opposite peripheral actions to those of Ang II [110] by binding
predominantly to the Mas1 receptor (Mas1R) [111]. Cellular
and tissue effects of Ang 1–7/Mas1R are summarized in Table 1
[112–128]. Moreover, Ang 1–7, like all Ang II “breakdown”
products, has the potential to act as an endogenous ligand of
AT2R [129], further promoting organ protection (Figure 3).

The identification of ACE2 provided evidence that the
RAAS had two pathways with opposite effects: the classic
ACE/Ang II/AT1R and the new ACE2/Ang 1–7/Mas1R (and
AT2R) pathway. Accordingly, the current scientific opinion
is that what is critical in CVD development is an imbalance
in ACE-Ang II and ACE2-Ang 1–7 [130]. Consistent with this
view, ACE2 is regarded as the central regulator of the RAAS
[131], as its changes can affect not only Ang II detrimental
actions but also Ang 1–7 protective effects. For instance, a
decrease inACE2 results in activation of theAng II/AT1R axis
with a parallel reduction of Ang 1–7 [51, 132]. Nevertheless,
ACE2 protective effects can be attributed not only to the
degradation of Ang II and the generation of Ang 1–7 or to
the degradation of Ang I and the generation of Ang 1–9 [106],
as represented in Figure 3, but also to the local increase of
ANP. Recently, we have shown that ACE2 regulates ANP
production through Ang 1–7 [132].

Having said that, the final entry in the RAAS is the
(pro)renin receptor [(P)RR], which is a specific receptor
for both renin and its inactive precursor prorenin [133],
collectively called (pro)renin (Figure 3). When (pro)renin
binds to (P)RR it can degrade angiotensinogen to Ang I,
but it can also trigger intracellular signaling pathways, which
are independent of Ang II generation [133]. Interestingly, the
ability of prorenin to activate the RAAS depends on the fact
that its binding induces a conformational change that exposes
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Figure 3: Tissue renin-angiotensin-aldosterone system. The activation of the RAAS cascade begins with renin secretion. Renin is secreted
as a precursor protein, prorenin. Renin and prorenin can bind to their specific receptor called (P)RR and activate intracellular pathways
independent of RAAS. Otherwise, renin cleaves angiotensinogen to form Ang I, which is then converted to Ang II by ACE. Ang II binds
to its specific receptors: AT1R and AT2R. AT1R promotes blood pressure increase, cardiac remodeling, and atherosclerosis development. In
addition, through AT1R, Ang II stimulates aldosterone secretion. On the other hand, AT2R seems to antagonize these effects. Moreover, Ang
I and Ang II can be cleaved by ACE2 to form Ang 1–9 and Ang 1–7, which have opposite effects to those of Ang II, such as vasodilation, anti-
inflammatory, antifibrotic, and antiremodeling effects, which are mediated by Mas1R and partly by AT2R. In addition, Ang 1–7 stimulates
local ANP secretion. ACE is for angiotensin-converting enzyme; ACE2 is for angiotensin-converting enzyme 2; Ang is for angiotensin; AT1R
is for Ang II type 1 receptor; AT2R is for Ang II type 2 receptor; ANP is for atrial natriuretic peptide; (P)RR is for (pro)renin receptor.

prorenin active site, which becomes catalytically active and
generates Ang I. The biology of (P)RR is very complex and
only partially understood [134]. The association between
(P)RR gene polymorphism and ambulatory BP in Japanese
men [135] has suggested that (P)RR was related to cardio-
vascular disease leading to experimental studies supporting
this hypothesis. The cellular and tissue effects of (pro)renin
are reported in Table 1 [136–145]. Nevertheless, transgenic
animals overexpressing (pro)renin developed hypertension
that was sensitive to ACE inhibition, indicating that this
effect was due to Ang II generation, which led to arguing
against an independent role of (P)RR in CVD [146, 147].
On the other hand, Batenburg and Danser have suggested
that (pro)renin overexpression led to a 400-fold increase of
plasma (pro)renin levels, which is far from the 1000-fold–
100.000-fold increase that is required to observe (pro)renin
effects in vitro [148]. Certainly, (P)RR has essential functions
that are independent of the RAAS and are related to the
vacuolar H+-proton adenosine triphosphatase (V-ATPase)
[149]. In particular, (P)RR is a cofactor of the V-ATPase
[150] and is required for central nervous system development
[151, 152]. (P)RR is also an essential partner in Wnt receptor
complex signaling [153], which regulates normal pattering
of the embryo, and in adults, cell proliferation, migration,

polarity, and tissue repair. These findings explain not only
why (P)RR deletion yielded embryos that died before the end
of embryogenesis [153, 154] but also why mice with specific
ATP6ap2/(P)RR knockout in cardiomyocytes died of severe
heart failure within 3 weeks of age [155].

3. Diabetes, the Activation and Imbalance of
the Renin-Angiotensin-Aldosterone System,
and Cardiovascular Disease

3.1. The Renin-Angiotensin-Aldosterone System Activation
Links Diabetes to CVD. The current picture of the RAAS is
that of an extremely complex pathway whose overstimulation
triggers a chain of events contributing to cardiovascular
disease. The RAAS is found not only in the circulation,
where it has hemodynamic effects, but also at a tissue level,
where it has nonhemodynamic effects. It is activated in
the hypertrophied, ischemic, and failed heart, and activa-
tion of the ACE/AngII/AT1R axis leads to both accelerated
atherosclerosis and direct cardiac injury, as shownby infusing
Ang II or by the studies where RAAS blockade was able to
attenuate or prevent cardiac damage [78].

Patients with diabetes have a higher prevalence of cardio-
vascular morbidity and mortality as compared to the general
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population [3]. On one hand, diabetes is associated with
accelerated atherosclerosis affecting the coronaries, which
increases the risk for myocardial infarction and heart failure.
On the other hand, it can cause diabetic cardiomyopathy,
which corresponds to a cardiac dysfunction independent of
coronary artery disease, hypertension, and valvular compli-
cations [156].

Upregulation of the RAAS is evident in diabetes. Miller
and colleagues demonstrated that during the early stages
of diabetes there was an increase in plasma renin activity,
mean arterial pressure, and renal vascular resistance [157].
Moreover, the fact that Losartan lowered blood pressure
more in hyperglycemic than in euglycemic conditions [158],
and that Captopril and Eprosartan caused a greater renal
vasodilator response during hyperglycemia [159], suggested
that glucose levels were associated with an activation of
the RAAS, which made diabetic patients more sensitive to
RAAS antagonism. Consistent with this view, direct renin
inhibition with Aliskiren led to significant improvement of
left ventricular hypertrophy [160] and end-systolic volume
[161] only in groups of patients with diabetes.

The importance of RAAS antagonism in the preven-
tion/reduction of cardiovascular complications has clearly
demonstrated that diabetes-induced RAAS activation con-
tributes substantially to diabetic CVD [5, 80–82]. Activation
of AngII/AT1R pathway in the setting of diabetes can in fact
promote cell growth and proliferation, apoptosis [162], oxida-
tive stress generation [9], inflammation [6], and fibrosis [9],
which are all leading to cardiac remodeling and atherosclero-
sis, that can be reversed/reduced by RAAS blockade [7–9].

3.2. Diabetes-Induced Activation of the AngII/AT1R Pathway
and Imbalance of the Renin-Angiotensin-Aldosterone System.
There are several mechanisms whereby diabetes can promote
tissue Ang II/AT1R actions. Firstly, hyperglycemia directly
stimulates local Ang II production in cardiomyocytes [163],
cardiac fibroblasts [164], and endothelial cells [165] as well as
in murine and human diabetic heart tissues [164, 166]. For
example, Fiordaliso and colleagues demonstrated that glu-
cose increased Ang II in cardiac myocytes, which made them
more susceptible to undergo apoptosis [167], consistent with
the view that the RAAS promotes the development of diabetic
cardiomyopathy [162, 166]. Studies on cardiac myocytes sug-
gest that the mechanism whereby hyperglycemia increases
local Ang II in the heart is the generation of intracellular
Ang II by intracellular chymase and/or internalized prorenin.
Then, intracellular Ang II could directly produce oxidative
stress and cellular apoptosis and/or enhance RAAS com-
ponents expression through a positive feedback mechanism
[168].

The second mechanism underlying AngII/AT1R activa-
tion in diabetes is that high glucose concentrations can
enhance the tissue response to Ang II and vice versa.
While Ang II can increase the activation of glucose-induced
transcription factors in vascular smooth muscle cells [169],
hyperglycemia can increase the contractile aortic response to
Ang II [170]. This additive effect could be ascribed to the fact
that diabetes induces AT1R expression in the heart [171, 172]
and the vasculature [172]. Interestingly, several works have

demonstrated that hyperglycemia can also stimulate aldos-
terone secretion by increasing local Ang II. Xue and Siragy
observed an upregulation of renal aldosterone synthase in
diabetic rats, which was significantly reduced by AT1R block-
ade [173]. Similar findings were reported in podocytes [174]
and in cardiomyocytes [175]. Locally, aldosterone triggers a
vicious cycle that promotes AngII/AT1R effects as it mediates
part of Ang II effects [176], increases tissue ACE and AT1R
[177], and reduces tissue ACE2 [178, 179]. Moreover, together
with Ang II, aldosterone promotes oxidative stress, fibrosis,
and apoptosis. Therefore, many studies are now supporting
at least a synergistic role for aldosterone in the pathogenesis
of diabetic cardiovascular complications [180].

The third way whereby diabetes promotes Ang II tissue
actions is through the several metabolic abnormalities asso-
ciated with hyperglycemia.These include advanced glycation
end products, which form after prolonged hyperglycemia and
oxidative stress, dyslipidemia, and low-grade inflammation.
All of them can in fact stimulate the AngII/AT1R pathway
by upregulating AT1R expression [181–184]. An interesting
aspect that should be considered is that, in the heart, the
conversion of Ang I to Ang II relies not only on ACE activity
but also on other enzymes such as tissue chymase [185, 186],
which are found primarily in mast cells. Given this localiza-
tion, chymase might link inflammation to RAAS activation
and CVD. Unfortunately, inhibition of this chymase is yet to
be realized [187].

Another intriguing mechanism whereby diabetes
enhances AngII/AT1R actions is ACE2 downregulation,
which does not only promote Ang II actions but also reduce
local Ang 1–7 leading to an imbalance of the RAAS. This
concept is supported by the works of Tikellis and colleagues,
who showed that the induction of diabetes was associated
with a significant reduction of ACE2 expression and ACE2
activity in the heart and the vasculature [172] together with
a significant increase in circulating Ang II and a significant
reduction of Ang 1–7 levels [172]. Similar changes were
reported in the kidney of diabetic mice [132, 188]. It has
been argued that ACE2 may be more important than ACE in
regulating cardiac levels of Ang II and Ang 1–7 and therefore
more important for balancing RAAS activation [189]. This
concept relies on the experimental evidence that while ACE2
deficiency results in increased cardiac levels of Ang II [51]
and reduced levels of Ang 1–7 [132], ACE deficiency does
not modify cardiac Ang II, which could be generated by
non-ACE pathways [190], including chymases.

Therefore, ACE2 replenishing strategies could be an
important therapeutic tool against diabetic CVD. Another
promising therapeutic strategy against diabetic CVD seems
to be AT2R stimulation. The rationale behind it is that
diabetes seems to upregulate AT2R expression [24]. AT2R
expression was found increased in the hearts of diabetic rats
[171, 191], as well as in their kidneys [192]. Similar results were
obtained in kidney biopsies of patients with type 2 diabetes
[193]; this is in line with the report that glucose inducedAT2R
renal expression both in vivo [194, 195] and in vitro through
the expression of the transcriptor factor IRF-1 [195].

Lastly, diabetic patients have higher prorenin levels
than normal subjects, and their prorenin levels are 10-fold
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higher than their renin levels [196]. Given that the bind-
ing of prorenin to (P)RR can generate Ang I and also
stimulate (P)RR intracellular signaling, it has been argued
that plasma prorenin could contribute more substantially
than renin to the pathogenesis of end-organ damage [196].
This is supported by the finding that diabetic patients with
high prorenin levels had a higher risk of microvascular
complications [197], whose development could be predicted
by the same prorenin levels [198]. Consistent with these
circulating changes, Connelly and colleagues demonstrated
that, also at a tissue level, diabetic cardiomyopathy was
associated with a 3-fold increase in both (P)RR gene and
protein expression, whichwere reduced by the renin inhibitor
Aliskiren. Although the increased expression of (P)RR in the
diabetic heart was interpreted as a beneficial response to limit
intracellular acidosis, due to its sequence identity with the
V-ATPase, it was argued that (P)RR abundance could still
modulate the activity of the local RAAS and expose cardiac
myocytes to Ang II increased concentrations [199].

4. New Potential Therapies against Diabetic
Cardiovascular Complications

4.1. New Agents for Classic Targets

4.1.1. Angiotensin Receptor-Neprilysin Inhibition. ACE inhi-
bition, AT1R antagonism, and MR blockade are some of
the most classic therapeutic strategies against CVD. Another
classic therapeutic strategy against heart failure is to increase
natriuretic peptide levels, as they are natriuretic, diuretic,
vasodilating, and able to inhibit pathologic growth in heart
failure [200]. However, although the idea to boost their
activity in patients with heart failure seemed theoretically
infallible, the approaches used for years have produced
only partial if not disappointing effects. These approaches
included short-term intravenous infusions of natriuretic
peptides or inhibition of neprilysin, which is the enzyme
that degrades natriuretic peptides, together with bradykinin,
adrenomedullin, and possibly other substrates such as Ang II.
So, the most likely explanation underlying the disappointing
effect of the oral inhibitor of neprilysin was that neprilysin
degraded also Ang II, and therefore inhibiting neprilysin
would increase not only natriuretic peptides but also Ang
II actions. Eventually, the combination of an ACE and a
neprilysin inhibitor solved this problem and turned out to
be superior to either approach in terms of cardiovascu-
lar benefits [201, 202]. Unfortunately, in clinical trials this
combination was associated with angioedema [203, 204]. In
order to overcome this issue, angiotensin receptor-neprilysin
inhibitors (ARNis) have been developed, such as LCZ696,
which is an association of the ARB Valsartan with the
neprilysin inhibitor Sacubitril (Figure 4). In a recent trial this
association was found superior to Enalapril in reducing the
risk of death and hospitalization in patients with heart failure
[205], including those with diabetes [206]. This is consistent
with the observation that the administration of LCZ696 in an
experimental model of diabetes significantly reduced cardiac
hypertrophy and fibrosis and improved ejection fraction after
myocardial reperfusion injury [207].

4.1.2. Aldosterone Synthase Inhibition. Another classic target
against CVD is aldosterone, due to the growing appreci-
ation of its contribution to CVD development and pro-
gression. The drugs that are available for blocking aldos-
terone actions are Spironolactone and Eplerenone, which are
both mineralocorticoid-receptor antagonists. Nevertheless,
Spironolactone and Eplerenone have still limited clinical use,
due to the poor selectivity of Spironolactone, the low potency
of Eplerenone, and the fact that only MR-dependent effects
of aldosterone can be inhibited. An alternative approach to
antagonize aldosterone is inhibiting its formation. For this
reason, several aldosterone synthase (CYP11B2) inhibitors
have been developed. The compounds targeting CYP11B2
that have been studied so far are FAD286, which has been
used mostly in experimental settings, and LCI699, which has
been developed for human use in 2010 [208]. A few works
have demonstrated that FAD286 reducedmortality, improved
cardiac remodeling [209, 210], and reduced atherosclerosis
[211]. Nevertheless, both drugs have exhibited clear side
effects due to the inhibition of CYP11B1, which synthesizes
glucocorticoids. Moreover, another concern prior to their
use is that aldosterone synthase inhibitors could allow the
activation of unprotected MR by glucocorticoids, and this
needs further research.

4.1.3. Renin Inhibition. Renin inhibition represents another
very attractive therapeutic strategy to reduce Ang II levels.
This can be achievedwith the renin inhibitorAliskiren, which
attenuates Ang II generation and reduces blood pressure
comparably to ACE inhibitors and ARB [212]. However,
similarl to what was reported in the ONTARGET trial, the
ALTITUDE study has demonstrated that the simultaneous
administration of Aliskiren with an ACE inhibitor or an ARB
should be avoided [213]. A critical concern on the use of
Aliskiren is that it is associated with high renin levels that
might bind to (P)RR [214, 215]. Therefore, specific blockade
of (P)RR could provide more benefits as compared to renin
inhibition alone, as it could not only reduce (pro)renin
enzymatic activity but also prevent some AngII-independent
effects of (pro)renin. So far, a (P)RR antagonist, called HRP
(“handle region” peptide), has been designed. In particular,
this molecule mimics the “handle region” of prorenin, which
allows its binding to (P)RR and its subsequent nonproteolytic
activation. Studies in animalmodels of diabetes showpromis-
ing results as reviewed in [148], possibly because HRP exerts
its effects only in diseases associated with high prorenin and
low renin levels, such as diabetes.

4.2. New Agents for New Targets

4.2.1. ACE2 Replenishing Strategies. A promising therapeutic
strategy in cardiovascular medicine is represented by RAAS
modulation. As compared to RAAS antagonism, RAAS
modulation combines ACE/AngII/AT1R blockade with the
stimulation of ACE2/Ang 1-7/Mas1R and AT2R. The latter
can be achieved by a series of new therapies that includes
ACE2 replenishing strategies, Ang 1–7 administration, and
AT2R agonists. However, also ACE inhibitors and AT1R
blockers should be considered RAAS modulating agents,
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Figure 4: Mechanisms of action of angiotensin receptor/neprilysin inhibitors. ARB antagonize Ang II binding to AT1R, which causes
hypertension and multiorgan injury. NEPi inhibit the activity of NEP, which is an enzyme degrading natriuretic peptide, bradykinin, and
other peptides. The result is a reduction of Ang II harmful effects and an increase of the benefits of natriuretic peptides and bradykinin. ACE
is for angiotensin-converting enzyme; ADM is for adrenomedullin; Ang is for angiotensin; ANP is for atrial natriuretic peptide; ARB is for
angiotensin II receptor blockers; AT1R is for Ang II type 1 receptor; BNP is for brain natriuretic peptide; NEPi is for neprilysin inhibitors.

as they can increase ACE2 expression and Ang 1–7 levels
severalfold, suggesting that part of their beneficial effects is
due to ACE2/Ang 1–7 effects [216, 217].

Having said that, Crakower and colleagues showed that
ACE2 is an essential regulator of cardiac function, by demon-
strating that ACE2 deficiency was associated with reduced
systolic function [218]. Similar findings have been reported
in animal models of type 1 and type 2 diabetes [219, 220]. In
addition to that, we have demonstrated that ACE2 deficiency
was associatedwith accelerated atherosclerosis [51]. It has also
to be noted that ACE2 deficiency might in fact influence not
only the risk of developing CVD but also the response to
the treatment, particularly in the setting of diabetes where
ACE2 expression is constitutively low [188]. These findings
emphasize the potential utility of ACE2 repletion as a strategy
to reduce CVD. Current therapeutic tools that modulate
ACE2 levels or activity, which are still under investigation,
include adenoviral ACE2 gene transfer, recombinant human
ACE2 (rhACE2), ACE2 activators, oral ACE2, and Ang 1–7
bioencapsulated in plant cells. So far, bothACE2 gene transfer
and the administration of an ACE2 activator have ame-
liorated diabetic cardiomyopathy [221, 222]. Moreover, the
reports that rhACE2 administered intravenously to healthy
human subjects was well tolerated [223] and that it resulted
in sustained reduction in plasma Ang II levels and elevation
in Ang 1–7 levels [131] are encouraging, as they are shortening

the gap between bench and bedside with respect to the
possibility of using rhACE2 in clinical practice.

4.2.2. Ang 1–7 Administration. Based on the protective car-
diovascular effects of Ang 1–7, several experimental studies
have tested the hypothesis that Ang 1–7 infusion could
ameliorate diabetic cardiomyopathy. In all these works, Ang
1–7 improved all the structural hallmarks of diabetic car-
diomyopathy, which is characterized by left ventricle hyper-
trophy and left and right ventricle fibrosis and dysfunction
[224–226]. In db/db mice with early [227] and advanced
disease [228], Ang 1–7 reversed diabetes-induced changes.
In particular, in the early disease model [227], Ang 1–7
increased cardiac output and cardiac index and decreased
cardiomyocyte hypertrophy, heart fibrosis, and inflamma-
tion. Vascularization was also improved, which correlated
with increased numbers of bone marrow residing in and
circulating endothelial and mesenchymal stem cells [227].
Here, Mas1R seemed to be the main receptor mediating
Ang 1–7 effects, which explains why AVE0991, which is a
Mas1R agonist, had cardioprotective effects in diabetic rats
[229]. In addition, in the advanced disease model, Ang 1–7
ameliorated diastolic function and decreased not only cardiac
hypertrophy and fibrosis but also triacylglycerol accumula-
tion [228]. Moreover, consistent with the report that Ang 1–
7 preserved cardiac function, coronary perfusion, and aortic
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endothelial function in a rat model of heart failure [230], Ang
1–7 improved cardiac recovery from ischemia/reperfusion
and restored the normal reactivity to constrictor and dilator
stimuli in the vasculature [231]. Recently, we have shown
that Ang 1–7 administration significantly reduced ex vivo
leukocyte recruitment in an animal model of diabetes. This
was associated with a reduction of glucose-induced molecule
adhesion expression and leukocyte adhesion to endothelial
cells in vitro [232]. These effects were completely blocked by
the Mas1R antagonist, suggesting that Mas1R was the main
receptor mediating Ang 1–7 effects on endothelial cells.

4.2.3. AT2R Agonists. AT2R activation has been currently
achieved by compound 21 (C21), which is a nonapeptide that
acts as a highly selective AT2R agonist and stimulates AT2
receptors. Several studies have shown its efficacy in reducing
tissue fibrosis in the cardiovascular system. However, those
that have been carried out in diabetic conditions have
explored its actions mostly against renal fibrosis. In this
setting, C21 was able to significantly reduce renal fibrosis in
experimental models of both type 1 [233] and type 2 diabetes
[234]. In one of these studies, C21 was able to significantly
reduce also the expression of several inflammatorymediators
[233]. This finding is consistent with the vascular effects of
this drug, which prevented endothelial inflammation and
reduced leukocyte adhesion both in vivo and in vitro [235].
In addition, recently, C21 was found to be able to reduce
diabetes-associated atherosclerosis [236].

5. Conclusions

The RAAS has been studied for more than a century. Never-
theless, the current picture of theRAAS is that of an extremely
complex pathway, which has not been fully characterized yet
and might hold in store new aspects that have still to be
discovered. Certainly, what we do know is that blocking Ang
II reduces cardiovascular complications. This is particularly
true in diabetic conditions, where Ang II/AT1R pathway is
activated, while the Ang 1–7/Mas1R is not.Therefore, the aim
of new therapies is not only to block Ang II harmful effects
but also to augment the activity and actions of potentially
beneficial pathways, byACE2 replenishing strategies, Ang 1–7
administration, andAT2R agonists.Here is another paradigm
shift: treatment of diabetic cardiovascular disease should
move from RAAS inhibition to RAAS modulation.
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[183] G.Nickenig, A. T. Bäumer, Y. Temur, D. Kebben, F. Jockenhövel,
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Globally, noncommunicable chronic diseases such as Type-2 Diabetes Mellitus (T2DM) and Coronary Artery Disease (CAD) are
posing a major threat to the world. T2DM is known to potentiate CAD which had led to the coining of a new clinical entity
named diabetic CAD (DM-CAD), leading to excessive morbidity and mortality. The synergistic interaction between these two
comorbidities is through sterile inflammation which is now being addressed as metabolic inflammation or metainflammation,
which plays a pivotal role during both early and late stages of T2DM and also serves as a link between T2DM and CAD.This review
summarises the current concepts on the role played by both innate and adaptive immune responses in setting upmetainflammation
in DM-CAD. More specifically, the role played by innate pattern recognition receptors (PRRs) like Toll-like receptors (TLRs),
NOD1-like receptors (NLRs), Rig-1-like receptors (RLRs), and C-type lectin like receptors (CLRs) and metabolic endotoxemia in
fuelling metainflammation in DM-CADwould be discussed. Further, the role played by adaptive immune cells (Th1,Th2,Th17, and
Th9 cells) in fuelling metainflammation in DM-CAD will also be discussed.

1. Introduction

In recent years, noncommunicable chronic diseases such as
Type-2 Diabetes Mellitus (T2DM) and Coronary Artery Dis-
ease (CAD) are posing amajor threat to theworld irrespective
of geographical and ethnic boundaries [1]. T2DM is known to
potentiate CADwhich had led to the coining of a new clinical
entity named diabetic CAD (DM-CAD), leading to exces-
sive morbidity and mortality [1]. The synergistic interaction
between these two comorbidities is through sterile inflamma-
tionwhich is nowbeing addressed asmetabolic inflammation
or metainflammation [2]. Metainflammation is due to the
dysfunction of the immune system which acts like a double
edged sword: at optimal level it confers protection against
pathogens; at the suboptimal level it leads to immunodefi-
ciency; at supraoptimal level it leads to inflammation. The
pathogenesis ofDM-CAD is complexwith the involvement of
multiple factors including genetic predisposition and various
environmental factors like high fat diet, sedentary life style,
and chronic stress [1]. Though the association of inflamma-
tion with T2DM and CADwas envisioned as early as in 1800s

the mechanisms mediating these inflammatory responses
were not clearly known [3]. T2DM arises due to insulin
resistance (IR) during early stages, which in turn arises due
to the inflammation of the insulin target organs (adipose,
skeletal muscle, and liver) [4]. IR leads to increased insulin
demand and thereby causes rapid exhaustion of pancreatic
beta cells due to overproduction, eventually leading to insulin
deficiency (ID) [4].Thus, late stage of T2DM is characterized
by combined ID and IR leading to hyperglycemia, eventually
leading to endothelial dysfunction [5].

CAD is a macrovascular complication characterized
by enhanced extravasation and accumulation of inflamed
macrophages under the tunica intima, wherein they engulf
the oxidized lipids and become foam cells, leading to the
formation of atherosclerotic plaques (atherogenesis) [5].
There are 4 important mechanisms that majorly contribute
to the development of hyperglycemia induced cardiovascu-
lar damage: (1) increased sorbitol production due to acti-
vation of polyol pathway, (2) increased O-GlcNAcylation
of cytosolic proteins, (3) activation of protein kinase C,
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and (4) increased formation of Advanced Glycation End-
Product (AGE) [6]. The underlying common element in all
these mechanisms is the increased production of reactive
oxygen species (ROS) in endothelial cells under diabetic
condition [6]. Recently redox stress has also been linked
to neoangiogenesis as seen in microvascular complications
(HIF-1𝛼 activation) and metainflammation (NF-𝜅B activa-
tion) [6]. DM induced hyperglycemia accelerates the process
of atherosclerosis, with greater infiltration of inflammatory
macrophages and T lymphocytes and increased inflamma-
tion of the coronary artery [7]. Metainflammation augments
atherogenesis by directly promoting arterial lipid deposition
and inducing the proliferation and migration of smooth
muscle cells [7]. It also indirectly promotes atherogenesis
by augmenting other risk factors of CAD including dys-
lipidemia, diabetes, and hypertension [6, 7]. Thus there are
several immune factors involved in atherosclerosis which
involve cells (endothelial cells, macrophages, and lympho-
cytes), cytokines, chemokines, acute phase proteins, and
adhesion molecules [8–10]. Among these C-reactive protein
(CRP), Interleukin-6 (IL-6), and Tumour Necrosis Factor
(TNF-𝛼) have been used as predictive markers of CAD
as evidenced by various epidemiological studies [10]. Thus,
metainflammation plays a pivotal role during both early
and late stages of T2DM and also serves as a link between
T2DM and CAD. However, the exact mechanism behind the
initiation of inflammation as seen in these two conditions
is not clearly known. In this review, a summary of the role
played by innate and adaptive immune responses in setting
up metainflammation in DM-CAD would be presented.

2. Role of Innate Metainflammation
in DM-CAD

The innate immune system serves as a first-line defense
mechanism against invading pathogens. Unfortunately, the
same system also serves as the first-line initiator of metain-
flammation in DM-CAD. The pattern recognition receptors
(PRRs) which include Toll-like receptors (TLRs), NOD-
like receptors (NLRs), Rig-1-like receptors (RLRs), and C-
type lectin like receptors (CLRs) serve as the major arsenal
of innate immunity in detecting unique pathogen asso-
ciated molecular patterns (PAMPs) and thereby alerting
the immune system [11] (Figure 1). However, apart from
these well characterized receptors, new members are being
added to this ever increasing list. These receptors are widely
distributed in immune and nonimmune cells to enable
rapid detection of pathogens and immediate activation of
the immune system (danger-signal hypothesis), resulting in
immunity. In fact, these receptors act as bridges between
the innate and adaptive arms of the immune responses
[12]. However, under certain pathogenic conditions, the
same receptors, which detect the pathogens, also detect
commensals and self-molecules and activate the immune
system resulting in metainflammation. Metainflammation
in DM-CAD is characterized by increased serum levels
of proinflammatory cytokines like TNF-𝛼, IL-6, and IL-
1𝛽 [13, 14] and anti-inflammatory cytokines like IL-10 and
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Figure 1: Role of innate immune response in triggeringmetainflam-
mation associated with DM-CAD. Pattern recognition receptors
(PRRs) are the well characterized innate immune receptors which
trigger metainflammation following recognition of both pathogen
associated molecular patterns (PAMPs) and damage associated
molecular patterns (DAMPs). Viral nucleic acids, endotoxins, and
peptidoglycans are some of the PAMPS which are released into
the circulation following metabolic endotoxemia. Free fatty acids
and self-nucleoproteins are some of the endogenous ligands which
act as DAMPs. The end result is the activation of NF-𝜅B and
IRFs which in turn activate proinflammatory cytokines and type-
1 interferons, respectively. These inflammatory mediators destroy
pancreatic beta cells leading to insulin deficiency and induce inflam-
mation at insulin target organs leading to insulin resistance (IR)
eventually precipitating in Type-2 Diabetes. Long standing diabetes
induces systemic inflammation leading to monocyte activation and
endothelial dysfunction leading to the extravasation of monocytes
and formation of atherosclerotic plaques.

Transforming Growth Factor-beta (TGF-𝛽) [15]. DM asso-
ciated hyperglycemia and hyperlipidemia might also fuel
metainflammation. Nonenzymatic glycation of proteins and
oxidised lipids can bind to innate immune receptors and
can activate them. Inappropriate activation of these receptors
in various organs is believed to be a major contributory
factor towards the increased secretion of these cytokines.
Apart from this, increased ROS production could also be an
underlying cause for the increased proinflammatory cytokine
secretion through enhanced NF-𝜅B activation [16].
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3. Role of Toll-Like Receptors (TLRs)
in DM-CAD

Among the various PRRs, the TLRs were the earliest and thus
the most well characterized group of receptors. TLRs were
first identified inDrosophila, wherein theywere found to con-
fer immunity against fungal infection [17]. Later, homologs
of these receptors were identified in the human genome
and were found to perform similar functions. Till date, at
least 10 members of TLR family have been identified and
characterized in humans and have been implicated in a wide
range of inflammatory conditions including cancer, infection,
autoimmunity, immunodeficiency, and graft rejection [18].
However, recent studies in animals and humans have shown
their involvement in metabolic diseases especially DM-CAD
[19–21]. These receptors apart from recognizing the PAMPs,
present in the pathogens, also detect damage associated
molecular patterns (DAMPs), present in the host culminating
in inflammation [22]. Immune cells like B cells, monocytes,
and dendritic cells predominantly express TLRs compared to
NK cells and T cells which show lesser expression. Activation
of TLRs results in the increased secretion of proinflammatory
cytokines such as TNF-𝛼 and IL-6which are known to induce
IR leading to T2DM [23] and promote atherogenesis leading
to CAD [24] (Figure 1). Increased expression of TLR4 has
been reported in the adipose tissue [25], fatty liver [26], and
skeletal muscle [27] of both mice and humans. However
studies carried out in our lab have shown strong down-
regulation of TLR2 and TLR4 in B cells and monocytes of
newly diagnosed T2DM subjects which was largely due to the
upregulation of immunomodulatory enzymes indoleamine-
2,3-dioxygenase (IDO), arginase-1, and heme oxygenase-1,
indicating that chronic hyperglycemia can impair immunity
by downregulating TLR expression [28]. This opens up a
susceptibility window where newly diagnosed subjects are
under increased risk to infections [28]. Enhanced expres-
sion of TLR1, TLR2, and TLR4 in atherosclerotic plaques
has been reported in humans [29]. During high fat diet,
these receptors get activated which results in the inhibition
of insulin signaling augmenting atherogenesis [30]. TLR1,
TLR2, TLR4, and TLR6 which are abundantly expressed in
monocytes cooperate with CD14, CD36 (scavenger receptor),
and complement receptors in transforming these monocytes
into foam cells [31].

Activation of TLR results in the activation of NF-
𝜅B which has been identified as a “master regulator” of
inflammation [32]. NF-𝜅B activation occurs either through
Mal:MyD88 pathway (which is sometimes referred to as
MyD88-dependent pathway) or through TRAM:TRIF path-
way (which is sometimes referred to as MyD88-independent
pathway) [32]. Activated NF-𝜅B induces proinflammatory
cytokines which when secreted reinforce the action of TLRs,
setting up a positive feedback loop [32]. Interestingly, apart
from NF-kB, activation of IRF3 (by TLR3 and TLR4) and
IRF7 (by TLR7, TLR8, and TLR9) results in the secretion
of type-1 interferons (interferon-𝛼 and interferon-𝛽) [33].
These interferons, like the proinflammatory cytokines, act
in an autocrine fashion reinforcing the TLR stimulation, via
IFN-𝛼𝛽R-STAT1 pathway [33]. Apart from cytokines and

interferons, TLR stimulation leads to the secretion of variety
of chemokines which are largely under the control of NF-
𝜅B and STAT-1 regulation [34]. While TLR induced secre-
tion of proinflammatory cytokines, type-1 interferons, and
chemokines promotes inflammation, TLR induced secretion
of anti-inflammatory cytokine IL-10 (and in some cases TGF-
𝛽) is the major self-limiting pathway involved in curtailing
inflammation [35]. IL-10, through the JAK1-STAT3 pathway,
negatively regulates TLR signaling by degrading IRAK4 and
TRAF6 thereby dampeningMyD88-dependent pathway (but
not the MyD88-independent pathway) [36]. Apart from
NF-kB, IRFs, and STAT1, AP-1 and ATF3 are the other
major transcription factors involved in TLR signaling and
their role in DM-CAD is yet to be deciphered [32]. While
the role of proinflammatory cytokines in promoting IR
and atherogenesis is well known, the involvement of type-1
interferons, chemokines, and anti-inflammatory cytokines in
these pathogenic processes is less well studied.

4. Role of NOD-Like Receptors (NLRs)
in DM-CAD

NOD-like receptors (NLRs) are the second group of pattern
recognition receptors (PRRs) which are important com-
ponents of the host innate immune responses that regu-
late metainflammation. Though NLR and TLR pathways
are mediated through different adaptors, they induce the
expression of proinflammatory cytokines by activating NF-
𝜅B signaling [37]. Various cell types expressNOD1 andNOD2
including epithelial cells, dendritic cells [38], keratinocytes
[39], macrophages [40], and the Paneth cells [41]. Among the
NLR family members, NOD1 and NOD2 recognize bacterial
peptidoglycans resulting in the activation of MAPK and
NF-𝜅B signaling leading to transcriptional upregulation of
proinflammatory cytokines [41]. Along with NALP3 they
promote the assembly of large multiprotein complexes called
“inflammasomes” [42]. These inflammasomes in turn acti-
vate the proteolytic caspase-1 which cleaves and activates
the proinflammatory cytokines IL-1𝛽 and IL-18 that signal
cell damage [42]. Further, like TLRs they are also capable of
activating type-1 interferons, via IRF3 [43]. Since NLRs and
TLRs act in a similar fashion in provoking the inflammatory
response, NLRs could also play a complimentary role in the
pathogenesis of DM-CAD [44] (Figure 1). NOD proteins
mediated metainflammation and IR has been demonstrated
in many cell types [45–47]. Monocytes from T2DM sub-
jects have shown upregulation of NOD1 and NOD2 mRNA
which also correlated with HOMA-IR, indicating its role
in T2DM [48]. NOD1 mRNA was markedly upregulated in
the adipose tissue of diet-induced (DIO), but not genetically
susceptible (ob/ob), obese mice [45]. Stimulation of NOD1
with a synthetic ligand Tri-DAP induced proinflammatory
chemokines (MCP-1, RANTES, and MIP-2) and cytokines
(TNF-𝛼 and IL-6) in 3T3-L1 adipocytes [45]. A similar
proinflammatory profile was also observed in human pri-
mary adipocytes stimulated with NOD1 which suppressed
insulin signaling [45]. Like NOD1, activation of NOD2 in
L6-myotubes induced IR within 3 h, which was characterized
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by a reduction in insulin-stimulated glucose uptake, GLUT4
translocation, and IRS-1 and Akt-1 phosphorylation [46].
These results showed that NOD2 alone is capable of acutely
inducing metainflammation and IR in muscle cells [46].
NOD1/2 KO mice were protected from high fat diet-induced
metainflammation, lipid accumulation, and IR [49]. Con-
versely, direct activation of NOD1 in wild type mice induced
IR within 6 h [49]. Oral administration of NOD1 ligand
elicited minor changes in systemic inflammation yet caused
pronounced IR in adipose tissue, muscle, and liver [49].
Not limited to T2DM, the role of NLRs is also signified in
CAD [50]. Bacterial peptidoglycans (PG), the natural ligands
of NLRs, were observed in human atherosclerotic plaques
and were associated with plaque vulnerability [51]. Oral
administration of NOD1 ligands into mice induced vascular
inflammation leading to coronary arteritis [52]. Activation
of NOD1 in a murine model induced cardiac dysfunction
and modulated cardiac fibrosis and cardiomyocyte apoptosis
and other pathological processes involved in CAD [53].Thus,
both NOD1 and NOD2 play a pronounced role in setting up
metainflammation in DM-CAD.

5. Role of RLRs in DM-CAD

RLRs which belong to RNA helicases family have three
members, namely, (1) Retinoic acid-Inducible Gene-I (RIG-
I), (2) Melanoma Differentiation Associated 5 (MDA5), and
(3) Laboratory of Genetics and Physiology 2 (LGP2). These
receptors specifically recognize viral RNA and activate the
immune system [11]. Upon activation, RIG-I and MDA5
are recruited to the IPS-1 adaptor which is localized on the
outer mitochondrial membrane. IPS-1, via TRAF3-TANK-
NAP1 complex, recruits TBK1-IKK𝜀-DDX3 complex and
activates IRF3 and IRF7 simultaneously. IPS-1 also recruits
TRADD and forms a complex with FADD-RIP-1-TRAF6
activating NF-𝜅B, via IKK. Activated IRFs and NF-𝜅B in turn
activate type-1 interferons and proinflammatory cytokines,
respectively. In an IPS-1 independent manner, RLRs promote
inflammasome assembly and processing of pro-IL-1𝛽 and
pro-IL-18 cytokines [11]. Like TLRs, RIG-1 also contributes to
𝛽-cell dysfunction indicating its role in metabolic regulation
[54]. Under conditions of metabolic surplus, RIG-1 induces
the blocking of Src/STAT3 signaling thereby arresting the
beta cells from entering into G1 phase [54]. LGP2, the third
member of this family, acts as a negative regulator of RIG-
1 andMDM5 and inhibits inflammation [55]. Whether LGP2
induced negative regulation of RIG-1 andMDM5 is beneficial
to T2DM and CAD is not yet known.

6. Role of CLRs in DM-CAD

C-type lectin like receptors (CLRs) are Ca2+ dependent
glycan-binding proteins that share a unique carbohydrate-
recognition domain (CRD) [56]. It includes Type-1 (DEC205
and Macrophage Mannose Receptor (MMR)) and Type-
2 (Dectin-1, Dectin-2, Mincle, DC-SIGN, and DNGR-1)
membrane proteins and a soluble receptor (Mannose Binding
Lectin (MBL)) [57]. Generally, CLRs recognize complex

carbohydrates which decorate bacterial and fungal cell wall
and activate the immune system [57]. However, under
pathogenic conditions like T2DM, it is highly probable that
the same receptors can recognize modified host glycans
and inappropriately activate the immune system resulting
in metainflammation. The modified host glycans which can
bind to these receptors and activate them are yet to be char-
acterized. Upon activation, CLRs like Dectin-1 andDC-SIGN
which have ITAM signaling domain can directly activate
signaling by recruiting downstream effectors, while those
like Dectin-2 and Mincle which lack the ITAM signaling
domain associatewith other receptors like Fc𝛾RandFc𝜀Rand
augment their signaling capacity [57]. Unlike TLRs, NLRs,
and RLRs, CLRs do not activate IRFs and induce type-1
interferon secretion.They activate proinflammatory cytokine
secretion, via NF-𝜅B, AP-1, and NF-AT [57]. It has been
reported that Mincle is induced in M1 macrophages in the
adipose tissue under obesity condition thereby suggesting a
role in obesity-induced inflammation [58]. The role of other
CLRs in metainflammation as seen in DM-CAD is yet to be
deciphered.

7. Metabolic Endotoxemia in DM-CAD

Even though PRR stimulation has now been identified as a
major event in setting up the metainflammation (as seen in
DM-CAD), the exact trigger for PRR stimulation remains
largely unknown since these receptors can be triggered by
both endogenous (PAMPs) and exogenous (DAMPs) ligands.
Recently, metabolic endotoxemia has emerged as a major
culprit in activating PRRs and setting up metainflammation.
Increased gut permeability due to changes in gut microbiota
has recently been described in both T2DM and CAD [59].
Because of the leaky gut effect, increased efflux of LPS into
systemic circulation takes place which, in turn, is detected by
the PRRs [60]. But, more than the actual endotoxin levels, the
levels of endogenous anti-endotoxin antibodies (EndoCAb),
LPS binding protein (LBP), and soluble CD14 (sCD14) were
found to be more important in determining the activity of
endotoxin [61]. These three components play an important
role in conditions of acute inflammation like septicemia. Even
though metabolic endotoxemia was previously reported in
both T2DM and CAD [62, 63], in T2DM it is associated with
significantly reduced levels of EndoCAb, with no apparent
change in the levels of sCD14 and LBP (unpublished data)
while in CAD it is associated with significantly elevated levels
of EndoCAb and decreased levels of sCD14 with no change
in LBP levels [61]. Thus, depending on the relative levels of
these accessory proteins, the endotoxin can bind to different
PPRs and can initiate different types of metainflammation.
While engagement of TLRs predominantly promotes IL-6
and TNF-𝛼 secretion [32], engagement of NLRs is known
to activate inflammasomes resulting in the enhanced pro-
cessing and secretion of IL-1𝛽 and IL-18 [44]. Apart from
the secretion of proinflammatory cytokines, both TLRs and
NLRs are known to induce the secretion of anti-inflammatory
cytokines such as IL-10 and TGF-𝛽, which counteracts the
effect of proinflammatory cytokines and maintain immune
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homeostasis [32, 44]. An imbalance between the activities of
pro- and anti-inflammatory cytokines disrupts the immune
homeostasis and would pave the way for metainflammation
as seen in DM-CAD.

8. Role of Adaptive Metainflammation
in DM-CAD

The presence of activated T cells in human adipose tissue (in
the case of T2DM) and in atherosclerotic plaque (in the case
of CAD) has been identified several years ago indicating the
involvement of adaptive immunity in these disease conditions
[64] (Figure 2). Adaptive immune cytokines include both
Th polarizing and T cell effector cytokines which together
shape the adaptive arm of the immune response. While the
former is largely secreted by professional antigen presenting
cells (APCs) and acts on naı̈ve T cells, the latter is pre-
dominantly secreted by polarized T cells and acts on other
immune/nonimmune cells. Earlier reports, including ours,
have shown significantly increased levels of proinflammatory
cytokines like TNF-𝛼, IL-6, IL-1𝛽, and GM-CSF in T2DM
and CAD [14, 15, 65–67]. However, reports documenting
the levels of adaptive immune cytokines in DM-CAD are
scant. Recently, several novel T cell cytokines like IL-33
[68], IL-17 [69], and IL-9 [70] have been described. While
IL-12 has long been known as the master regulator of Th1
polarization, IL-33 has recently emerged as amaster regulator
for Th2 polarization [71]. Upon activation, T lymphocytes
differentiate into T-helper 1 (Th1) and Th2 subsets secreting
either Th1 (Interferon- (IFN-) 𝛾 and IL-2) or Th2 cytokines
(IL-4, IL-5, and IL-13), respectively [72]. Th17 and Th9
cell types are newly discovered Th subtypes which secrete
IL-17 and IL-9 and play an important role in neutrophil
recruitment and mucosal immunity, respectively [72].

9. Th1 Cytokines in DM-CAD

In general, the association of Th1 cytokines with adipose
inflammation is well documented in both animals and
humans. Pacifico et al. showed increased frequency of Th1
cells in obese children [73]. Wegner et al. showed increased
levels of serum IL-12 in T2DM subjects that was associated
with IR [74]. Our studies on serum cytokine profiling on
subjects with metabolic syndrome indicated strong positive
correlation of both IL-12 and IFN-𝛾 levels with fasting
blood sugar, triglycerides, HOMA-IR, and hsCRP and strong
negative correlation with adiponectin [75]. In the murine
diet-induced obesity model, Kintscher et al. showed early
recruitment of Th1 cells into adipose tissue that precedes
even macrophage infiltration and IR [76]. However, the exact
mechanism by which IFN-𝛾, the signature cytokine of Th1
cells, brings about IR is not clearly known. IFN-𝛾might exert
its action by interferingwith the insulin signaling and insulin-
stimulated glucose uptake, which might eventually lead to IR
and T2DM [77]. Apart from their role in IR, Th1 cells also
play a critical role in the initiation, progression, and rupture
of atherosclerotic plaque leading to CAD [78]. Jonasson et
al. have reported that most of the cells in the atherosclerotic
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Figure 2: Role of adaptive immune response in triggering metain-
flammation associated with DM-CAD. CD4+T-helper cells are the
most well characterized work horses of the adaptive immune system
which trigger metainflammation. Inflammation triggered by PRRs
is translated to T cells by the APC-T cell interaction which results
in the recruitment of these activated cells into pancreases, adipose,
liver, and skeletal muscle reinforcing the metainflammation set by
PRRs. Depending upon the relative proportions of these cell types
pancreatic beta cell apoptosis and IR in insulin target tissues can get
aggravated precipitating in Type-2 Diabetes. Long standing diabetes
induces systemic inflammation leading to monocyte activation and
endothelial dysfunction leading to the extravasation of monocytes
and formation of atherosclerotic plaques.

plaque express HLA-DR, indicating continuous activation by
IFN-𝛾 [79].The same group has demonstrated the expression
of IL-2 and IFN-𝛾 in a large proportion of the plaque cells
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[80]. In apoE KO mice, IFN-𝛾 was shown to potentiate
atherosclerosis through both local and systemic effects [81].
IFN-𝛾 has also been proposed as a component of five panel
markers for the prediction of CAD in symptomatic patients
referred for coronary angiography [82]. Our studies on serum
cytokine profiling in DM-CAD subjects indicated strongTh1
polarization during transition from T2DM/CAD to DM-
CAD signifying the importance of Th1 polarization in the
disease process [83]. Thus, in the light of the available
literature, it seems that Th1 cytokines might worsen IR and
promote atherogenesis in DM-CAD.

10. Th2 Cytokines in DM-CAD

Compared toTh1 cytokines, the role played byTh2 cytokines
in IR and atherogenesis is still an enigma. In a recent study,
decreased serum levels of IL-13 in T2DM subjects were
reported which was implicated in impaired glucose uptake
andmetabolism [84]. Chang et al. have demonstrated the role
of IL-4 in improving insulin sensitivity and glucose tolerance
in an animal model of diet-induced obesity [85]. Winer et
al. showed that adoptive transfer of Th2 cells in Rag1 KO,
diet-induced obese mice reversed weight gain and IR [86].
Recently, we have reported decreased levels of serum IL-33
in T2DM subjects, while the other Th2 cytokines like IL-4
and IL-13 were significantly increased [87]. In contrast toTh1
cells, Th2 cells are rarely detected within the atherosclerotic
lesions [88]. In line with these reports, we found enhanced
Th1 cytokine profile inCADsubjectswith significant decrease
in Th2 cytokine levels [83]. Accumulating evidence suggests
that an imbalance in the Th1/Th2 cytokines with enhanced
Th1 immune response and suppressed Th2 response has an
important role in the transition of T2DM/CAD to DM-CAD
[83, 89]. Thus, in the light of the available literature the
increased levels of Th2 cytokines in T2DM implicate a coun-
termeasure to inhibitTh1 immunity and thereby IR.However,
when this system fails we see enhanced Th1 polarization
eventually precipitating in atherogenesis and CAD.

11. Th17 Cytokines in DM-CAD

IL-17 cytokine is produced by T-helper cell subset calledTh17
which has been widely associated with autoinflammatory
(irritable bowel syndrome) and autoimmune (rheumatoid
arthritis and multiple sclerosis) [90] diseases. Th17 polariza-
tion is mediated through IL-1𝛽, IL-6, TNF-𝛼, and TGF-𝛽
and is stabilized by IL-21 and IL-23 [90]. Like other T cell
cytokines, IL-17 might also play a role in metabolic diseases
like obesity, dyslipidemia, IR, hypertension, and cardiovas-
cular diseases which remains largely unexplored [90]. High
glucose was shown to drive the expression of IL-17 in Jurkat T
cells implicating the involvement of Th17 cells in T2DM [91].
However, unlike Th1 cytokines, the reports on IL-17 levels
in T2DM are highly contradictory. Previously, increased
levels of IL-17 were reported in T2DM [92]. However, our
studies on subjects with diabetic nephropathy have indicated
decreased levels of IL-17 under diabetic conditions [93]
with no major difference in IL-23 levels (unpublished data).

Even in diabetic retinopathy the serum levels of IL-17 were
significantly reduced compared to control group [94]. Since
the synthesis of IL-17 is influenced by other cytokines such
as TGF-𝛽which induces its secretion at lower concentrations
and inhibits its secretion at higher concentrations [90], more
mechanistic studies are needed to decipher the mechanism
behind reduced IL-17 levels in T2DM. IL-17 might also have
a pathogenic role in CAD. Studies carried out on CAD-
prone apoE KO mice showed significantly elevated levels of
plasma IL-17 and infiltration of IL-17 producing Th17 cells
into the atherosclerotic plaques [95]. Further, neutralization
of IL-17 with a soluble form of IL-17A receptor significantly
reduced the size and number of atherosclerotic lesions [95].
In humans, apart from IL-17, IL-21 and IL-23 were also
detected in the atherosclerotic plaques and were strongly
associated with venerability of plaque rapture [96]. Thus, in
the light of the available literature it seems that while IL-
17 might offer some protection against IR in DM, it might
worsen atherogenesis in DM-CAD.

12. Th9 Cytokines in DM-CAD

Th9 cells are recently discoveredTh cell subset which under-
goes polarization in the presence of IL-4 and TGF-𝛽 [97].
IL-9 exhibits proinflammatory activity in the experimental
models of inflammation [97]. Its role in allergies has beenwell
demonstrated [97]. But studies examining its associationwith
metabolic disorders are limited and are contradictory [98].
Previously, significantly increased levels of plasma IL-9 were
reported in T2DMsubjects [98]. However, our results showed
significantly reduced levels of IL-9 in T2DM subjects which
correlated positively with renal parameters [93]. In CAD-
prone apoE KO mice, IL-9 exerts proatherosclerotic effects
by inducing VCAM-1 expression and thereby promoting
macrophage infiltration and atherosclerotic plaque formation
[99]. In humans, increased levels of IL-9 in atherosclerotic
disorders were seen both systemically and within the lesion,
suggesting a role for the IL-9/IL-9R axis in the atherosclerotic
process, potentially involving IL-17 mediated mechanisms
[100].Thus, in the light of the available literature it seems that
while IL-9 might offer some protection against IR, it worsens
atherogenesis in DM-CAD.

13. Conclusion

Metabolism and immunity are essential requirements for sur-
vival.Mounting an effective immune response requiresmajor
changes tometabolic pathways. Similarly, immunemediators
(such as cytokines) also dictate changes in metabolism
making the communication bidirectional [101].Thus, the fast
emerging field of immunometabolism underpins the patho-
genesis of metabolic diseases like T2DM and CAD [101].
Understanding the immune-metabolic interface is daunting.
One contemporary issue is characterizing the sources and
mediators of metainflammation, which was first character-
ized in adipose tissue but is now known to be present in
many different tissues including liver, muscle, and arteries.
Although, the metainflammation is hypothesized to arise
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from chronic nutrient excess, the sensors which detect these
signals are only now beginning to emerge. PRRs have now
emerged as major sensors which sense nutrient excess and
fuel metainflammation. Once the signal is sensed, it is then
transferred to Th cells by means of APC-T cell commu-
nication fuelling metainflammation. Interestingly, changes
in metabolism also affect the immune response completing
the loop [101]. As can be seen in this review even though
metainflammation seems to be a common denominator for
T2DM and CAD distinct qualitative and quantitative differ-
ences were noted between the two conditions indicating that
not all metainflammations are the same and each metabolic
disease is characterized by a unique inflammatory profile
with distinct cytokines and inflammatory cells. However,
caution should be noted in interpreting these data since most
of these studies are cross-sectional and hence the cause-effect
relationship cannot be determined. The apparent disparities
noted on serum cytokine profiling between populations
could be either due to ethnic differences or due to small
sample sizes used or due to heterogeneity of the disease
condition.Only parallel studies conducted on different ethnic
populations with large sample sizes can solve this issue. Com-
pared to serum cytokine profiling, studies looking at immune
cells actually secreting these cytokines are limited and hence
future studies should envision identifying the immune cells
secreting these cytokine and not just look at serum cytokine
levels. Finally, these studies would gain translational value
only when the therapeutic utility of monoclonal antibodies
against these cytokines is tested in animalmodels and clinical
trials.
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[67] J. Spranger, A. Kroke,M.Möhlig et al., “Inflammatory cytokines
and the risk to develop type 2 diabetes: results of the prospec-
tive population-based European Prospective Investigation into
Cancer and Nutrition (EPIC)-Potsdam study,”Diabetes, vol. 52,
no. 3, pp. 812–817, 2003.

[68] A. M. Miller, “Role of IL-33 in inflammation and disease,”
Journal of Inflammation, vol. 8, no. 1, article 22, 2011.

[69] P. Miossec and J. K. Kolls, “Targeting IL-17 and TH17 cells in
chronic inflammation,” Nature Reviews Drug Discovery, vol. 11,
no. 10, pp. 763–776, 2012.

[70] A. Shimbara, P. Christodoulopoulos, A. Soussi-Gounni et al.,
“IL-9 and its receptor in allergic and nonallergic lung disease:
increased expression in asthma,” Journal of Allergy and Clinical
Immunology, vol. 105, no. 1, pp. 108–115, 2000.

[71] J. Louten, A. L. Rankin, Y. Li et al., “Endogenous IL-33 enhances
Th2 cytokine production and T-cell responses during allergic
airway inflammation,” International Immunology, vol. 23, no. 5,
pp. 307–315, 2011.

[72] Y. Y. Wan, “Multi-tasking of helper T cells,” Immunology, vol.
130, no. 2, pp. 166–171, 2010.



10 Journal of Diabetes Research

[73] L. Pacifico, L. Di Renzo, C. Anania et al., “Increased T-helper
interferon-𝛾-secreting cells in obese children,”European Journal
of Endocrinology, vol. 154, no. 5, pp. 691–697, 2006.

[74] M. Wegner, H. Winiarska, T. Bobkiewicz-Kozłowska, and M.
Dworacka, “IL-12 serum levels in patients with type 2 diabetes
treated with sulphonylureas,” Cytokine, vol. 42, no. 3, pp. 312–
316, 2008.

[75] J. Surendar, V. Mohan, M. M. Rao, S. Babu, and V. Aravindhan,
“Increased levels of bothTh1 andTh2 cytokines in subjects with
metabolic syndrome (CURES-103),” Diabetes Technology and
Therapeutics, vol. 13, no. 4, pp. 477–482, 2011.

[76] U. Kintscher, M. Hartge, K. Hess et al., “T-lymphocyte infiltra-
tion in visceral adipose tissue: a primary event in adipose tissue
inflammation and the development of obesity-mediated insulin
resistance,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 28, no. 7, pp. 1304–1310, 2008.

[77] F. C. McGillicuddy, E. H. Chiquoine, C. C. Hinkle et al.,
“Interferon 𝛾 attenuates insulin signaling, lipid storage, and
differentiation in human adipocytes via activation of the
JAK/STAT pathway,” The Journal of Biological Chemistry, vol.
284, no. 46, pp. 31936–31944, 2009.

[78] J. E.McLaren andD. P. Ramji, “Interferon gamma: amaster reg-
ulator of atherosclerosis,” Cytokine and Growth Factor Reviews,
vol. 20, no. 2, pp. 125–135, 2009.

[79] L. Jonasson, J. Holm, O. Skalli, G. Gabbiani, and G. K. Hansson,
“Expression of class II transplantation antigen on vascular
smooth muscle cells in human atherosclerosis,” The Journal of
Clinical Investigation, vol. 76, no. 1, pp. 125–131, 1985.
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Type 2 diabetes mellitus (T2DM) is a worldwide epidemic, which by all predictions will only increase. To help in combating the
devastating array of phenotypes associated with T2DM a highly reproducible and human disease-similar mouse model is required
for researchers. The current options are genetic manipulations to cause T2DM symptoms or diet induced obesity and T2DM
symptoms. These methods to model human T2DM have their benefits and their detractions. As far as modeling the majority of
T2DM cases, HFD establishes the proper etiological, pathological, and treatment options. A limitation of HFD is that it requires
months of feeding to achieve the full spectrum of T2DM symptoms and no standard protocol has been established.This paper will
attempt to rectify the last limitation and argue for a standard group of HFD protocols and standard analysis procedures.

1. Introduction

There are a number of open issues in the HFD mouse
modeling of T2DM:

(i) Will these mouse models be useful in preclinical
investigations?

(ii) What about the differences identified between wild
type mouse strains?

(iii) Why some protocols do not elicit DCM?
(iv) Can the research community agree upon a common

HFD feeding protocol? Comparisons between papers,
genetic manipulations, and therapies will be much
easier and more informative if a specific diet, length
of diet, and analysis protocols can be agreed upon.

An updated murine HFD review is urgently required as 223
references for January 2016 were found on PubMed using
“high fat diet and mouse” as the search term (too many
to read all). The presentation of such a large and highly
important body of work is daunting. The body of this review
will therefore be focused upon a researcher’s point of view.
The goal is that researchers will use this paper to plan their

HFD protocols and to create some consistency in future
experimental protocols and analysis techniques.

Due to differences in the literature, there are multiple
terms that should be defined before moving forward. We will
use the following convention: obesity leads to metabolic syn-
drome which can progress to T2DM [1]. In humans obesity is
defined by a body mass index (BMI = weight/height2) of over
30 kg/m2. Progression to metabolic syndrome is diagnosed
when a patient has 3 of the following 5 pathologies: obesity,
hypertension, fasting hyperglycemia, elevated serum triglyc-
erides, and decreased high-density lipoprotein. Metabolic
syndrome is often labeled as prediabetes. T2DM is initially
defined as a patient who is insulin resistant. After years of
the associated hyperinsulinemia the pancreas may falter and
the patient will then also suffer from hypoinsulinemia. Type
1 diabetes is a disease of the pancreas itself. The pancreas
fails to produce insulin and therefore the patient becomes
hyperglycemic, but never hyperinsulinemic.

Mouse models have proven invaluable in acquiring basic
knowledge about human diseases.This knowledge progresses
to preclinical investigations in these same mouse models.
Examples of knowledge and therapies which have progressed
from basic knowledge to preclinical trials in mouse models
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are numerous ([2] and some examples are reviewed in [3–5]).
In the obesity and T2DM fields, mouse models have proven
invaluable in the basic science of the diseases by identifying
the roles of inflammation, insulin resistance, fat content
of the diet, pAMPK, exercise, and potential treatments. In
addition, and very importantly, what has been learned from
the mouse models has faithfully been carried over into the
human patients [6]. These physiological similarities between
the two species are due to the genetic homology between the
two species [7].

One of the largest problems—or perhaps one of the most
advantageous aspects—of mouse models for T2DM are the
different pathologic responses between mouse strains. These
differences are also apparent in many other murine models
of human disease.Multiple publications have identified strain
specific differences in HFD susceptibility (a few recent exam-
ples are [8–13]).The advantageous aspects of these differences
lie in the pursuit of mechanisms which cause a mouse strain
to be resistant to HFD pathologies and therefore provide
avenues to identify targets for future therapies. However,
researchers must also be aware of these phenotypic differ-
ences when making comparisons with earlier publications
which have utilized different mouse strains or even different
sources for a mouse strain [13].

In the HFD field there are also disparities regarding
the development of diabetic cardiomyopathy (DCM). Many
manuscripts have identified DCM after a relatively short diet
intervention [14–17] while other experiments did not identify
DCM after an 8-month HFD protocol [18] or 6-month HFD
protocol [19]. Some of these disparities are easily identified
to lie in specific HFD formulations or specific mouse strains
being utilized or even to know which characteristics of
DCM are being considered for comparison. However, some
of the disparities are not so easily identified and having
standardized HFD protocols will aid in identifying where
the differences are arising and if they are worth pursuing for
increasedT2DMmechanistic knowledge. For further insights
into DCM the reader is revered to a recent review article [5]
concerning DCM in both T1DM and T2DMmouse models.

Of further interest to researchers is thatmice subjected to
HFD dependably model other human conditions in addition
to T2DM. Among these other diseases are those usually
related to T2DM but not occurring in all patients or mice.
Nonalcoholic fatty liver disease (NAFLD) and the progres-
sion of this disease to nonalcoholic steatohepatitis (NASH)
and hepatocellular carcinoma (HCC) are common sequela of
obesity and T2DM [20]. These conditions are well modeled
with murine long-term HFD strategies (reviewed in [21]).
HFD has also been utilized to model chronic inflammation,
which is an important pathogenic mechanism of T2DM [22]
andmany other diseases including aging.TheHFD-mediated
chronic inflammation is marked by increased TNF-𝛼, IL-
1𝛽, and IL-6 in the circulation [23]. Among the additional
inflammatory diseases investigated using murine HFD are
wound healing [24, 25], prostate disease [26], dysbiosis
[27–29], aging [30], and Alzheimer’s [31]. The HFD mice
also provide very good models for investigating exercise
benefits [32] and muscle regeneration [33]. Researchers have
identified that murine HFD successfully models key aspects

of peripheral artery disease [34]. HFD has also been shown
to decrease skeletal muscle regeneration, likely through
inflammation and lipotoxicity in themuscle stem cells known
as satellite cells (reviewed in [35]). Furthermore, impaired
leptin signaling which occurs in HFD fedmice also decreases
satellite cell proliferation [36].

The evolutionary aspects of T2DM and insulin resistance
are also highly interesting. Insulin resistance occurs in many
tissues, of primary importance in the skeletal muscle, liver,
and heart. Using acute insulin challenge protocols described
below, individual, specific tissues can be analyzed for their
level of insulin resistance.The “thrifty genome” theory posits
that slight insulin resistance may have had some advantage
when our ancestors (and the ancestors of mice in the wild)
underwent times of food scarcity [37]. This transient insulin
resistant after a large meal would cause increased calorie
storage for the following times of food scarcity. However,
now during times of constant food overabundance in many
cultures, and for the mice, the transient and slight insulin
resistance has become chronic and leads to pathologies.
Although recent reports do not support the theory [38–40],
there must be an evolutionary reason for the maintenance
of loci associated with T2DM. An additional theory presents
that insulin resistance can protect the heart from excessive
calories [41]. This is a very important idea when considering
insulin sensitizing agents as therapy, which, if this theory is
valid, would cause further cardiac damage as has been seen
with rosiglitazone treatment [41, 42]. In either case, HFD
in mice has been a highly effective tool in investigating the
phenotypic mechanisms and therapeutic possibilities.

A number of recent publications and reviews have ad-
dressed the utility of the mouse model HFD protocol.
These reviews have excellent details and I will therefore
refer the reader to these details at appropriate sections,
instead of being repetitive. Calligaris et al. discuss the cardiac
disease phenotype of murine HFD feeding and present
an important time course of phenotypic progression [18].
A recent review article presents the use of experimental
models for diabetic cardiomyopathy [5]. Islam and Loots
very competently present the similarities between themurine
HFD model and humans suffering from T2DM [6]. Another
review manuscript describes the use of HFDmice to identify
factors involved in obesity resistance or sensitivity [43]. A
recent review has described various metabolic phenotyping
methodologies in detail [44]. In addition, a recent chapter
has described the utility of mouse models for T2DM drug
discovery [4]. In addition, a thorough discussion of insulin
resistance in multiple tissues was recently published [45].
Therefore, these topics will not be presented here in detail.

Additional publications describe genetically engineered
T2DM mouse models, which have recently been reviewed
[46]. However, due to the many genes identified which cause
T2DM—more than 50 genes having been identified by
human GWAS studies [47]-none of these murine genetic
models can model disease etiology of more than a few
patients. Many of these mice faithfully recapitulate some of
the T2DM phenotypes and can therefore be useful for pre-
clinical trials and can be used to investigate specific portions
of the phenotype. However, they do not model the disease
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etiology of themajority of patients [46].Most T2DMhumans
have become sick due to their diets, not their genetics (CDC,
http://www.cdc.gov/diabetes/data/statistics/faqs.html).There-
fore the HFD is the most appropriate disease model [18].

2. Considerations for Designing a High Fat
Diet Protocol

There are many important considerations for designing a
murine HFD protocol (Table 1). The most important is
perhaps the duration of the HFD. Other considerations are
the age of the mice and formulation of the HFD. As discussed,
whichmouse strain to use is also highly important to consider
when designing a HFD protocol.

We investigated many manuscripts and identified many
different durations for diet intervention; the most commonly
utilized times are listed in Table 2. Clearly this wide array of
times (and diet specifics and age at start) makes interstudy
comparisons very difficult. Early during diet intervention
(<1 week) we expect an adaptation phase. Such an early
adaptation phase was noted in the HFD fed wild type MRL
mouse strain after 2 and 3 weeks of HFD [12]. TheMRLmice
became slightly hyperglycemic at these early weeks, which
they fully recovered from by 7 weeks of diet. After a certain
HFD length we expect some parameters to have achieved a
plateau. Such plateaus are evident for weekly hyperglycemia
values and weight gain [12]. However some very important
disease parameters will continue to worsen. Examples of
continuing pathogenic characteristics are insulin resistance
[60], inflammation [48], and cardiac remodeling [18].

The earliest HFD effects we found in the literature
were after 3 days of diet as an increase of pancreatic 𝛽-
cell proliferation [60]. These authors also followed a time
course through 11 weeks of HFD which revealed important
differences between early (1 week) and late (11 weeks) results
in intraperitoneal GTT and the dynamics of disease progres-
sion. Insulin tolerance also progressively worsened over the
time course, while hyperinsulinemia was only apparent at
11 weeks of diet and was not seen at 1 or 5 weeks of diet
[60]. This is a great illustration that the length of time of
HFD must be carefully considered depending upon which
variables one is interested in investigating. Furthermore, the
above-mentioned early adaptation phase seen in the MRL
mice did not occur in the HFD fed C57Bl/6 mice, again
stressing the importance of choosing the correctmouse strain
depending upon the desired investigations.

Continuing data is being generated indicating gender
differences in response to HFD protocols. For example, male
mice are more susceptible to hyperglycemia from HFD [61].
Others have identified adipocyte baseline differences that is
in wild type mice fed a normal diet between male and female
mice in glucose metabolism [62]. In a highly comprehensive
study Morselli et al. identified that due to HFD changes in
the C57Bl/6 male hypothalamus the male mice were more
susceptible to HFD-mediated chronic inflammation, while
the female mice gained as much weight; they did not suffer
from the pathogenic inflammation [63]. Similarly, it has been
identified that multiple fat deposits in C57Bl/6T female mice

and castratedmale mice are more insulin sensitive than those
from intact male mice [62]. These differences must be taken
advantage of to find novel therapeutic targets.

It is well known that age-related chronic inflammation
correlates strongly with insulin resistance [64]. As T2DM is
still considered a disease of the elderly it is fully appropriate
to analyze older mice. However, unless one is contrasting age,
comparisons with younger mice must be made with caution.

A great example of the variable responses of different
mouse strains to a HFD was recently published [48]. The
authors compared the C57Bl/6 mouse strain, containing a
typical Th1 leaning immune system, to the BALB/c mouse
strain which is a Th2 leaning strain. Liver phenotypes and
immune responses were assessed. The authors identified that
the C57Bl/6 mice were more susceptible to adiposity, liver
inflammation, and liver fibrosis. Alternatively, the BALB/c
mice were more susceptible to liver steatosis. Furthermore,
slight genetic differences due to genetic drift result in sig-
nificant differences between mouse substrains [13, 65, 66].
These authors compared C57Bl/6J to C57Bl/6N substrains
[13]. These strains were physically separated in 1951 and kept
in different facilities since then. As no selection pressure
was applied the current genetic differences are purely due
to genetic drift. The C57Bl/6J strain has a mutation in
nicotinamide nucleotide transhydrogenase [67]. The strains
are different in the severity of HFD-induced characteristics;
the C57Bl/6N strain has a milder phenotype [13]. Another
advanced genetic analysis was conducted on some of the BXD
mouse strains (C57BL/6J and DBA/2J intercrosses for 20
plus generations,). These authors identified strains that were
susceptible and resistant to hippocampal dysfunction elicited
by HFD [49]. The advantage of this strategy is that genome
wide association studies and additional genetic analyses will
be very informative due to the complex but known sequences
[68].

A further caution must be mentioned for the variations
in diet compositions particularly important in light of con-
tinued data that the type of the fat is critically important to
provide protection or pathology [69]. The complete review
of diets is beyond the scope of this review; here are a few
important points to consider. In the United States there are
a few main suppliers of main suppliers of lab diets: Teklad
(http://Envigo.com/), LabDiet/Purina (http://labdiet.com/),
Research Diets (http://ResearchDiets.com/), and Bio-Serve
(http://Bio-serve.com/). Teklad has two main HFD options
with 2 modifications for one of them. In addition, Teklad
provides many fat additives to custom make diets with
specific lipid types. We could find two HFD in the LabDiet
web pages. ResearchDiets sells 8 different HFD formulations.
Bio-Serve sells one HFD formulation. Not only are the
amount and type of fat important but also the grams of
carbohydrate in each formulation are highly important to
consider. As mentioned before a true “Western Diet” would
have high fat and high carbohydrate.

Diets high in saturated fatty acids are more obesogenic
than mono- and polyunsaturated as the saturated fatty acids
are inefficiently used for energy production and are therefore
more readily stored [70]. Furthermore, long-chain fatty acids
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(C14:0–C24:0) aremore obesogenic than short- andmedium-
chain because they are transported into themitochondria less
readily and are therefore more likely to be stored [70]. A very
interesting study regarding diet composition came from the
laboratory of Ezaki. These scientists balanced carbohydrate
with different lipid percentages in an isocaloric diet and
demonstrated a clear correlation between lipid content and
hyperglycemia [71]. As calories from lipid increased and car-
bohydrate calories decreased to keep total calories constant,
the glucose tolerance of the mice deteriorated. Similarly,
Maiolo et al. recently published comparisons of a HFD versus
high sugar diet versus a diet of high fat and high sugar
[72]. The results demonstrate that the combined high fat and
sugar diet presented with most severe symptoms, including
hyperglycemia, hypercholesterolemia, and higher levels of
inflammatorymediators and lower levels of regulatoryT cells.
As we are all trying to improve patient lives the diet that best
approximates the trueWestern Diet (high fat and high sugar)
is arguably the best diet to use, unless diet specifics are being
investigated.

Many researchers use a straightforwardHFD in their pro-
tocols, but some utilize additional stressors to model human
T2DM. An additional stressor is a low dose streptozotocin
injection to boost the disease severity and model a later more
progressed stage of disease after hyperinsulinemia when
hypoinsulinemia has appeared [54, 73, 74].The dose of strep-
tozotocin does not cause any phenotypes in chow fed mice
and does not always cause DCM in HFD mice. Additionally,
to compensate for the additional calories provided by the
HFD, some scientists have calorie that matched the amount
of HFD given to their mouse cohort [75, 76]. In this way the
HFD mice are only allowed to consume the same amount of
calories as the CD cohort consumed in the previous 24 hours.
These variations provide very useful protocols to investigate
different and specific aspects of T2DM.

Although there has been speculation that sucrose with or
without fat should also cause T2DM, this has not been found.
In humans there is retrospective epidemiological evidence
that sucrose is not causative to T2DM [77]. Inmice, where the
experiment can be conducted with all of the proper controls,
sucrose did not alter the progression to T2DM with or
without a HFD component [50]. Therefore a straightforward
HFDmay be the optimum diet to model early T2DM inmice
with an additional streptozotocin injection to model the later
stages of disease when hypoinsulinemia is also present.

3. Pathogenic Mechanisms

Type 2 diabetes mellitus (T2DM) and the murine HFD
model are complex diseases with complex and overlapping
pathogenic mechanisms (Figure 1). The overlapping nature
of these mechanisms clearly causes researchers and clini-
cians anxiety when thinking about prevention and treatment
strategies. For example, many patients with normoglycemia
still develop downstream pathologies. Alternatively, some
patients with chronically poor glucose control do not develop
downstream pathologies. It is therefore clear that once T2DM
is present, additional therapeutics beyond glucose control

are required. Targets for the additional therapeutics require
the consideration of many T2DM and HFD pathogenic
mechanisms.

The direct effects of hyperglycemia upon tissues are still
being fully elucidated. It appears that endothelial cells are
highly sensitive to chronic hyperglycemia most possibly due
to their constant proximity to the circulation. Generally it
may be that the body’s fuel storage cells (primarily adipose
and liver cells) adapt to hyperglycemia through decreasing
levels of insulin sensitivity. Itmay be that what is viewed as the
most pathogenic portion of the disease is actually a beneficial
adaptation to hyperglycemia [41]. This view is supported
through evolutionary history during which humans were
subjected to periods of feast or famine and during times of
feast the extra calories needed to be stored in glycogen and fat
deposits not utilized immediately for ATP production [78].
By temporarily shifting the insulin receptors to resistance
the storage pathway would be enhanced. However, now we
(humans and mice on a chronic HFD) no longer have the
famine times and the resulting chronic hyperglycemia is toxic
at many levels.

3.1. Lipotoxicity. At the onset of a HFD the murine adipose
tissue adequately expands and stores the excess calories [56].
However, during chronic HFD the adipose tissue can no
longer store the excess calories and the excess lipids are
deposited into other organs. This can lead to disruption of
normal cellular processes and then also to frank lipotox-
icity where the excessive lipid molecules damage cellular
molecules. Lipotoxicity occurs in multiple tissues post-HFD
protocols: heart, skeletal muscle, liver pancreas, and kidneys.
The definition of this pathology can be considered an imbal-
ance in lipid uptake and disposal leading to an accumulation
of lipid intermediates in nonadipose cells, which causes
impaired cellular function. Excessive lipids appear to cause
stress responses often leading to apoptosis and replacement
of functioning cells with fibroblasts and extracellular matrix.

3.2.Metabolic Inflexibility. It is currently thought that healthy
individuals with a varied diet and adequate exercise can adapt
to their caloric source, such that eating a few HFD meals in
a row will not produce any pathology. However, after chronic
HFD mice and individuals become metabolically inflexible
[79]. For example, cardiac tissue often responds to HFD by
increasing its carbohydrate utilizing proteins to extract as
much energy from glucose as possible [16, 18]. However when
the diet then switches to a normal diet the heart draws too
many calories from glucose causing a pathologic excessive
caloric intake [41].

3.3. Inflammation. Inflammation is a central pathogenic
mediator in all aspects of T2DM and murine HFD-induced
pathologies including the cardiovascular system [80–82].
Low level chronic inflammation is identified in both T2DM
and HFD mice [83]. Immune response time courses are
also required as it has been shown that continued immune
responses are pathogenic in many disease models, including
T2DM [84]. As inflammation is also associated with many
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Figure 1: An illustration of the positive feedback nature of type 2 diabetes mellitus and murine high fat diet. Both humans andmice continue
around this circle at an increasing level of pathology until they acquire one or more of the irreversible disease outcomes at the bottom of the
illustration.

age-related diseases and conditions it becomes doubly critical
in the older population historically affected by T2DM.

Multiple factorswithin the immune system are implicated
in T2DM pathogenesis [22]. Jovicic et al. demonstrated that
mice with a Th2 leaning immune response (BALB/c) are
spared many of the HFD-induced pathologies, while mice
leaning towards a Th1 immune response are susceptible to
many HFD pathologies [48]. Infiltrating macrophages are
known to be involved in pathogenesis [83].

3.4. Excessive Reactive Oxygen Species. A major contributor
to HFD-induced DCM is hyperglycemia-induced oxidative
stress [85, 86]. Hyperglycemia directly causes ROS produc-
tion and apoptosis in H9c2 cells [87]. Furthermore, the
mitochondrial dysfunction could be partially restored with
a pharmaceutically applied antioxidant [88].

3.5. Decreased Autophagy. Extensive recent publications
describe decreased autophagy [89, 90] and in particular
mitophagy [91] as pathogenic in T2DM and HFD mouse
models. Increasing autophagy can alleviatemany of theHFD-
mediated pathologies [92, 93]. This is clearly an ongoing and
interesting research area in the HFD mice.

3.6. Altered Mitochondrial Morphology and Function due
to Decreased Insulin Signaling. In diabetic humans hyper-
glycemia is thought to cause mitochondrial dysfunction
and fragmentation, thereby linking hyperglycemia, mito-
chondrial dysfunction, and temporary insulin resistance

characteristics in cardiomyocytes before obvious pathology
[94]. There is significant new data that the insulin signaling
cascade directly impacts cardiac mitochondrial fission and
fusion (reviewed in [95]). This data arises from a number of
observations in knock-out mouse models and cultured car-
diomyocytes in which disrupted mitochondrial morphology
and function precede T2DM [96]. The beneficial effects of
metformin on increasingmitochondrial function and volume
[97] are also consistent with mitochondrial pathology being
pathogenic for T2DM.

4. Pathology Assessments

Common human T2DM and mouse HFD pathologies are as
follows:

(i) Weight gain.
(ii) Hyperglycemia.
(iii) Hyperinsulinemia followed by hypoinsulinemia.
(iv) Insulin resistance.
(v) Increased fasting leptin levels.
(vi) Decreased fasting adiponectin levels.
(vii) Inflammation with increases in inflammatory cytok-

ines and reactive oxygen species.
(viii) Fatty lipid droplet accumulation in multiple tissues.
(ix) Fibrosis in multiple tissues.
(x) Increases in blood pressure, but not always seen in the

mouse models.
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There aremany assays to quantify the extent of these patholo-
gies in the HFD mouse model (Table 1). All of these assays
have been described in detail, so I will just highlight some
of the important considerations that may be overlooked by
busy investigators and direct you to the pertinent references.
Based upon my own limited experience many of these assays
should be done weekly. We have noticed an adaptation phase
in the first few weeks of HFD [12], which we nowwish we had
analyzed more closely instead of beginning another cohort of
animals through the long and costly procedure.Therefore, all
of the nonterminal procedures, weight gain, blood glucose,
insulin, adiponectin, echocardiography, DEXA, and blood
pressure (noninvasive tail cuff), should be conducted weekly.
A few intervening dates should also be selected for tissue
collection. Terminal assays that should be considered at
these intervening dates are liver, skeletal muscle, and adipose
deposits for weighing, histology, and immunoblot analysis.
Interesting results would include identifying changes in
molecules used by the tissues in attempts at adaptation.
For example changes in enzymes and molecules controlling
glucose and lipid metabolic rates would be of interest to
investigate early in the HFD protocol.

A recent chapter from Baribault describes the GTT,
ITT, insulin secretion tests, nonesterified free fatty acid
quantification, body composition, and terminal harvesting
techniques [4]. As this chapter appears in Methods inMolec-
ular Biology and contains protocol details we will not repeat
these descriptions here.

Although many of these tests appear straightforward
some additional considerations are important. Animal mass
can be reported as absolute or relative to CD mice or
relative to beginning masses. There are pros and cons to each
reporting method. Perhaps the most accurate is comparing
the ratio of the animal’s final weight to the animal’s own
beginning weight, such that the animal serves as its own
control. However, using thismethodmay not be the optimum
method to compare between sexes or mouse strains where an
absolute change would be optimal.

Another consideration for many of these tests is the
time of day performed and if any fasting is required. As
mice are nocturnal many of their diurnal cycling hormones
and activities would be opposite of those found in humans.
Therefore, as with all biological experiments the time of day
must be kept consistent. Multiple publications discuss the
appropriate length of fasting to achieve themost accurate data
for various tests. Fasting is required tominimize variation and
thereforeminimize the number of animals needed to uncover
differences. Fasting is usually used with the basal blood
glucose measurements, GTT, ITT, and acute ITT. Fasting
overnight is more extreme than fasting in the daylight hours.
I have found the discussion given by Dr. Andrikopoulos et al.
extremely helpful [51]. These authors empirically identified
6 hours of fasting and 2 g/kg of oral glucose as the most
informative assay parameters. The most often used insulin
dose is 1mU/g of Humalog (E. L. Lilly, Indianapolis) for ITT
[4, 12].

Another important set of characteristics can be achieved
using insulin and glucose clamp experiments. These
experiments require additional equipment and are not

high-throughput. In brief, for a hyperinsulinemic eugly-
cemic clamp, the animals receive a basal insulin delivery
(3mU/min/kg) which is a commonly used dose for rats
[98] and the amount of glucose required to keep the blood
sugar in a certain range is quantified. These studies quantify
insulin sensitivity better because they circumvent the
counterregulatory responses associated with ITT. Addi-
tionally, a hyperglycemic clamp technique can also be used.
Clamp techniques are often used in conjunction with labeled
glucose so that individual tissues can be analyzed for glucose
uptake.

Various methods can be used to determine the body com-
position ofmice.Themost high-throughputmethod is simply
weighing some of the various fat masses and comparing this
to the animal’s body mass, both measurements should be
determined anyway as part of the harvesting protocol. The
next upgrade is to utilize DEXA measurements on all or a
consistent portion of themouse.This technique has the added
bonus that it is not a terminal procedure and a time course
can be constructed for each animal. The gold standard for
body composition is an MRI. This also benefits from being
amenable to establish a time course, although it is the furthest
from high-throughput of the three methods and may also be
expensive.

5. Tissues Affected by HFD

Human type 2 diabetes mellitus is truly a systemic, multior-
gan disease and each of these organs is also negatively affected
in mouse models on a HFD. The mouse organs affected each
are being investigated to gain pathologic and therapeutic
knowledge into the disease. The ultimate goal is to identify
therapeuticswhich reduce all systemic andorganpathologies.
In this section additional, tissue-specific analysis methods
will also be listed and referenced or discussed.

5.1. Adipose Tissues. Adipose tissue pathology is at the fore-
front of HFD investigations and the subsequent patholo-
gies. Extensive data identifies that adipose inflammation,
including secretion of adipokines and activation of adipose
resident macrophages, is pathogenic for all other tissues and
organs [99]. The different types of adipose tissues should
be considered separately [62]. It is indicated that visceral
white fat is the most pathogenic type because it secretes large
amounts of adipocytokines such as leptin, TNF𝛼, IL6, and
adiponectin that can disrupt homeostasis when dysregulated
due to HFD [45]. As the visceral fat undergoes hypertrophy
and perhaps hyperplasia it secretes more of these potentially
unhealthy adipocytokines. Subcutaneous adipose tissue also
secretes the adipocytokines but in smaller quantities so this
adipose site is not as frequently studied. The adipocytokines
are reliably measured by serum or tissue extract enzyme-
linked immunosorbent assays (ELISAS). The weights of the
various adipose deposits are also very important to obtain at
harvest time.

Interesting work is also coming forward from fat deposit
transplantation studies. Relatively small amounts (0.1mg) of
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brown adipose tissue were transplanted into the visceral cav-
ity of HFD recipients. Eight weeks after surgery the recipients
had significant improvements in glucose tolerance and at 12
weeks the recipients had significant improvements in insulin
tolerance tests [100]. A detailed review of brown adipose
tissue physiology assessment has recently been published
[101] and will therefore not be repeated here.

Insulin resistance in adipose tissues is pathogenic for the
remainder of the organism. Adipocytes usually respond to
insulin by dividing, increasing glucose uptake, and inhibiting
lipolysis [45]. When the cells become insulin resistant due
to HFD the body is subjected to increased levels of hyper-
glycemia and lipotoxicity because of the excessive lipolysis.

5.2. Skeletal Muscle. As skeletal muscle is the primary tissue
for glucose disposal, its insulin resistance is systemically
pathogenic. Skeletal muscle also provides one of the best
methods to cure T2DM through increasing exercise and
disposing of glucose in an insulin independent manner, thus
by passing the pathology and reestablishing homeostasis. For
these reasons investigating and treating the skeletal muscles
of HFD mice are critically important.

Skeletal muscle of HFD mice succumbs to many of the
above-mentioned pathologies: insulin resistance, lipotoxicity
from excessive lipid storage, and inflammation. Insulin resis-
tance can bemeasuredwith an acute ITT, fifteenminutes after
an insulin bolus (1mU/g); skeletal muscle is harvested and
immunoblots are used to determine the levels of phospho-
rylated pAkt at T308 and S473 [45]. Insulin resistant tissues
produce less pAkt and this appears to be a linear relationship
so that the degrees of insulin resistance can be quantified
[45]. Other downstream targets of the insulin receptors can
also be monitored for insulin signaling, although specificity
of insulin signaling must be considered during data analysis
[45]. Increased lipid levels can be analyzed by a number of
methods. Histologically the Oil Red O stains can be used to
quantify cellular lipid droplets. The gold standard is perhaps
by electron microscopy so that lipid droplet location can also
be determined. Lipid droplets in the mitochondria [12, 16]
versus cytoplasmically located [102] would reveal specific
pathologic mechanisms. Inflammation and specific cells of
the invading immune system can be measured by histology
or flow cytometry.

5.3. Liver. The liver of HFD mice is negatively affected in
a number of ways [21, 103]. As with many HFD-elicited
diseases the liver pathology is progressive.Thepathology usu-
ally begins with patchy steatosis/fatty droplet accumulation
(nonalcoholic fatty liver disease (NAFLD)), inflammation
(pathogenic cytokines and ROS release), fibrosis, hepatocyte
hypertrophy and hyperplasia, more global steatosis (nonalco-
holic steatohepatitis (NASH)), liver mass gain, cirrhosis, and
finally hepatocellular carcinoma (HCC). The usefulness of a
long-termHFD tomodel the steps of this disease progression
is discussed in a review by Kanuri and Bergheim [103].

The HFD liver is also systemically pathogenic. Insulin
usually reduces hepatic gluconeogenesis and glycogenolysis.
Therefore, in an insulin resistant animal or T2DM patient

the liver actually makes and secretes more glucose than
normal [104]. In an organism that is already hyperglycemic
the liver adds even more sugar to the blood stream. Insulin
signaling in the liver also increases lipogenesis. However,
due to “selective insulin resistance” this signaling pathway is
not inhibited during times of systemic insulin resistance and
therefore the liver inappropriately produces lipids in response
to the hyperinsulinemia in the later stages of disease [105].
In addition, a large proportion of a health body’s readily
available lipid is stored in the liver; the liver is therefore highly
susceptible to lipotoxicity.

Of interest is that full liver pathology—HCC—requires
a long HFD protocol to be established; at 60 weeks of HFD
still only 54% of the mice displayed HCC [21]. In addition,
liver cirrhosis in mice is rarely detected [21]. However,
this HFD model is still very useful in liver pathology and
treatment investigations. For example, long-term (60 weeks)
HFD feeding establishes NAFLD, including the HCC, in just
over half of the HFD C57Bl/6 mice [21]. The group went on
to use this HFDmouse model, at multiple HFD durations, to
demonstrate the preclinical efficacy of metformin treatment
in reducing HCC if the treatment starts coincident with the
diet, but not if metformin treatment is begun after NAFLD
has begun to develop [57]. These authors also compared var-
ious time points of diet duration and treatment to elucidate
the mechanisms behind metformin cancer reduction.

The progression of different liver pathologies can be
evaluated in a number of ways. Histology is very useful
to identify the stage of disease progression and to quantify
the degree of pathology. Histology can identify amount of
excessive lipid storage, steatosis, and HCC. The liver is also
well studied by the acute ITT to quantify its level of insulin
resistance.

5.4. Cardiac. Asmany T2DMpatients die of cardiomyopathy
without vessel disease or hypertension, investigating diabetic
cardiomyopathies is of high importance [106]. Multiple
studies have investigated the effects of HFD upon cardiac
function, remodeling, and metabolism. Mice fed a HFD for
10 weeks develop myocardial insulin resistance evidenced by
a downregulation of insulin receptor activity, downregulation
of AKT signaling, and increased fatty acid oxidation [107].

Lipid accumulation in the heart occurs when lipid intake
exceeds lipid metabolism. It is exacerbated in chronic (HFD)
situations and obesity when the body is overwhelmed by free
fatty acids (FFA). Even though the heartmetabolizes lipids for
60–80% of its total basal energy it will store excess FFA and
metabolites. Abnormal accumulation of nonoxidative lipid
derivatives leads to increased apoptotic signaling, oxidative
stress, and broad cellular dysfunction in the heart [108].
Overwhelming evidence indicates that the type of ingested
fat is critically important for its place in the pathogenic or
protective spectrum (reviewed in [69]). This is especially
evident in the effects of particular fats in the diets on
cardiac function. For example, a diet high in saturated fats is
protective in muscular dystrophy mediated cardiomyopathy
in hamsters [109].
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Rodent HFD models of T2DM also reproduce the “obe-
sity paradox,” initially identified in humans [110]. The situa-
tion is labeled a paradox because obese patients are better at
overcoming long-term damage after myocardial infarctions.
In rats subjected to pressure-overload hypertrophy, those
receiving HFD are protected from cardiac hypertrophy and
dysfunction [69]. Furthermore, mice on a HFD have less
postinfarct myocardial remodeling and dysfunction com-
pared to normal diet controls [111]. The similarities between
the human diseases and the rodent models facilitate investi-
gations into the mechanisms of this paradox and identify if it
can be leveraged for human therapeutics.

Multiple investigations failed to identify cardiac patholo-
gies after long-term HFD feeding. For example, in a 6-
month HFD study the investigators did not find any cardiac
pathology by echocardiography [19]. Alternatively, other
investigators have identified pathologies within shorter HFD
protocols. For example, in a 12-weekHFD study we identified
cardiomyocyte hypertrophy, unsuccessful metabolic adap-
tations, and lipid droplet accumulation [16]. These results
indicate that caution must be used when designing HFD
experiments, especially for diabetic cardiomyopathy assess-
ments. It may be that in these long-term experiments the
hearts have compensated fully and have established a new
homeostasis and the pathology must be evaluated over a
time course. This is an interesting point requiring further
study, because such compensatory mechanisms may reveal
therapeutic targets. A very interesting study was conducted
by Calligaris et al. These authors compared 8, 12, and 16
months of HFD on the C57Bl/6 male hearts. They identified
cardiac remodeling at all time points, which became more
severe as the diet duration was extended. In the HFD
group they identified functional pathology, but only after
dobutamine pharmacological stress [18].

There are a number of possible reasons for the discrepan-
cies regarding HFD-induced DCM. Some of the reasons are
easily identified: different diets (fat type is highly important,
W. C. Stanley), diet duration, different assays, and age of
animals. Some of the harder to identify reasons are genetic
drift, seasonal variation, and diurnal variation in time of
assays.When designing aHFD protocol these variations each
must be considered and minimized as much as possible.

The heart must be further evaluated by a number of
unique methods [5]. Cardiac pathology assessments are crit-
ically important to obtain due to the large number of T2DM
patients dying from heart failure [106]. Echocardiography
(Echo) is an essential assessment method for T2DM. Echo
indicates morphometric hypertrophy and dilation and pro-
vides information on cardiac function. DCM is defined as
reduced cardiac function without hypertension or vessel
disease. Therefore, blood pressure is also a key assessment
for DCM. Generally, hypertension is not identified in HFD
mouse models [16]. However, this needs to be assessed for
each experiment. Blood pressure values can be quantified
by either terminal (pressure volume loops (PV loops)) or
survival (tail cuff) techniques.The tail cuff procedure benefits
from being survival, relatively high-throughput, and inex-
pensive while the PV loops benefit from being more accurate
and accepted by reviewers. The best possible scenario would

be to perform tail cuff weekly throughout the HFD protocol
and perform the terminal PV loops at the termination of the
procedure.

Hypertrophy is a common sequela of HFD. Hypertrophy
can occur in two distinct or overlapping characteristics at the
organ level and/or cellular level. The organ level hypertrophy
can be assessed with Echo and heart weight to tibia length
and the cellular hypertrophy can be assessed by histology
methods and ImageJ [16].

5.5. Pancreas. The pancreas is also affected by the HFD. The
hyperglycemia caused by the HFD signals the pancreas to
secretemore andmore insulin. Eventually the pancreas falters
and hyperinsulinemia is followed by hypoinsulinemia. These
changes in insulin levels are seen in patients and in mice fed
a HFD.

Of course, because T2DM is a systemic disease, all cells
and tissues are affected by the disease-defining hyperglycemia
and lipotoxicity [45]. Principal among these cell types would
be endothelial cells, neurons, and beta cells of the pancreas.

6. Conclusions and Future Directions

The HFD mice have proven invaluable not only for the
identification of molecular pathways affected by HFD, but
also in preclinical protocols to test potential therapies to
reverse the condition and itsmany associated pathologies [4].
As the research community identifies the most human-like
HFD model the strength of using this model for preclinical
protocols can only become better.

Many therapeutics are being tested in the HFD protocol.
Recently resveratrol (RSV, red grape extract) has come into
the news as being antiaging and potentially inhibiting T2DM
symptoms. When given for the 12 weeks of HFD, RSV
produced only a slight reduction of body weight and blood
glucose but had a significant reduction on renal fibrosis and
renal dysfunction [112]. Through further experiments, the
authors attributed the benefits to inflammation reduction.
Other pharmacologies that have been tested in the HFD
protocol include metformin, ezetimibe, acarbose, and ator-
vastatin.

As the research community approaches the ideal HFD
protocol, consistent protocols will be undeniably helpful. As
stated previously this would enable ease when comparing
study to study, especially important for the preclinical ther-
apeutic trials. I will now go out on a limb and steel myself
for the upcoming onslaught of detractors. I propose this
following standard protocol:

(i) Using C57Bl/6J.
(ii) Feeding from 4 to 20 weeks old.
(iii) Using both male and female mice.
(iv) Using a HFD plus high fructose to mimic the human

diet best.

This protocol can be used to compare the many therapeutics.
It can be also modified to study specific mouse strains,
exercise, age, length of diet, and so forth. For example, it
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would be of great interest to compare young and old mice in
a HFD protocol. Although older mice do not have the high
levels of chronic inflammation as found in the aged human
population, it would be of interest to establish if the older
mice develop T2DMsymptoms at a shorterHFD time period.
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AITT: Acute insulin tolerance test
AGTT: Acute glucose tolerance test
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Additional Points

This is a guide to plan your high fat diet mouse experiments.
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Calpain, calcineurin (CaN), and nuclear factor of activated T cell (NFAT) play a key role in the development of atrial fibrillation.
Patients with valvular heart disease (VHD) are prone to develop atrial fibrillation (AF). Thus, our current study was aimed at
investigating whether activation of calpain-CaN-NFAT pathway is associated with the incidence of AF in the patients with VHD
and diabetes. The expressions of calpain 2 and alpha- and beta-isoforms of CaN catalytic subunit (CnA) as well as NFAT-c3 and
NFAT-c4 were quantified by quantitative reverse transcription-polymerase chain reaction in atrial tissues from 77 hospitalized
patients with VHD and diabetes. The relevant protein content was measured by Western blot and calpain 2 in human atrium
was localized by immunohistochemistry. We found that the expressions of calpain 2, CnA alpha and CnA beta, and NFAT-c3 but
not NFAT-c4 were significantly elevated in the samples from patients with AF compared to those with sinus rhythm (SR). Elevated
protein levels of calpain 2 andCnAwere observed in patients with AF, and so was the enhanced localization of calpain 2.We thereby
concluded that CaN together with its upstreammolecule, calpain 2, and its downstream effector, NFAT-c3, might contribute to the
development of AF in patients with VHD and diabetes.

1. Introduction

Atrial fibrillation (AF) is the most common abnormal heart
rhythm in human and imposes a substantial burden on
population health.The odds of developing a stroke are almost
5-fold higher in patients with AF than in those free of AF
[1]. However, the underlying pathophysiological mechanisms
of AF are not entirely understood. It may be associated
with ion channel dysfunction, Ca2+-handling abnormalities,
structural remodeling, and autonomic neural dysregulation
[2].

Calpains represent a family of intracellularCa2+-activated
cysteine proteases and the 15 family members have been

proposed to be actively involved in the occurrence of AF
[3]. Calcineurin (CaN) is a Ca2+/calmodulin activated ser-
ine/threonine protein phosphatase and can be activated by
endogenous calpain in human heart [4]. It is composed of a
≈60-kDa catalytic A subunit (CnA) and a 19 kDa regulatory
B subunit (CnB). Three isoforms have been identified in
CnA (𝛼, 𝛽, and 𝛾) and 2 isoforms in CnB (CnB1 and
CnB2) [5]. CnA has been reported to modulate transcription
through dephosphorylating and facilitating translocation of
nuclear factor of activated T cells (NFATs). Previous studies
also indicated that CaN activity was increased following
NFAT-c3 and NFAT-c4 translocation into the nucleus in
a porcine model of AF, suggesting that the activation of
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CaN-NFAT signal transduction pathway might be involved
in the pathogenesis of AF [6].

Many pathological processes contribute to the develop-
ment of AF. For example, valvular heart disease (VHD) has
been identified to be a risk factor of AF [7]. In addition,
a prospective cohort study suggested that diabetes also
significantly increased the incidence of AF by 35% [8]. Thus,
in the current study, we aimed to investigate the relationship
between calpain-CaN-NFAT pathway and the development
of AF in patients with VHD and diabetes. We evaluated the
expressions of calpain, CaN, and NFATs in atrial tissues from
patients with and without chronic persistent AF.

2. Methods

2.1. Patients and Atrial Samples. This human study was
conducted in accordance with the principles outlined in
Declaration of Helsinki. The research protocol was approved
by the Ethics Committee of Provincial Hospital Affiliated to
ShandongUniversity.Written informed consents for research
use of discarded atrial tissueswere provided by all the patients
or their guardians. Within 2007–2013, left atrial appendages
were dissected from 77 patients with VHD and diabetes
during the mitral/aortic valve replacement surgeries. All
these patients had their cardiac functions in New York Heart
Association (NYHA) II-III function class and none of them
ever received class I or III antiarrhythmic drugs. These atrial
samples were subsequently frozen in liquid nitrogen and
stored at −80∘C for a further analysis.

Demographic and clinical data were retrieved by a chart
review. Blood pressure (BP) was measured with a mercury
sphygmomanometer on the right arm of each patient resting
in a supine posture. And the heart rate was documented.
Prior to the surgeries, overnight fasting blood samples were
collected to measure hemoglobin (Hb), alanine transferase
(ALT), creatinine (Cr), low-density lipoprotein cholesterol
(LDL-C), fast blood glucose (FBG), international normalized
ratio (INR), angiotensin I and angiotensin II (Ang I and
Ang II), aldosterone, and brain natriuretic peptide (BNP).
Atrial fibrillation was confirmed with electrocardiography.
Transthoracic echocardiography through Philips Sonos 5500
Ultrasound System (HP Agilent, SC, USA) was operated by
an experienced sonographer to assess the diastolic diameter
of each heart chamber, the thickness of interventricular
septum (IVS) and left ventricular posterior wall (LVPW),
the status of valves, and the left ventricular ejection fraction
(LVEF).

2.2. Gene Expression Measurement by Real-Time Quantitative
Reverse Transcription-Polymerase Chain Reaction (qPCR).
Frozen left atrial appendage was thawed and removed from
RNAIater stabilization reagent. About 50mg of specimens
wasminced on ice and homogenized in 1mLTRIzol (TaKaRa
Bio, Tokyo, Japan). After addition of 200𝜇L chloroform, the
mixture was incubated at room temperature for 3min and
centrifuged at 12,000 g for 15min at 4∘C. Upper aqueous
phase (400𝜇L) was transferred to a 1.5mL RNase-free tube
andmixed with 1 volume of isopropanol.The homogenate sat
on ice for 10min and was centrifuged at 12,000 g for 10min at

4∘C. Total RNA was precipitated and then washed by 1mL
75% ethanol. After centrifugation at 7,500 g for 5min at 4∘C
and addition of ethanol were repeated twice, the recovered
RNA pellet was dissolved in diethylpyrocarbonate- (DEPC-)
treated sterile water. Total RNA was quantified spectropho-
tometrically at 260 nm and its quality was validated by the
OD
260

/OD
280

absorption ratio in the range of 1.8 to 2.0.
RNAs were reverse-transcribed into cDNA using Prime-

Script� RT Master Mix (TaKaRa Bio, Tokyo, Japan). During
the synthesis of cDNA, a mix of 5 20𝜇g RNA, 2 𝜇L 5×g DNA
Eraser Buffer, and 1 𝜇L gDNA Eraser was incubated in a final
volume of 10 𝜇L with RNase free ddH

2
O at 42∘C for 4min

to minimize the contamination of genomic DNA. Then 1 𝜇L
PrimeScript RT Enzyme Mix I, 1𝜇L RT Primer Mix, 4 𝜇L 5x
PrimeScript Buffer, and 4𝜇L RNase free ddH

2
O were added

for 15-minute incubation at 37∘C, followed by inactivation of
reverse transcriptase at 85∘C for 5 sec, and stored at 4∘C.

Real-time quantitative PCRwas performed using a Light-
Cycler� 480 Real-Time PCR System (Roche Diagnostics,
GmbH, Penzberg, Germany). Briefly, the reaction mixtures
(20𝜇L) included 2𝜇L cDNA, 10 𝜇L 2x SYBR� Premix Ex
Taq� (TaKaRa Bio, Tokyo, Japan), and 0.4 𝜇L 10 𝜇mol/L
specific sense and antisense primers listed in Table 1. Cycle
conditions were predenaturation at 95∘C for 30 sec, then 40
cycles of denaturation at 94∘C for 5 sec, annealing at 60∘C
for 20 sec, and extension at 95∘C for 5 sec, followed by a
final extension at 60∘C for 1min. The specificity of PCR
product was examined by 1.5% agarose gel electrophoresis
and melting curve analysis. Each assay was analyzed in
triplicate, and the relative expression levels were calculated
by the 2−ΔΔCt method using 𝛽-actin as endogenous control
for normalization of cDNA contents.

2.3. Protein Quantification by Western Blot. About 50mg
frozen samples from left atrial appendage were grinded in
liquid nitrogen and subsequently homogenized in 1.5mL lysis
buffer (50mMTris-HCl, 100mMNaCl, 1% NP-40, 0.1% SDS,
1mM phenylmethylsulfonyl fluoride, pH 7.4). Homogenates
were incubated for 30min on ice and centrifuged at 15,000 g
for 30min at 4∘C. The protein content from supernatants
was determined using bicinchoninic acid (BCA) method.
After being denatured at 100∘C for 10min, extracted proteins
(40 𝜇g per lane) were separated by 8%–10% gradient sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–
PAGE) at 100V for 1.5 h and transferred onto polyvinyli-
dene fluoride (PVEF) membranes (Millipore, Massachusetts,
USA) at 4∘C and 200mA. Membranes were blocked in 5%
w/v nonfat dry milk TBST buffer (Tris-base 1.21 g/L, NaCl
8.78 g/L, 1mL Tween-20/L, pH 7.6) at room temperature
for 1 h and incubated for overnight at 4∘C with primary
antibodies: mouse anti-human CaN monoclonal antibody
(BDTransduction Laboratories, SanDiego, CA,USA; 1 : 250),
rabbit anti-human calpain 2 polyclonal antibody (Abgent,
SanDiego, CA,USA; 1 : 1000), andmouse anti-human𝛽-actin
monoclonal antibody (Zhongshan Jinqiao Bio-Technology
Co. Ltd., Beijing, China; 1 : 1000). In the next day, membranes
were washed with TBST buffer 3 times and incubated with
horseradish peroxidase-conjugated goat anti-rabbit/mouse
secondary antibody (Zhongshan Jinqiao Bio-Technology Co.
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Table 1: Primer sequences were used in qPCR experiments.

Gene Product size (bp) Primer sequence

Calpain 2 165 F: 5-CTGGGGCTGAAGGAGTTCTAC
R: 5-GATGACTTGGTGGAGTTGACAG

CnA 𝛼 isoform 112 F: 5-CAGGAACATTTCACTCACAACACAG
R: 5-CGTGGGCTCGGAGTATAGATAACA

CnA 𝛽 isoform 119 F: 5-TGGATGTCTTCACGTGGTCTTTAC
R: 5-ATCAAACTGGTCTTCACCTTCAGTC

NFAT-c3 137 F: 5-CATCGAGCCCATTATGAAACTGAA
R: 5-CGATCATCTGCTGTCCCAATAAAC

NFAT-c4 97 F: 5-AGCCTGACACACCGTAGGTACTGA
R: 5-AGTGCAAATGCCCGGAATG

𝛽-actin 366 F: 5-ACACTGTGCCCATCTACGAGGGG
R: 5-ATGAGTGAGTTGAAGGTAGTTTCGTGGAT

CnA, subunit A of calcineurin; F, forward primer; NFAT, nuclear factor of activated T cells; R, reverse primer.

Ltd., Beijing, China; 1 : 1000) at room temperature for 1 h.
After another 3 washes with TBST buffer, signals were
detected with enhanced chemiluminescence (ECL) HRP
substrate (Millipore, Boston, MA, USA) and quantified by
densitometry with Fujifilm Las-4000 Luminescent Image
Analyzer (Fuji, Tokyo, Japan).

2.4. Immunohistochemical Localization of Calpain 2. Dis-
sected tissues were fixed in 10% paraformaldehyde and made
into 20 𝜇m thick paraffin-embedded sections. After being
heated for 30min at 65∘C, slides were deparaffinized with
turpentine oil, rehydrated with gradient ethanols, rinsed with
distilled water 3 times for 5min each, washed with phosphate
buffered saline (PBS) for 5min, and immersed into preheated
retrieval solution (98∘C, pH=6.0) for 15min.Upon cooling to
room temperature, slides were rinsed gently with PBS 3 times
for 5min each and then incubated with 3% H

2
O
2
at 37∘C

for 30min to quench endogenous peroxidase activity. Rinsed
for another 3 times with PBS, the slides were added with
normal goat serum (Zhongshan Jinqiao Bio-Technology Co.
Ltd., Beijing, China) to block nonspecific antigens for 30min
at 37∘C. Excess blocking serumwas wiped away and the slides
were incubated with rabbit polyclonal primary antibodies to
calpain 2 (Abgent, San Diego, CA, USA; 1 : 100) overnight at
4∘C. After incubation at 37∘C for 30min and 3 washes with
PBS, biotinylated secondary antibodies (Zhongshan Jinqiao
Bio-Technology Co. Ltd., Beijing, China) were added to
incubate at 37∘C for 30min followed by another 3 washes
with PBS. The tissue sections were immersed with 3,3-
diaminobenzidine (DAB) Chromogen Solution (Zhongshan
Jinqiao Bio-Technology Co. Ltd., Beijing, China) for 3min
and mounted with nuclear counterstain hematoxylin for
3min. After being dehydrated with ethanol and cleared with
turpentine oil, stained tissue was covered with a coverslip
and visualized under a light microscope. The specificity of
immunostaining was controlled by substituting the primary
antibodies with PBS. Calpain 2-positive cells were identi-
fied by the presence of brown granules in the cytoplasm.
Image-Pro Plus Version 6.0 image analysis system (Media
Cybernetics, Inc., Silver Spring, MD, USA) was adopted

to evaluate semiquantitatively the average optical density
(OD) of the positive stained areas in 3 random visual fields
(magnification, ×400) from each histological section.

2.5. Statistical Analysis. Continuous variables were expressed
as Mean ± Standard Deviation (SD). SPSS 17.0 (SPSS Inc.,
Chicago, IL, USA) was used for data analysis. The difference
between two groups was evaluated by unpaired Student's 𝑡-
test and the comparison among multigroups was tested by
one-way analysis of variance (ANOVA). Categorical variables
were summarized as frequency and percentage and evaluated
using Chi-square or Fisher’s exact test. Pearson correlation
coefficient (𝑟) was used to assess the association between
parameters.𝑃 < 0.05was considered as significant difference.

3. Results

3.1. Clinical Characteristics of Patients with AF and SR. The
patients include 42 males and 35 females of the age of 50.73±
7.65 years. Forty-five of themwere diagnosed with AF and 32
with sinus rhythm (SR). Tables 2 and 3 show the preoperative
clinical and laboratory characteristics of these patients. The
rest heart rates and levels of INR, BNP, and Ang I and Ang
II were significantly higher in patients with AF compared to
those with SR. These increased parameters were paralleled
with exacerbated cardiac dysfunction characterizedwith aug-
mented left and right atrium and attenuated left ventricular
ejection fraction (LVEF).

3.2. The Gene Expressions of Calpain 2, CaN, and NFATs. At
the transcription level, the expressions of calpain 2 (128.37 ±
63.01% versus 100 ± 36.07%, 𝑃 = 0.015), CnA 𝛼 (154.90 ±
100.38% versus 100 ± 98.44%, 𝑃 = 0.020), CnA 𝛽 (159.16 ±
144.34% versus 100 ± 73.36%, 𝑃 = 0.037), and NFAT-c3
(130.79 ± 100.00% versus 100 ± 85.48%, 𝑃 = 0.028) were
significantly increased in patients with AF compared to those
with SR. However, there was no statistical difference in the
expression of NFAT-c4 between these two groups (119.40 ±
85.51% versus 100±89.82%, 𝑃 = 0.340; Figure 1).These find-
ings suggested that Calpain 2, CnA 𝛽, and NFAT-c3 rather
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Table 2: Clinical assessments of patients.

AF (𝑛 = 45) SR (𝑛 = 32) 𝑃

Age (years) 51.20 ± 6.33 50.06 ± 9.26 0.524
Sex (male, %) 24 (53.33%) 18 (56.25%) 0.800
Cigarette smoking 9 (20.00%) 7 (21.88%) 0.842
Alcohol drinking 13 (28.89%) 11 (34.38%) 0.609
Diseases

MS 14 (31.11%) 10 (31.25%)

0.505MR 22 (48.89%) 18 (56.25%)
MS + MR 6 (13.33%) 4 (12.50%)
MS + MR + AS/AR 3 (6.67%) 0

Physical examination
Systolic BP (mmHg) 120.22 ± 8.40 123.31 ± 12.62 0.201
Diastolic BP (mmHg) 75.98 ± 8.01 73.06 ± 10.54 0.172
Rest heart rates (bpm) 81.13 ± 14.74 74.03 ± 8.91 0.011

Cardiac function
NYHA class II 11 (24.44%) 17 (53.13%) 0.019
NYHA class III 34 (75.56%) 15 (46.87%)

Medications
ACEI (%) 8 (19.03%) 3 (9.38%) 0.345
𝛽-blockers (%) 18 (40.00%) 4 (12.50%) 0.011
Digoxin (%) 25 (55.56%) 0 <0.001
Diuretics (%) 45 (100%) 18 (58.25%) <0.001

ACEI, angiotensin-converting enzyme inhibitors; AF, atrial fibrillation; AR, aortic regurgitation; AS, aortic stenosis; BP, blood pressure; bpm, beats per minute;
MR, mitral regurgitation; MS, mitral stenosis; NYHA, New York Heart Association; SR, sinus rhythm.

Table 3: Laboratory assessments of patients.

AF (𝑛 = 45) SR (𝑛 = 32) 𝑃

Blood measurements
Hb (g/L) 129.17 ± 11.84 131.61 ± 8.70 0.353
ALT (U/L) 27.24 ± 15.22 22.86 ± 8.41 0.127
Cr (𝜇mol/L) 87.37 ± 13.51 82.04 ± 19.64 0.182
LDL-C (mmol/L) 2.47 ± 0.69 2.45 ± 0.57 0.887
FBG (mmol/L) 8.81 ± 1.28 8.52 ± 0.84 0.257
INR 1.44 ± 0.73 0.99 ± 0.10 <0.001
BNP (pg/mL) 139.07 ± 94.06 61.86 ± 39.15 <0.001
Ang I (ng/mL) 2.13 ± 0.73 1.65 ± 0.54 0.003
Ang II (pg/mL) 328.45 ± 145.16 217.46 ± 138.96 0.002
Aldosterone (ng/mL) 0.17 ± 0.03 0.17 ± 0.06 0.840

Echocardiography
LAD (cm) 5.61 ± 0.88 4.48 ± 1.21 <0.001
RAD (cm) 4.88 ± 0.46 4.47 ± 0.64 0.006
LVD (cm) 5.15 ± 0.82 5.17 ± 0.91 0.930
RVD (cm) 2.35 ± 0.46 2.32 ± 0.60 0.863
LVPW (cm) 0.85 ± 0.16 0.81 ± 0.20 0.382
IVS (cm) 0.85 ± 0.16 0.84 ± 0.19 0.840
LVEF (%) 51.08 ± 4.62 58.86 ± 4.16 <0.001

AF, atrial fibrillation; ALT, alanine transferase; Ang, angiotensin; BNP, brain natriuretic peptide; Cr, creatinine; FBG, fast blood glucose; Hb, hemoglobin; INR,
international normalized ratio; IVS, interventricular septum; LDL-C, low-density lipoprotein cholesterol; LAD, left atrial dimension; LVD, left ventricular
dimension; LVEF, left ventricular ejection fraction; LVPW, left ventricular posterior wall; RAD, right atrial dimension; RVD, right ventricular dimension; SR,
sinus rhythm.
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Figure 1: The mRNA expressions of calpain 2, CaN, and NFATs
in left atrial tissues isolated from patients with AF and SR. In
comparison with SR subjects, significantly increased mRNA levels
of calpain 2 (128.37 ± 63.01% versus 100 ± 36.07%, 𝑃 = 0.015),
CnA 𝛼 (154.90 ± 100.38% versus 100 ± 98.44%, 𝑃 = 0.020), CnA
𝛽 (159.16 ± 144.34% versus 100 ± 73.36%, 𝑃 = 0.037), and NFAT-c3
(130.79±100.00%versus 100±85.48%,𝑃 = 0.028), but not NFAT-c4
(119.40± 85.51% versus 100± 89.82%, 𝑃 = 0.340), were observed in
patients withAF. ∗𝑃 < 0.05 versus SR. AF indicates atrial fibrillation;
CnA alpha and CnA beta indicate 𝛼 and 𝛽 isoforms of catalytic A
subunit in calcineurin; NFAT indicates nuclear factor of activated T
cells; SR indicates sinus rhythm.
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Figure 2: The protein expressions of calpain 2, full-length CnA
(60 kD), and truncated CnA (45 kD) in left atriums of patients with
AF and SR. In the protein levels, statistical elevation of calpain 2
(133.68 ± 80.82% versus 100 ± 42.12%, 𝑃 = 0.020), full-length CnA
(60 kD) (137.47 ± 77.61% versus 100 ± 65.17%, 𝑃 = 0.029), and
truncated CnA without autoinhibitory domain (45 kD) (132.40 ±
59.94% versus 100 ± 56.19%, 𝑃 = 0.019) were found in patients
with AF in comparison with SR subjects. ∗𝑃 < 0.05 versus SR.
AF indicates atrial fibrillation; CnA indicates catalytic A subunit of
calcineurin; SR indicates sinus rhythm.

than NFAT-c4 might contribute toward the development of
AF.

3.3. The Protein Expressions of Calpain 2 and CaN. As
demonstrated in Figure 2, the protein levels of calpain 2
in atrial samples from patients with AF were higher than
those with SR (133.68 ± 80.82% versus 100 ± 42.12%, 𝑃 =
0.020). In addition, the protein expression increased in both
full-length CnA (60 kD) and its truncated fragment without
autoinhibitory domain (45 kD) in patients with AF (137.47 ±
77.61% versus 100 ± 65.17%, 𝑃 = 0.029; 132.40 ± 59.94%
versus 100 ± 56.19%, 𝑃 = 0.019, resp.). Such results further

indicated that calpain 2-CaN pathway might regulate the
development of AF through its transcriptional effects.

3.4. Localization of Calpain 2 in Left Atrium. Although
cardiomyocyte is most dominant in the heart, other cell
types exit, such as smooth muscle cells, endothelial cells, and
fibroblasts. Thus, in our current study, we investigated the
localization of calpain 2 by immunohistochemistry staining
and defined whether it is involved in the development of AF
in cardiomyocytes. As shown in Figure 3, brown granules
indicating calpain 2 were only visualized in the cytoplasm of
atrial myocytes, but not in endocardium or epicardium. An
increase in calpain 2 staining was also observed in cardiac
samples from patients with AF compared to those from SR
group (Figure 3).

4. Discussion

Atrial fibrillation (AF) is a common severe arrhythmia and
oftendevelops in patientswithVHDanddiabetes. Permanent
AF is associated with decreased cardiac function and is an
independent predictor of heart failure [9]. Calpains have been
proposed to be actively involved in the occurrence of AF;
however, the molecular mechanisms are not well clarified in
humanbeings.Thus, our current study investigated the role of
calpain 2-CaN-NFAT pathway inmediating the development
of AF in the patients with VHD and diabetes. Our results
indicated that the gene expressions of calpain 2, CaN, and
NFAT-c3 but not NFAT-c4 were significantly increased in
the left atrial tissue of AF patients with VHD and diabetes
compared to those with SR.The upregulated gene expressions
of calpain 2 and CaN responded to an augmented protein
levels, and the increased calpain 2 was localized in atrial
cardiomyocytes fromAF samples, which suggested a positive
association of cardiac calpain-CaN-NFAT signaling with AF.

Calpains 1 (or calpain 𝜇) and 2 (or calpain m) are the
two major isoforms of calpain and ubiquitously expressed in
the heart. However, calpain 1 was usually activated with a
micromolar level of Ca2+, while the activation of calpain 2
requires a higher or pathological millimolar level of intra-
cellular Ca2+ [10, 11]. Goette et al. previously reported that
the level of calpain 1 was increased more than 3 times and
the calpain enzymatic activity was doubled in the atrial tissue
samples from patients with AF compared to those in SR
group [12]. However, themRNA expressions of calpains 1 and
2 and calpain 2 protein levels between AF and SR patients
are identical. A following study further proved the effects
of calpain 1 in AF [13]. They found that upregulation of
calpain 1, rather than calpain 2, contributes to the activation
of calpain. However, our current study indicated that AF
is associated with upregulated gene and protein expressions
of calpain 2 in the heart tissue. The different results from
our current study and other previous reports are probably
associated with different cardiac functions and plasma Ang
II levels in recruited patients. In our recruited patients,
NYHA class III is more prevalent and the patients with AF
have a lower LVEF compared to those with SR. Indeed,
calpain 2 was significantly increased in NYHA class III or
IV failing hearts, but not in class II or nonfailing ones [14].
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(a) (b)

Figure 3: Immunohistochemical localization of calpain 2 in atrial cardiomyocytes ((a) AF group, ×200; (b) SR group, ×400). Calpain 2,
brown-stained granules, was localized in the cytoplasm of atrial myocytes, but not in endocardium or epicardium. Enhanced expression of
calpain 2 was observed in samples from patients with AF compared to those from SR group. AF indicates atrial fibrillation; SR indicates sinus
rhythm.

Furthermore, our studies showed that the levels of Ang I and
Ang II were significantly elevated in AF group. A previous
finding suggested that Ang II regulates calpains in ventricular
remodeling [14].

Calpains 1 and 2 can cause limited proteolysis of full-
length CaN in a Ca2+-dependent manner without the pres-
ence of calmodulin [4]. AF induces intracellular calcium
overload in atrial cardiomyocytes [15] which may facilitate
the activation of CaN-NFAT pathway. The right atrial tissues
isolated from VHD patients with AF had upregulated gene
and protein expressions in CaN catalytic and regulatory
subunitswhich contribute to increased activity of the catalytic
subunit [16]. NFAT-c3 and NFAT-c4 are the downstream
effectors of CaN, which accumulate in the nuclei during AF
due to the increased enzymatic activity of CaN [6]. CnA
phosphatase activity and CnA 𝛽-isoform protein contents
were enhanced in patients with chronic AF [17], and the
nuclear accumulation of NFAT-c3 protein and the mRNA
expression of NFAT-c3 were also upregulated [17]. Our
present study demonstrated that the gene and protein expres-
sions of CnA and NFAT-c3 were dramatically elevated in AF
patients with VHD and diabetes compared to those with SR.
However, it is unclear whether CnB is also upregulated in AF,
though CnA and CnB are coexpressed and mutually stabilize
each other [18].

It should be noted that pharmacological therapy prior to
cardiac surgery might affect calpain pathway in our study.
Currently, we do not know whether 𝛽-blockers or diuretics
regulate calpain expression; however, digoxin and calcium
channel blockers have been tested not affecting calpain 1
expression [12]. Moreover, our recruited patients did not
include those with cardiac function NYHA class I or IV. Our
future study will expand the patient cohort and identify the
role of calpain-CaN-NFAT signaling in mediating AF in all
the NYHA classes.
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