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Preface to ”Novel Molecules in Diabetes Melitus,
Dyslipidemia and Cardiovascular Disease”

The purpose of this reprint based on the Special issue “Molecules in Diabetes Melitus,

Dyslipidemia and Cardiovascular Disease”, IJMS journal, MDPI, is to present the impact in clinical

practice as well as in medical research of novel molecules that have been introduced in the

treatment of diabetes mellitus, dyslipidemia, and cardiovascular disease. The topic focuses on

the improvements in disease outcomes as well as the numerous beneficial effects of use of certain

medications such as GLP-1 agonists, dual GLP-1/ GIP agonists, and SGLT-2 inhibitors for diabetes

mellitus treatment; PCSK9 inhibitors and small interfering RNA (siRNA) molecules for dyslipidemia;

and antiaggregants, oral anticoagulants, scubitril/valsartan, and non-steroidal mineralocorticoid

receptor agonists or dapagliflozin in cardiovascular diseases. We believe that the number of real-life

studies and in vivo and in vitro research of the effects of these drugs is quite low at the moment,

leading to a lack of understanding of the complex molecular effects and pleiotropic effects of these

medications, as well as incomplete knowledge regarding the repurposing of these drugs in clinical

practice.

With 11 papers published, we consider this reprint as a valuable reward for all of us, authors and

editors.

Cosmin Mihai Vesa and Simona Gabriela Bungau

Editors
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The purpose of this Special Issue is to present the impact in clinical practice as well
as in medical research of novel molecules that have been introduced in the treatment of
diabetes mellitus, dyslipidaemia, and cardiovascular disease. The topic focuses on the
improvements in disease outcomes as well as the numerous beneficial effects of the use of
certain medications such as glucagon-like peptide 1 (GLP-1) agonists, glucose-dependent
insulinotropic polypeptide (GIP) agonists, and dual GLP-1/GIP agonists for the treatment
of diabetes mellitus and obesity, as well as medication such as sacubitril/valsartan for
the treatment of heart failure. Included in the topic is also the presentation of certain
novel molecules such as derivatives of quinopimaric acid, useful in the inhibition of some
enzymes involved in the glucose metabolism, or what is also presented is novel applications
of the administration of older molecules (such as nicotinamide) for the inhibition of the key
pathogenetic processes involved in diabetes complications. We believe that the number
of real-life studies and in vivo and in vitro research of the effects of these drugs is, to
date, rather low, leading to a lack of understanding of the complex molecular effects and
pleiotropic effects of these medications, as well as incomplete knowledge regarding the
repurposing of these drugs in clinical practice. Thus, this Special Issue is incredibly topical
and important, and we look forward to your submissions which will help to clarify the
issues surrounding such drugs.

Teryakova’s team carried out a very interesting study where abietane-type derivatives
with arylidene, heterocyclic, nitrile, and acetylene fragments were used to inhibit the
enzyme, α-Glucosidase (α-GLy); the efficacy of these novel compounds was investigated
in vitro and by molecular modelling approaches. The complex investigation, that included
absorption, distribution, metabolism, excretion, and toxicity (ADMET) profiling or kinetic
studies of the novel synthesized compounds, led to the conclusion that a lead diterpene
indole with an alkyne substituent of 45 was identified as a competitive inhibitor for the
enzyme α-GLy involved in the glucose metabolism, which provides an insight into novel
antidiabetic drug development [1].

The team led by Zlacká demonstrated that phosphofructokinase 15 (PFK15), a syn-
thetic compound, can act together with sunitinib and inhibit glycolysis in human umbilical
vein endothelial (HUVEC) cells, therefore reducing angiogenesis, an important pathophysi-
ological process in the apparition and progression of diabetic complications [2].

Lee’s team had an important contribution with two impressive articles. In one study,
they demonstrated that nicotinamide mononucleotide intraperitoneal injections in mice
prevented retinal ischemia/reperfusion (I/R) injury, a mechanism that was explained by the
activation of certain antioxidant pathways [3], while in the other study, the administration
of nicotinamide mononucleotide in mice, where a surgical unilateral common carotid artery
occlusion was performed, was associated with a reduced retinal dysfunction, preserved
nicotinamide adenine dinucleotide (NAD+) levels, normal glycolysis, and increased antiox-
idant activity mechanisms which can be important in clinical practice for the amelioration
of diabetic retinopathy [4].
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With respect to the above-mentioned data, Iovanovici et al. analysed the beneficial
role of sacubitril/valsartan therapy in patients with heart failure with a reduced ejection
fraction (HFrEF) and patients with heart failure with a preserved ejection fraction (HFpEF).
The review presented the main clinical trials results, where it was demonstrated that the
utilisation of sacubitril/valsartan therapy in HFrEF patients reduced the rehospitalization
rate due to heart failure and improved patients’ symptoms, while other trials demonstrated
reversible cardiac remodelling and the drop of N-terminal proBNP (NT-proBNP) levels
when the angiotensin receptor–neprilysin inhibitor (ARNI) is administered [5]. In HFpEF,
sacubitril/valsartan was associated with reduced NT-proBNP levels, although there were
not any significant results in cardiovascular mortality, the mortality of all causes, or an
improvement in the NYHA class [5].

Another interesting review was provided by Forzano I. et. which analysed the benefits
of a novel medication, tirzepatide, a molecule that acts by the dual agonism of GLP-1/GIP
receptors. Tirezepatide’s efficacy in reducing blood glucose, weight, and blood pressure
values was confirmed in five clinical trials in patients with type 2 diabetes mellitus, while in
non-diabetic obese patients, a weekly administration of the drug, in various concentrations,
produced remarkable results in reducing body weight [6].

Fiorentino et al. analysed the benefits of statin use in children, a population where
this medication is rarely used, and demonstrated numerous benefits such as a reduction in
the atherosclerosis burden, with fewer side effects than in adults because of the presence of
a very low number of comorbidities [7].

Numerous molecular pathways, such as those activated by GLP-1 agonists [8], still
need to be investigated for reducing the impact that diabetes mellitus and cardiovascular
disease have on human health, especially given the fact that the molecular understanding
of a disease creates the possibility of targeted therapies and personalized care.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Obesity is a major public health problem worldwide, and it is associated with many
diseases and abnormalities, most importantly, type 2 diabetes. The visceral adipose tissue produces
an immense variety of adipokines. Leptin is the first identified adipokine which plays a crucial
role in the regulation of food intake and metabolism. Sodium glucose co-transport 2 inhibitors are
potent antihyperglycemic drugs with various beneficial systemic effects. We aimed to investigate
the metabolic state and leptin level among patients with obesity and type 2 diabetes mellitus, and
the effect of empagliflozin upon these parameters. We recruited 102 patients into our clinical study,
then we performed anthropometric, laboratory, and immunoassay tests. Body mass index, body fat,
visceral fat, urea nitrogen, creatinine, and leptin levels were significantly lower in the empagliflozin
treated group when compared to obese and diabetic patients receiving conventional antidiabetic
treatments. Interestingly, leptin was increased not only among obese patients but in type 2 diabetic
patients as well. Body mass index, body fat, and visceral fat percentages were lower, and renal
function was preserved in patients receiving empagliflozin treatment. In addition to the known
beneficial effects of empagliflozin regarding the cardio-metabolic and renal systems, it may also
influence leptin resistance.

Keywords: empagliflozin; type 2 diabetes mellitus; obesity; leptin; lipid metabolism

1. Introduction

According to the latest data, nearly 2 billion adults (39% of the world’s adult popula-
tion) were estimated to be obese or overweight. If current trends continue, it is expected
that 1 billion adults, nearly 20% of the world’s population, will clinically be declared
obese by 2025 [1]. Obesity is associated with many diseases and abnormalities, such as
type 2 diabetes [2], dyslipidemia [3], cardiovascular diseases [4], hypertension [5], certain
types of cancer [6,7], pneumological [6], nephrological [8], skeletal muscle [9], rheumato-
logic [10], dermatologic [11], and neuropsychologic [11] complications, and is it associated
with premature mortality. Obesity, especially the dysfunctional visceral adipose tissue
(VAT), is the main driver of many metabolic abnormalities including insulin resistance,
hyperinsulinemia, glucose intolerance, atherogenic dyslipidemia (high triglyceride and
apolipoprotein B levels, increased proportion of small, dense LDL [low-density lipoprotein]
particles, low HDL [high-density lipoprotein] cholesterol levels, and small HDL particles),
and is associated with a low-grade inflammation [6].

Leptin was the first identified adipokine in the 1990s known to suppress food intake
through the suppression of appetite and mediate energy homeostasis including glucose and
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lipid metabolism [12]. The serum level of leptin is elevated paradoxically in obesity [13],
and this high level of leptin may induce leptin resistance and result in altered glucose
metabolism and insulin resistance [14]. Hyperleptinemia has also been associated with
increased inflammation, oxidative stress, endothelial dysfunction, atherogenesis, and
thrombosis [15]. Based on these effects, leptin is attributed to a significant role in the
development of cardiovascular diseases. Additionally, patients with type 2 diabetes mellitus
scored a higher percentage of hypertension, obesity, metabolic syndrome, and endothelial
dysfunction if they had elevated leptin levels [16].

The link between obesity and type 2 diabetes mellitus [T2DM] has long been recog-
nized and explains the high prevalence of type 2 diabetes mellitus. Type 2 diabetes mellitus
is associated with many vascular complications. Microvascular complications include
diabetic kidney disease, retinopathy, and neuropathy, whereas the macrovascular compli-
cations include coronary artery, cerebrovascular, and peripheral vascular diseases. The
main goals of treatment in patients with T2DM are to achieve adequate glycemic control,
reduce body weight and prevent vascular damage, and target organ damage [17]. Novel
antidiabetic therapies such as sodium glucose co-transporter 2 (SGLT2) inhibitors provide
a new approach to preventing or ameliorating the complications that insulin resistance and
hyperglycemia create [18]. SGLT2 inhibitors are potent antihyperglycemic drugs, which
inhibit glucose reabsorption in the proximal tubules of the kidney inducing glycosuria
and improving blood glucose levels, and may reduce body weight through calorie loss.
Numerous studies have shown they are associated with reduced cardiovascular morbidity
and mortality, including vascular diseases and heart failure [19]. Furthermore, SGLT2
inhibitors have also demonstrated positive reno-metabolic effects [20]. In a cardiovas-
cular outcome trial, the SGLT2 inhibitor empagliflozin proved superior to conventional
antidiabetic therapy in reducing the rate of MACE, mortality, and hospitalization due to
heart failure [21]. SGLT2 inhibitor therapy has been associated with a decrease in serum
triglycerides, an increase in HDL cholesterol, and also a small increase in LDL cholesterol
level was observed [20]. The presence of metabolic disturbances in obese patients results in
oxidative stress [22]. Since obesity and insulin resistance is a major component of metabolic
syndrome, it is strongly associated with oxidative stress [23]. The oxidative modification of
lipoproteins can result in more atherogenic compounds, which may have a key role in the
development of cardiovascular dysfunction in patients with diabetes mellitus [24,25].

The aim of our study was to investigate certain laboratory parameters such as lipids,
inflammatory markers, blood glucose level, glycated hemoglobin [HbA1c] level, kidney
function, leptin level, as well as body mass index [BMI], body fat and visceral fat percentage
among patients afflicted with obesity and diabetes. We also investigated a subgroup of
patients receiving empagliflozin treatment.

2. Results
2.1. Body Mass Index, Body Fat, and Visceral Fat Were Significantly Lower in the Empagliflozin
Treated Group

BMI was significantly lower in the control group (C) when compared to the obese
(O) (p < 0.001), to the obese and diabetic (OD) (p < 0.001), and to the empagliflozin treated
(ODE) group (p < 0.001). It was also significantly lower in the diabetic (D) group when
compared to the obese (O) (p < 0.001), to the obese and diabetic (OD) (p < 0.001), and to the
empagliflozin-treated group (p < 0.001). BMI was significantly lower in the empagliflozin-
treated group (ODE) when compared to the obese and diabetic (OD) group (p < 0.001).
There was no significant difference between the other groups.

Body fat was significantly lower in the control group (C), when compared to the
obese (O) (p < 0.001), and to the obese and diabetic (OD) (p < 0.001) groups. It was also
significantly lower in the diabetic (D) group when compared to the obese (O) (p = 0.001)
and to the obese and diabetic (OD) (p = 0.001) groups. Body fat was significantly lower
in the empagliflozin-treated group (ODE) when compared to the obese and diabetic (OD)
group (p = 0.002). There were no significant differences between the other groups.
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Visceral fat was significantly lower in the control group (C) when compared to the
obese (O) (p < 0.001), to the obese and diabetic (OD) (p < 0.001), and to the empagliflozin-
treated group (ODE) (p < 0.001). It was also significantly lower in the diabetic (D) group
when compared to the obese (O) (p < 0.001), to the obese and diabetic (OD) (p < 0.001), and
to the empagliflozin-treated group (p < 0.001). Visceral fat was significantly lower in the
empagliflozin-treated group (ODE) when compared to the obese and diabetic (OD) group
(p < 0.014). There were no significant differences between the other groups (Table 1).

Table 1. Patients’ general characteristics, n = number of patients, BMI = body mass index, kg = kilogram,
m2 = square meter, Body fat = body fat percentage, Visc. fat = visceral fat, HT = high blood pressure,
DM = type 2 diabetes mellitus, CVD = cardiovascular disease, SGLT2i = Sodium glucose co-transporter
2 inhibitors.

Group C (n = 20) O (n = 20) D (n = 19) OD (n = 19) ODE (n = 20) Total (n = 98)
Demographics and anthropometrics

Age, years 65.95 ± 1.98 66.40 ± 2.23 74.58 ± 6.38 70.90 ± 1.74 65.2 ± 1.86 68.52 ± 0.90

Male sex, % 75.00 50.00 52.60 68.40 75.00 64.30

BMI, kg/m2 26.01 ± 0.50 34.75 ± 0.85 26.50 ± 0.44 35.78 ± 0.91 31.61 ± 0.77 31.04 ± 0.52

Body fat, % 26.75 ± 6.73 38.44 ± 8.38 28.12 ± 6.62 37.24 ± 6.67 30.98 ± 6.06 32.93 ± 6.90

Visc. fat, %) 10.5 ± 0.56 16.65 ± 0.93 10.89 ± 0.58 19.01 ± 1.25 15.50 ± 0.67 14.51 ± 0.79

Comorbidities

HT, % 100.00 100.00 100.00 100.0 100.00 100.00

DM, % 0.00 0.00 100.00 100.00 100.00 59.20

CVD, % 70.40 69.40 78.60 84.70 64.30 73.48

Medications

Antihypertensive, % 100.00 100.00 100.00 100.00 100.00 100.00

Antidiabetics (other, than
SGLT2i), % 0.00 0.00 100.00 100.00 100.00 59.20

Antihyperlipidemic, % 70.00 75.00 89.47 84.20 80.00 79.59

2.2. Hemoglobin Levels Were Significantly Higher among the Empagliflozin Treated Patients

Hemoglobin levels were significantly higher in the empagliflozin-treated group (ODE)
when compared to the diabetic (D), and obese and diabetic (OD) groups (p = 0.004 and
p < 0.001, respectively). There was no significant difference between the diabetic (D) and the
obese and diabetic (OD) group (p = 0.850). The obese group (O) had a significantly higher
hemoglobin when compared to the obese and diabetic group (OD) and a significantly
lower level when compared to the empagliflozin-treated obese group (ODE) (p = 0.033 and
p = 0.007 respectively) (Table 2).

2.3. Renal Parameters Were Significantly Higher in Diabetic Patients, Yet Were Reduced in the
Empagliflozin Treated Group

Urea nitrogen level increases significantly with the appearance of diabetes in obesity
(O vs. OD) (p = 0.002). In the empagliflozin-treated group (ODE), the urea nitrogen level
was significantly lower when compared to the obese and diabetic (OD) group (p = 0.008)
(Table 2).

Creatinine significantly increases with the appearance of diabetes in the obese groups
(O vs. OD) (p = 0.011). In the empagliflozin-treated group (ODE), the creatinine level
was significantly lower when compared to the obese and diabetic (OD) group (p = 0.012)
(Table 2).
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Table 2. Laboratory parameters in the different groups. C = control group, n = number of patients,
O = obese group, D = diabetic group, OD = obese diabetic group, ODE = obese diabetic group treated
with empagliflozin, g = gram, L = liter, mmol = millimole, mL = milliliter, CRP = C-reactive protein,
mg = milligram, µmol = micromole, Total chol. = total cholesterol, HDL = High-density lipoprotein
cholesterol, LDL = Low-density lipoprotein cholesterol, ng = nanogram.

Groups C (n = 20) O (n = 20) D (n = 19) OD (n = 19) ODE (n = 20)

Hemoglobin, g/L 141.85 ± 20.16 139.85 ± 11.85 133.79 ± 18.20 126.32 ± 14.72 152.90 ± 10.56
HbA1c, % 5.48 ± 0.08 5.67 ± 0.93 6.72 ± 0.34 6.39 ± 0.15 7.68 ± 0.33

Blood glucose, mmol/L 5.48 ± 0.85 5.62 ± 1.17 6.79 ± 1.95 6.20 ± 1.53 7.01 ± 1.61
CRP, mg/L 1.93 ± 0.43 6.81 ± 2.08 3.83 ± 1.08 4.55 ± 1.61 3.94 ± 0.60

Urea nitrogen, mmol/L 6.30 ± 0.75 5.22 ± 0.32 6.34 ± 0.42 9.69 ± 0.28 5.71 ± 0.31
Creatinine, µmol/L 83 ± 3.99 81.55 ± 3.42 94.68 ± 3.75 120.26 ± 9.75 81.71 ± 3.87
Total chol., mmol/L 4.73 ± 0.25 4.44 ± 0.26 3.79 ± 0.24 4.12 ± 0.36 4.12 ± 0.28

HDL, mmol/L 1.33 ± 0.08 1.25 ± 0.06 1.11 ± 0.05 1.10 ± 0.08 1.06 ± 0.05
LDL, mmol/L 3.15 ± 0.25 2.58 ± 0.21 2.21 ± 0.22 2.38 ± 0.31 2.21 ± 0.23

Triglycerides, mmol/L 1.76 ± 0.38 1.77 ± 0.27 1.81 ± 0.19 1.78 ± 0.22 1.88 ± 0.16
Leptin, ng/mL 5.97 ± 0.70 19.42 ± 3.06 10.33 ± 2.21 29.86 ± 3.61 17.43 ± 2.99

2.4. Blood Glucose and HbA1c Levels Were Significantly Higher in Diabetic Patients, Yet There
Was No Significant Difference between the Different Diabetic Groups

Blood glucose and HbA1c levels were significantly lower in the control group (C)
when compared with the diabetic (D), the obese and diabetic (OD), and the empagliflozin-
treated obese and diabetic groups (p = 0.029, p = 0.005, and p < 0.001, respectively). Blood
glucose and HbA1c levels were significantly lower in the obese group when compared
with the diabetic (D), the obese and diabetic (OD), and the empagliflozin-treated obese and
diabetic groups (p = 0.015, p = 0.008, and p < 0.001, respectively). There were no significant
differences between the other groups regarding blood glucose and HbA1c levels.

2.5. Leptin Levels Were Significantly Higher in Obese Patients, Yet Were Reduced in the
Empagliflozin-Treated Group

Leptin levels were significantly higher with the appearance of obesity (O) (p = 0.003)
even if obesity was present with diabetes (OD) (p < 0.001) when compared to the control
(C) group. It was also significantly higher in diabetic patients (D) when compared with
the control group (C) (p = 0.029). Obese and diabetic patients (OD) had a significantly
higher level of leptin when compared to diabetic yet not obese (D) patients (p = 0.001).
In the empagliflozin-treated group (ODE), the leptin level was significantly lower when
compared to the obese and diabetic (OD) group (p = 0.048) (Table 2).

2.6. There Were No Significant Differences between the Other Measured Parameters

There was no significant difference in body muscle percentage, white blood cell count,
red blood cell count, platelet count, fibrinogen levels, uric acid, triglyceride, sodium and
potassium levels, and thyroid-stimulating hormone levels among the groups.

There was no significant difference in the cholesterol levels among the groups. It bears
mentioning, cholesterol levels were strongly affected by the antihyperlipidemic agents.

The continuous variables did not differ from the normal distribution. Data are shown
as means ± standard deviation.

3. Discussion

In our clinical study, we examined metabolic and inflammatory parameters, kidney
function, and leptin levels among patients afflicted with hypertension, obesity, type 2
diabetes, and cardiovascular diseases. The aim of our study was to detect the severity of the
metabolic state among these patients and to examine a subgroup of patients treated with
empagliflozin. In our study, we found empagliflozin-treated obese, diabetic patients had
significantly lower BMI, body fat, and visceral fat values as well as lower serum creatinine

6



Int. J. Mol. Sci. 2023, 24, 4405

and leptin levels when compared to patients with obesity and type 2 diabetes treated with
usual antidiabetics (such as biguanides and sulfonylureas). Leptin levels were already
higher among patients with type 2 diabetes even with normal BMI, and were significantly
higher in obese non-diabetic patients and were the highest in obese patients with type 2
diabetes. Furthermore, we discovered that increased visceral fat and leptin levels predicted
diabetes similarly to HbA1c.

Excess visceral adiposity is a major risk factor for metabolic and cardiovascular disor-
ders. It plays a crucial role in the development of a diabetogenic and atherogenic metabolic
profile inducing insulin resistance and increased cardiometabolic risk [26]. In our study,
BMI, body fat, and visceral fat percentage were the highest among patients with obesity
and type 2 diabetes (Group OD). In the empagliflozin-treated obese, diabetic patients
(Group ODE), BMI, body fat, and visceral fat were significantly lower when compared with
obese and diabetic patients (OD) treated with usual antidiabetics (Table 1). In an animal
study, empagliflozin suppressed weight gain by shifting energy metabolism towards fat
utilization, elevated adenosine monophosphate-activated [AMP] protein kinase, and acetyl
coenzyme A [acetyl-CoA] carboxylase phosphorylation in skeletal muscle. Furthermore,
empagliflozin increased energy expenditure, heat production and browning, and attenu-
ated obesity-induced inflammation and insulin resistance by polarizing M2 macrophages
in white adipose tissue [WAT] and liver [27]. Thus, empagliflozin suppressed weight gain
by enhancing fat utilization and browning and attenuated obesity-induced inflammation
and insulin resistance.

White adipose tissue is an endocrine organ capable of producing and releasing numer-
ous bioactive substances known as adipokines or adipocytokines. Dysregulated production
of adipocytokines is involved in the development of obesity-related diseases. Leptin is
one of the most examined adipokines. An increased leptin level is associated with insulin
resistance and T2DM development [28]. In T2DM, a link has also been reported between
high leptin concentrations and increased cardiovascular [CV risk], including the presence
of microvascular complications and cardiac autonomic dysfunction [29]. Furthermore,
obesity, hypertension, metabolic syndrome, and endothelial dysfunction are more frequent
in T2DM patients with increased leptin levels [30]. In chronic heart disease (CHD) patients,
elevated leptin levels were significantly associated with an increased risk of cardiac death,
acute coronary syndrome, non-fatal MI, stroke, and hospitalization for congestive heart
failure [31,32]. Similarly, higher leptin levels were significantly related to the number of
stenotic coronary arteries and arterial stiffness in CHD patients [33]. The presence, severity,
extent, and lesion complexity of coronary atherosclerosis have been associated with higher
leptin levels in CHD patients [34]. Leptin may also affect cardiac remodeling, metabolism,
and contractile function [35]. Other effects of leptin include activation of inflammatory
responses, oxidative stress, thrombosis, and atherosclerosis, thereby resulting in endothelial
dysfunction and atherosclerotic plaque [16].

In our study, the leptin level was already higher among patients with type 2 diabetes
even with normal BMI (Group D), was significantly higher in obese non-diabetic patients
(Group O), and was the highest in obese patients with type 2 diabetes (Group OD) when
compared to the control group.

A link between increased plasma leptin concentrations and chronic kidney disease
(CKD) has been reported, which is possibly due to reduced renal clearance [36]. Leptin
concentrations gradually increased with the severity of CKD [37]. In CKD patients, plasma
leptin levels have been inversely associated with glomerular filtration rate and directly
associated with urinary albumin levels as well as age and obesity markers (BMI and waist
circumference) [38]. Overall, hyperleptinemia has been linked to the presence, severity,
and progression of CKD. In our study, creatinine levels were significantly higher with the
appearance of diabetes and were the highest among obese patients with type 2 diabetes.
Among the empagliflozin-treated obese and type 2 diabetic patients, the creatinine level
was significantly lower eliciting improved renal function (Table 2).
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We possess a vast amount of knowledge regarding the cardiovascular and renal effects
of SGLT2 inhibitors [20,39–42]. In addition to their direct effect on glucose homeostasis,
they have many other underlying mechanisms from which not all are fully understood.
For instance, SGLT2 inhibitors may also act upon visceral adipose tissue. Dapagliflozin
therapy was associated with a decreased circulating leptin level and an increased circulat-
ing adiponectin level among patients with type 2 diabetes, which, may contribute to the
beneficial effects of SGLT2 inhibitors on metabolic homeostasis, such as improved insulin
resistance and reduced cardiovascular risk [43–45]. Furthermore, dapagliflozin displayed
significantly lower arterial stiffness in diabetic mice treated with dapagliflozin when com-
pared to untreated diabetic mice [46]. The effects of empagliflozin on adipocytokines were
examined in an animal study conducted on obese rats. Empagliflozin dose-dependently
reduced body weight, body fat, adiponectin, and leptin following the 28-day treatment [39].
In our study, the leptin level was significantly lower in the empagliflozin-treated obese
and type 2 diabetic patients (ODE) when compared to the obese, diabetic patients (OD)
treated with other antidiabetics (Table 2). To the best of our knowledge, this is the first
time the beneficial effect of empagliflozin on the leptin level has been demonstrated in a
clinical setting.

HbA1c is a well-known screening and diagnostic tool in detecting diabetes. A score
higher than 5.7 % value implies prediabetes, and consequently, higher than 6.5 % confirms
diabetes. Our receiver operating characteristic [ROC] analysis has proven the recom-
mended 5.7 % cut-off value effectively predicted altered glucose homeostasis with very
high sensitivity and acceptable specificity. In the same analysis, leptin was found to be
similar in the prediction of diabetes. This is congruent with previous observations stating
elevated leptin levels are associated with insulin resistance and T2DM development [28].

The second ROC analysis with the composite endpoint diabetes and obesity showed,
in addition to HgA1c, leptin, and visceral fat may have a role in the diagnosis of diabetes
among obese adults. These findings emphasize patients with increased visceral fat, which
is easily measured using a smart weight scale, are prime candidates to be screened for
insulin resistance or diabetes with HbA1c and fasting glucose value.

Hemoglobin values were the highest in the empagliflozin-treated group, which, may
imply a slight hemoconcentration, and may be related to the osmotic diuretic effect of
empagliflozin treatment. It is worthwhile to draw the attention of patients to the need for
adequate fluid intake during SGLT2 inhibitor treatment. Unexpectedly, HbA1c levels were
the highest in the empagliflozin-treated group. Presumably, this is due to the fact that, in
Hungary, SGLT2 inhibitor treatment can only be prescribed to patients with an HbA1c level
above 7%. This also means this group is a more severe patient group in terms of diabetes,
thus, the results obtained prove even more crucial.

There was no significant difference in C-reactive protein (CRP) levels among the
examined groups; however, some differences were detected. The CRP level was the lowest
in the non-obese, non-diabetic group (C). Although many factors can influence the CRP
level, it may be important that it was higher among obese and diabetic patients, which may
indicate a low level of inflammation and corresponds to previous observations [19]. Among
patients receiving empagliflozin treatment (ODE), the CRP level was lower when compared
to the obese and diabetic group (OD), which may reflect lower inflammation status, likely
due to the empagliflozin treatment. It has been previously reported, that empagliflozin
reduced renal inflammation and oxidative stress in spontaneously hypertensive rats [47] In
the EMPA-CARD trial patients with type2 diabetes and coronary artery disease treated with
empagliflozin had lower levels of interleukin 6, interleukin 1β and CRP levels compared to
a placebo. There were elevations in superoxidase dismutase (SOD) activity, glutathione
(GSHr), and total antioxidant capacity (TAC) with empagliflozin [48].

Notably, there was no significant difference in LDL cholesterol levels. This may be due
to the fact in which LDL cholesterol levels were greatly influenced by antihyperlipidemic
drugs. Previous literature data indicated a moderate increase in LDL level can be detected
with SGLT2 inhibitor treatment. In our study, we did not observe higher LDL values in
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the empagliflozin-treated group when compared to the other groups. Additionally, in our
study, CV disease incidence was provided primarily to describe the patient population.
Although it was lower in the empagliflozin-treated group, it was not intended to examine
this correlation.

The main strength of our study is that, to the best of our knowledge, this is the first
examination that has demonstrated that empagliflozin treatment has a beneficial effect on
serum leptin levels under clinical conditions. However, our study was conducted on a
relatively small number of patients, so further studies on a larger patient population are
needed to confirm our results.

4. Materials and Methods
4.1. Ethics

The study protocol was approved by the Regional Ethics Committee of Pecs
(No. 7622—PTE 2019) and was conducted in accordance with the ethical principles stated
in the Declaration of Helsinki. Written informed consent was obtained from all patients.

4.2. Patients

102 patients (35 female, 67 male) were enrolled in our study. Patients were recruited
from different internal medicine and outpatient departments by various physicians. They
voluntarily agreed to participate in our study in which they signed an informed consent
letter. Subgroup analysis was performed based on different metabolic states. Patients who
did not have type 2 diabetes and were not obese were assigned to group C (20 patients),
declared as the control group. Obese patients without diabetes were assigned to group O
(obese), (20 patients). Non-obese patients with type 2 diabetes were selected into group D
(diabetic), (19 patients). Obese and diabetic patients were assigned into group OD (obese
and diabetic), (19 patients). Obese, diabetic patients receiving empagliflozin therapy for at
least 3 months were assigned to group ODE (20 patients). Patients were considered obese if
their BMI was 30.0 kg/m2 or higher. Antihypertensive, antidiabetic, and antihyperlipidemic
therapies were recorded from the patient’s history as well as their comorbidities, such as
diabetes mellitus, hypertension, and cardiovascular diseases. Exclusion criteria include the
following: previous SGLT2 inhibitor therapy for groups C, O, D, OD; active cancer disease;
and refusing to sign the consent form. Four patients were excluded from the study for
different reasons (low compliance, severe epileptic seizure, withdrawal of their consent,
and urgent psychiatric ward admission).

Patients’ general characteristics were as follows. The mean age for different groups
was: 65.95 for group C, 66.40 for group O, 74.58 for group D, 70.90 for group OD, and
65.20 for group ODE. The distribution of sex (male to female percentage) in the groups
was as follows: 75–25% for group C, 50–50% for group O, 52.60–47.40% for group D,
68.40–31.60% for group OD, and 75–25% for group ODE. Mean BMI values for different
groups were as follows: 26.01 kg/m2 for group C, 34.75 kg/m2 for group O, 26.50 kg/m2

for group D, 35.78 kg/m2 for group OD, and 31.61 kg/m2 for group ODE. All patients
had high blood pressure in their medical history. All patients in the diabetic groups (D,
OD, ODE) had identified type 2 diabetes mellitus in their medical history, whereas none
were reported in the remaining groups (C, O). The percentage of patients with identified
cardiovascular disease was 70.40% in group C, 69.40% in group O, 78.60% in group D,
64.30% in group OD, and 73.48% in group ODE. All patients received antihypertensive
therapy. All diabetic patients (D, OD, ODE) received antidiabetic therapy, whereas none
were administered in the non-diabetic groups (C, O). Empagliflozin was administered only
in the ODE group. No other SGLT2 inhibitors were used in our study. The percentage of
patients with antihyperlipidemic therapy was as follows: 70% for group C, 75% for group
O, 89.47% for group D, 84.20% for group OD, and 80% for group ODE.
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4.3. Study Design

102 patients were recruited into this clinical study. We assessed their body composition,
followed by pre-prandial venous blood collected using a peripheral venous catheter in
the cubital vein. The preparation and laboratory procedures were in full accordance
with the recommendations of the laboratory kits. Laboratory tests were performed at the
Department of Laboratory Medicine, University of Pecs, Pecs, Hungary. The leptin levels
were determined using the immunoassay method (Human Leptin ELISA, Biovendor, Czech
Republic) at the Department of Biochemistry and Medical Chemistry, University of Pecs,
Pecs, Hungary.

4.4. Anthropometric Measurements

The patients’ body composition was assessed using an Omron HBF-511 body compo-
sition scale (Omron HealthCare Co., Ltd., Kyoto, Japan). We measured weight, BMI, body
fat percentage, and visceral fat percentage. Height was measured using a measuring tape.

4.5. Laboratory Tests

Pre-prandial laboratory tests were performed on every patient. These include complete
blood count (red and white blood cell count, platelet count, hemoglobin level, hematocrit),
fibrinogen, basic metabolic panel (pre-prandial glucose, sodium, potassium, calcium, blood
urea nitrogen, and creatinine levels), lipid panel (total cholesterol, HDL cholesterol, LDL
cholesterol, and triglyceride levels), liver panel (aspartate transaminase (AST), alanine
transaminase (ALT), gamma-glutamyl transferase (GGT) levels), hemoglobin A1C level,
and the thyroid stimulating hormone level.

4.6. Immunoassay Tests

Plasma leptin 1 levels were measured in duplicate using enzyme-linked immunosor-
bent assay (ELISA) kits (Cat. No. RD191001100). The blood samples were centrifuged at
2500× g for 10 min. The recovered plasma was stored at −70 ◦C in aliquots until assayed.
The tests were performed in full accordance with the recommendations of the manufac-
turer, with a detection limit of 0.08 and 0.2 ng/mL, respectively. (BioVendor GmbH., Brno,
Czech Republic).

4.7. Statistical Analysis

IBM SPSS statistics, version 28.0.0. (SPSS, Chicago, IL, USA, 2022); software for
statistical; was used to conduct descriptive analyses and to describe the sample. Data are
shown as means ± standard deviation.

Differences in the continuous variables were evaluated using a one-way repeated ANOVA
statistical test (Tamhane post-hoc test) following the administering of the Kolmogorov–Smirnov
test to check the normality of the data distribution. The continuous variables did not differ
from the normal distribution.

In the case of categorical variables, data are shown as percentages and incidence
(absolute number compared to total number). Differences were evaluated by using chi-
square test analyses.

Multivariate linear regression and stepwise analyses of the data were performed
regarding the leptin values for HbA1c, LDL, triglyceride, creatinine, hemoglobin, and
visceral fat.

Multiple regression analysis with various models including leptin, HbA1c, and visceral
fat considering the principle of multicollinearity was performed to reveal which factors
predict the occurrence of diabetes and obesity.

The diagnostic power of variables was assessed using the area under the curve (AUC)
of the receiver operating characteristic (ROC) curve. The predicted probabilities were
calculated from the variables produced by binary logistic regression analysis, in which
p ≤ 0.05 was considered statistically significant.
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5. Conclusions

BMI, body fat, and visceral fat values as well as serum creatinine and leptin levels
were improved with empagliflozin treatment. High leptin levels and leptin resistance
in obesity are associated with insulin resistance, type 2 diabetes, increased risk of CV
diseases, low-grade inflammation, and thrombosis. The markedly decreased circulating
leptin levels observed in the empagliflozin-treated group may contribute to the known
beneficial cardiovascular effects of empagliflozin treatment.
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Abstract: Distinct plasma microRNA profiles associate with different disease features and could be
used to personalize diagnostics. Elevated plasma microRNA hsa-miR-193b-3p has been reported in
patients with pre-diabetes where early asymptomatic liver dysmetabolism plays a crucial role. In
this study, we propose the hypothesis that elevated plasma hsa-miR-193b-3p conditions hepatocyte
metabolic functions contributing to fatty liver disease. We show that hsa-miR-193b-3p specifically
targets the mRNA of its predicted target PPARGC1A/PGC1α and consistently reduces its expression
in both normal and hyperglycemic conditions. PPARGC1A/PGC1α is a central co-activator of
transcriptional cascades that regulate several interconnected pathways, including mitochondrial
function together with glucose and lipid metabolism. Profiling gene expression of a metabolic panel
in response to overexpression of microRNA hsa-miR-193b-3p revealed significant changes in the
cellular metabolic gene expression profile, including lower expression of MTTP, MLXIPL/ChREBP,
CD36, YWHAZ and GPT, and higher expression of LDLR, ACOX1, TRIB1 and PC. Overexpression
of hsa-miR-193b-3p under hyperglycemia also resulted in excess accumulation of intracellular lipid
droplets in HepG2 cells. This study supports further research into potential use of microRNA hsa-
miR-193b-3p as a possible clinically relevant plasma biomarker for metabolic-associated fatty liver
disease (MAFLD) in dysglycemic context.

Keywords: metabolic syndrome; liver; hsa-miR-193b-3p; peroxisome proliferator activated receptor
gamma coactivator 1 alpha; lipid metabolism

1. Introduction

MicroRNAs are small, non-protein-coding, 20–22-nucleotide-long RNAs produced by
cells of various tissues that can be actively released into the bloodstream in vesicles called
exosomes and delivered to cells in the same or other tissues in the organism [1]. MicroRNAs
target protein expression essentially by binding to the 3’ untranslated region (3’UTR) of
messenger RNA (mRNA), thereby preventing translation of the mRNA into protein and
directing the mRNA to nonsense-mediated decay [2]. We hypothesize that particular
microRNAs detected in circulation in early disease states can be used as biomarkers of
underlying dysmetabolism and also that the targets [3] of each microRNA can provide
specific crucial organ-specific pathological information that could be used to inform early
clinical intervention. Several circulating miRNAs have been reported as being altered in
plasma from patients with metabolic disease, including pre-diabetes; however, the specific
mechanisms through which they function remain unexplored [4].

Pre-diabetes, diagnosed as impaired fasting glucose (IFG: only fasting glycemia, be-
tween 100 and 125 mg/dL) and/or impaired glucose tolerance (IGT: glycemia 2 h after
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glucose challenge, between 140 and 199 mg/dL), is considered an early sign of metabolic
syndrome [5]. NAFLD/MAFLD (nonalcoholic fatty liver disease/metabolic-associated fatty
liver disease) [6] is a precursor of metabolic syndrome [7,8]. NAFLD/MAFLD is a condition
characterized by a fatty liver, which can lead to complications, including cirrhosis, liver
failure, liver cancer and cardiometabolic health problems that encompass dysmetabolism.
Thus, analyzing the effects of pre-diabetes-associated circulating microRNA targets in
liver cells is an appropriate premise to identify early intervention targets that may have
potentially important clinical application in diagnosis, prevention and treatment, paving
the way for precision medicine. Among these is microRNA hsa-miR-193b-3p, which is
overexpressed in plasma of patients with impaired fasting glucose and impaired glucose
tolerance and which tends to normalize upon exercise intervention in humans [4,9] but for
which no data exist on a precise mechanism or relevant targeting.

In this study, we demonstrate that hsa-miR-193b-3p targets the expression of PPARGC1A
mRNA and increases lipid accumulation in human hepatocyte-derived cells in hyper-
glycemic condition. PPARGC1A codes for PGC-1α, a central co-activator of transcriptional
cascades that regulate several interconnected pathways including glucose metabolism [10],
lipid metabolism [11,12], inflammation, mitochondrial function and oxidative stress [13].
PGC-1α functions by interacting with the nuclear peroxisome proliferator-activated recep-
tors (PPARs), activating them to bind DNA in complex with retinoid X receptor (RXR) [14]
on the promoter of numerous genes central to metabolic regulation, increasing transcription
of specific genes and decreasing transcription of others. The peroxisome proliferator acti-
vated receptors (PPARs) are nuclear receptors that play key roles in the regulation of lipid
and glucose metabolism, inflammation, cellular growth and differentiation. The receptors
bind and are activated by a broad range of fatty acids and fatty acid derivatives serving
as major transcriptional sensors of fatty acids [14]. In order to determine whether the
expression of genes involved in metabolic pathways was also affected by overexpression of
hsa-miR-193b-3p, we analyzed the expression of several metabolic master-switch genes,
some of which are known to be transcriptionally regulated by PPRAGC1A/PGC1α, such as
GPT [15]. Glucose and lipid metabolism depend on the ability of mitochondria to gener-
ate energy in cells; therefore, we also looked at genes involved in hepatic mitochondrial
dysfunction, which plays a central role in the pathogenesis of insulin resistance in obesity,
pre-diabetes and NAFLD/MAFLD [16].

We sought to investigate whether elevated levels of microRNA hsa-miR-193b-3p in
hepatocytes could interfere with hepatic cell function in vitro under conditions that mimic
pre-diabetes (hyperglycemia and hyperinsulinemia). We evaluated pre-diabetes associated
microRNA hsa-miR-193b-3p predicted target PPARGC1A (PGC1α), hepatic lipid content
and direct or indirect effects on expression of genes regulating cellular energy metabolism,
in human hepatocyte-derived cells. The objective was to investigate which metabolic
pathways microRNA hsa-miR-193b-3 interfered with so as to gauge the potential of hsa-
miR-193b-3p as an early plasma biomarker of specific liver dysmetabolism to support
precision medicine in early stages.

2. Results
2.1. MicroRNA hsa-miR-193b-3p Targets the 3’UTR of PPARGC1A mRNA and Downregulates
PPARGC1A Expression in HepG2 Cells

To evaluate potential mRNA targets of microRNA hsa-miR-193b-3p, we performed a
bioinformatic analysis of conserved predicted targets of hsa-miR-193b-3p from the online
database TargetScan 7.1 [3] using the DAVID Bioinformatics Resources 6.8 [17,18] and clus-
tering tools for functional Gene Ontology Annotations [19]. Of the 283 predicted conserved
mRNA targets of microRNA hsa-miR-193b-3p, we found the top gene ontology cluster was
composed of 43 genes involved in gene transcription. From this list, PPRAGC1A stood
out as the gene with the most consistently conserved microRNA hsa-miR-193b-3p target
site involved in energy metabolism. Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PPARGC1A) codes for PGC-1α, a transcriptional coactivator of numer-
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ous genes involved in energy metabolism. The endogenous level of hsa-miR-193b-3p in
HepG2 cells was measured using real-time RT-qPCR. We observed identical Ct values of
hsa-miR-193b-3p and the reference snoRNA RNU44 (Ct = 26.8 ± 0.4 and Ct = 26.7 ± 0.3,
respectively), while snoRNA RNU48 had higher expression with Ct = 23.7 ± 0.5. Par-
rizas et al. 2015 [9] showed that higher levels of hsa-miR-193b-3p were observed in plasma
of people with impaired fasting glucose by a difference of almost 6 dCt between lowest
levels in non-diabetic controls and highest level in impaired fasting glucose, which corre-
sponds to a 64-fold difference. To determine a physiologically relevant overexpression of
hsa-miR-193b-3p to use in this study, we measured, by real-time RT-qPCR, the fold increase
in hsa-miR-193b-3p using a 0.05 nM, 0.5 nM and 5 nM transfection of hsa-miR-193b-3p
against the scrambled control microRNA and observed a fold increase of 1.9, 11.1 and 131,
respectively. We therefore selected 5 nM hsa-miR-193b-3p as an appropriate physiologically
relevant level of overexpression.

When hsa-miR-193b-3p was overexpressed in HepG2 cells for 72 h using a mimic,
we observed robust downregulation of PPARGC1A mRNA expression at basal glucose
concentration (5 mM glucose, Figure 1A), under hyperglycemia (20 mM glucose, Figure 1B),
under hyperinsulinemia (5 mM glucose and final 24 h 10 nM insulin, Figure 1C) and under
hyperglycemia/hyperinsulinemia (20 mM glucose and final 24 h 10 nM insulin, Figure 1D).
We validated the predicted PPARGC1A 3’UTR target site for miR-193b-3p by cloning a
“match”, or a “mismatch” control (Figure 1E), into the 3’UTR of the firefly luciferase gene
in the pmirGLO dual-luciferase miRNA target expression vector (Figure 1F), followed
by dual-glow luciferase assay. Expression of firefly luciferase from the “match” clone
was significantly downregulated in HepG2 cells when the hsa-miR-193b-3p mimic was
overexpressed and cells were transfected with the pmirGLO match clone (Figure 1G).
These results support our posit that microRNA hsa-miR-193b-3p directly targets and
downregulates the human PPARGC1A mRNA by binding to its 3’UTR.
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Figure 1. MicroRNA hsa-miR-193b-3p targets the 3’UTR of PPARGC1A mRNA and downregulates 
PPARGC1A expression in HepG2 cells. (A–D) mRNA expression, evaluated by real-time RT-qPCR, 
of PPARGC1A after a 72 h overexpression of hsa-miR-193b-3p in HepG2 cells in basal 5 mM glucose 
(A); hyperglycemia at 20 mM glucose (B); hyperinsulinemia with 5 mM glucose and final 24 h with 
10 nM insulin (C); and hyperglycemia/hyperinsulinemia at 20 mM glucose and final 24 h with 10 
nM insulin (D). (E) Match and mismatch primer pairs containing the PPARGC1A 3’UTR target site 
for hsa-miR-193b-3p that were cloned into pmirGLO miRNA target expression vector (F). (G) Lu-
ciferase luminescence measurement after overexpression of hsa-miR-193b-3p in HepG2 cells; pmir-
GLO plasmid was transfected into HepG2 cells 24 h before luciferase assay. Data are presented as 
mean ± SEM of n = 4. Mock—mock transfection, OE—overexpression of hsa-miR-193b-3p, G—glu-
cose, Ins—insulin. Student’s t-test p-values indicated by * < 0.05, ** < 0.01, *** < 0.001. 
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PPARGC1A/PGC1α is of central importance for lipid regulation [11]. Fatty liver is 
associated with impaired activity of PPARGC1A [20]. Therefore, having verified that hsa-
miR-193b-3p overexpression in HepG2 hepatoma cells reduced the expression of 
PPARGC1A, we proceeded to analyze the intracellular lipid content in these cells. We 
overexpressed hsa-miR-193b-3p mimic in HepG2 cells for 72 h, under normoglycemia (5 
mM glucose) and hyperglycemia (20 mM glucose); visualized lipid droplet content using 
Oil Red O staining and brightfield microscopy (Figure 2); and performed quantitative im-
age analysis. At hyperglycemia (20 mM glucose) we observed a significant increase in 
total area covered by lipid droplets (Figure 2G) and number of lipid droplets (Figure 2H); 
we also saw an increasing trend in lipid droplet size (Figure 2I), though not statistically 
significant. All three measurements also showed increasing trends at 5 mM. This result 
supports further research into the possibility of using increased plasma levels of mi-
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Figure 1. MicroRNA hsa-miR-193b-3p targets the 3’UTR of PPARGC1A mRNA and downregulates
PPARGC1A expression in HepG2 cells. (A–D) mRNA expression, evaluated by real-time RT-qPCR, of
PPARGC1A after a 72 h overexpression of hsa-miR-193b-3p in HepG2 cells in basal 5 mM glucose
(A); hyperglycemia at 20 mM glucose (B); hyperinsulinemia with 5 mM glucose and final 24 h
with 10 nM insulin (C); and hyperglycemia/hyperinsulinemia at 20 mM glucose and final 24 h
with 10 nM insulin (D). (E) Match and mismatch primer pairs containing the PPARGC1A 3’UTR
target site for hsa-miR-193b-3p that were cloned into pmirGLO miRNA target expression vector (F).
(G) Luciferase luminescence measurement after overexpression of hsa-miR-193b-3p in HepG2 cells;
pmirGLO plasmid was transfected into HepG2 cells 24 h before luciferase assay. Data are presented
as mean ± SEM of n = 4. Mock—mock transfection, OE—overexpression of hsa-miR-193b-3p,
G—glucose, Ins—insulin. Student’s t-test p-values indicated by * < 0.05, ** < 0.01, *** < 0.001.

2.2. Intracellular Lipid Droplet Content Is Increased by Overexpression of microRNA
hsa-miR-193b-3p in HepG2 Cells

PPARGC1A/PGC1α is of central importance for lipid regulation [11]. Fatty liver
is associated with impaired activity of PPARGC1A [20]. Therefore, having verified that
hsa-miR-193b-3p overexpression in HepG2 hepatoma cells reduced the expression of
PPARGC1A, we proceeded to analyze the intracellular lipid content in these cells. We
overexpressed hsa-miR-193b-3p mimic in HepG2 cells for 72 h, under normoglycemia
(5 mM glucose) and hyperglycemia (20 mM glucose); visualized lipid droplet content using
Oil Red O staining and brightfield microscopy (Figure 2); and performed quantitative
image analysis. At hyperglycemia (20 mM glucose) we observed a significant increase in
total area covered by lipid droplets (Figure 2G) and number of lipid droplets (Figure 2H);
we also saw an increasing trend in lipid droplet size (Figure 2I), though not statistically
significant. All three measurements also showed increasing trends at 5 mM. This result
supports further research into the possibility of using increased plasma levels of microRNA
hsa-miR-193b-3p as a biomarker for fatty liver disease.
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for red particle analysis; blue color deconvolution used for nuclei counting. Quantitative analysis of 
lipid droplet area (G), lipid droplet number (H) and lipid droplet size (I). Data are presented as 
mean ± SEM of n = 4; each n is average of ten fields per condition normalized to number of nuclei. 
Mock—mock transfection, OE—overexpression of hsa-miR-193b-3p. Student’s t-test p-value ** < 
0.01. 
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Figure 2. MicroRNA hsa-miR-193b-3p overexpression in HepG2 cells increases intracellular lipid
droplet accumulation. HepG2 cells cultured at 20 mM glucose. Lipid droplets in HepG2 cells were
visualized using Oil Red O staining. Brightfield 40× magnification images of Oil Red O staining in
control mock transfection (A) with corresponding red (B) and blue (C) color deconvolution. Bright-
field 40× magnification images of Oil Red O staining after microRNA hsa-miR193b-3p overexpression
(D) with corresponding red (E) and blue (F) color deconvolution. Red color deconvolution used
for red particle analysis; blue color deconvolution used for nuclei counting. Quantitative analysis
of lipid droplet area (G), lipid droplet number (H) and lipid droplet size (I). Data are presented as
mean ± SEM of n = 4; each n is average of ten fields per condition normalized to number of nuclei.
Mock—mock transfection, OE—overexpression of hsa-miR-193b-3p. Student’s t-test p-value ** < 0.01.

2.3. Changes in Expression of Genes Involved in Lipid Metabolism May in Part Explain
Intracellular Lipid Accumulation Following Overexpression of hsa-miR-193b-3p in HepG2 Cells

Having observed that PPARGC1A expression is robustly downregulated and lipid
droplets accumulate when microRNA hsa-miR-193b-3p is overexpressed in HepG2 cells
under hyperglycemia–hyperinsulinemia, we proceeded to analyze the expression of other
genes involved in lipid metabolism and processing that might be affected. The lower
mRNA expression of microsomal triglyceride transfer protein (MTTP) (Figure 3), which is
required for the secretion of plasma lipoproteins containing apolipoprotein B [21], such as
VLDL, that is made in hepatocytes and secreted to deliver lipids, may be in part responsible
for the increased lipid droplet accumulation observed. The increased expression of Tribbles
pseudokinase 1 (TRIB1) (Figure 3) could also be responsible for the lipid droplet accumula-
tion we observed [22]; indeed, Burkhardt et al. (2010) reported that hepatic overexpression
of TRIB1 in mice led to reduced VLDL secretion. The increased expression of low-density
lipoprotein receptor (LDLR) (Figure 3) may increase LDL uptake in favor of increased
lipid accumulation. No significant expression changes were observed in apolipoprotein B
(APOB) (Figure 3).
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Figure 3. Overexpression of microRNA hsa-miR-193b-3p in HepG2 alters mRNA expression of
fundamental genes involved in lipid processing. Lower mRNA expression of MTTP and higher
expression of TRIB1 suggest reduced VLDL secretion. Higher level of LDL receptor LDLR. No change
in APOB. Lower mRNA level trend of MLXIPL/ChREBP, coordinating triglyceride synthesis. No
change in DGAT2, SREBF1 (n = 3) or SREBF2 (n = 3). Lower expression of fatty acid synthase (FASN)
(I). No change in ACACA. Increased ACOX1 indicates increased fatty acid oxidation. Reduced fatty
acid translocase CD36. Relative mRNA expression was evaluated by real-time RT-qPCR after 72 h
overexpression of hsa-miR-193b-3p in HepG2 cells under hyperglycemia/hyperinsulinemia (20 mM
glucose, with 10 nM insulin during last 24 h). Data are presented as mean ± SEM of n = 4, unless
otherwise indicated. Mock—mock transfection, OE—overexpression of hsa-miR-193b-3p. Student’s
t-test p-values indicated by # < 0.1, * < 0.05, ** < 0.01, *** < 0.001 or **** < 0.0001.

Expression of carbohydrate-responsive element-binding protein (ChREBP), also known
as MLX-interacting protein-like (MLXIPL), showed a reduced trend of 22% (vs. mock con-
trol) and 32% (vs. negative control) (Figure 3) when hsa-miR-193b-3p was overexpressed.
This transcription factor binds and activates carbohydrate response element (ChoRE) motifs
on the promoters of triglyceride synthesis genes in a glucose-dependent manner. Thus,
we expect to see reduced expression of genes involved in triglyceride synthesis such as
DGAT2 [23], which catalyzes the final reaction in triglyceride synthesis. However, no
changes in expression of DGAT2 (Figure 3) were observed. No expression changes were
observed in either of two major transcriptional regulators, sterol regulatory element binding
transcription factors 1 and 2 coded by SREBF1 (Figure 3) and SREBF2 (Figure 3), which, in
concert with MLXIPL/ChREBP, regulate hepatic lipid metabolism by inducing transcription
of lipogenic enzymes that direct lipogenesis in the liver [24]. We also observed a 20% reduc-
tion in expression of fatty acid synthase (FASN) (vs. mock) (Figure 3), indicating reduced
fatty acid synthesis, which was expected since this gene is regulated by MLXIPL/ChREBP.
However, no change was observed in acetyl-CoA carboxylase (ACACA) (Figure 3), the
enzyme which catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, the rate-limiting
step in fatty acid synthesis. This lack of downregulation of ACACA is important, because
although we observe increased expression of Acyl-CoA oxidase 1 (ACOX1) (Figure 3),
indicating increased fatty acid oxidation in the mitochondria, the malonyl-CoA produced
by ACACA in the cytoplasm can inhibit transfer of cytoplasmic fatty acids into the mito-
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chondria for beta oxidation contributing to increased lipids in the cytoplasm. Unexpectedly,
we observed a 50% reduction in the fatty acid translocase CD36 (Figure 3), which has been
described as positively correlated with fatty liver [25]. Thus, the changes we observed in
mRNA levels of genes involved in lipid metabolism do not all provide a clear rationale to
explain lipid accumulation in hepatocytes during overexpression of hsa-miR-139b-3p.

2.4. Changes Favoring Insulin Signaling, Reduced Glycolysis, and Reduced Mitochondrial
Biogenesis Are Observed When microRNA hsa-miR-193b-3p Is Overexpressed in HepG2 Cells

In addition to lipid metabolism, PPARGC1A/PGC1α also regulates insulin signal-
ing, hepatic glucose metabolism and mitochondrial turnover [20,26,27]. Therefore, we
investigated whether expression of genes involved in these mechanisms were altered. We
observed downregulation of YWHAZ (Figure 4). YWHAZ belongs to the 14-3-3 family of
proteins that mediate signal transduction; it binds to insulin receptor substrate-1 (IRS-1)
and is thought to interrupt the association between the insulin receptor and IRS-1, thus
interfering with insulin signaling [28]. Our result indicates decreased interference with in-
sulin signaling by this particular mechanism. No change was observed in Tribbles homolog
3 (TRIB3) (Figure 4) that has been linked to insulin resistance and hepatic production of
glucose in the liver [29,30].

PPARGC1A/PGC1α is known to regulate key hepatic gluconeogenic enzymes lead-
ing to increased glucose output [27], and we saw a significant increase in expression of
pyruvate carboxylase (PC) (Figure 4), the mitochondrial matrix enzyme that regulates fuel
partitioning toward gluconeogenesis in hepatocytes. We saw reduced expression trend
of the plasma membrane bidirectional glucose transporter SLC2A2/GLUT2 (Figure 4),
indicating both reduced uptake and release of glucose. The reduced expression of liver
phosphofructokinase (PFKL) (Figure 4) and pyruvate kinase (PKLR) (Figure 4) indicate
reduced glycolysis. Reduced expression of the pyruvate dehydrogenase E1 subunit alpha 1
(PDHA1) (Figure 4), a central component of the pyruvate dehydrogenase complex that is the
primary link between glycolysis and the TCA cycle, indicated lower conversion of pyruvate
to acetyl-CoA in mitochondria. This is further supported by a five-fold increased expression
of the pyruvate dehydrogenase inhibitor mitochondrial kinase PDK4 (Figure 4). Reduced
expression of glutamic-pyruvic transaminase GPT (Figure 4) suggests lower conversion of
alanine to pyruvate. Based on all this, we can predict a drop in ATP production.

We also observed reduced expression of mitochondrial transcription factor A (TFAM)
(Figure 4) that is required for mitochondrial biogenesis through maintenance of mitochon-
drial DNA and replication of normal levels of mitochondrial DNA; reduced expression
trend of mitofusin-2, MFN2 (Figure 4), which regulates mitochondrial fusion dynamics; and
reduced expression trend of isocitrate dehydrogenase 3 catalytic subunit alpha (IDH3A)
(Figure 4), which catalyzes the rate-limiting step of the TCA cycle in the mitochondrial matrix.
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Figure 4. Changes in expression of genes regulating insulin signaling, glucose metabolism, pyruvate
availability and mitochondrial biogenesis when hsa-miR-193b-3p is overexpressed in HepG2 cells.
Downregulation of YWHAZ indicates increased insulin signaling. Increased pyruvate carboxylase
(PC). Reduced trend in glucose transporter SLC2A2/GLUT2 indicates reduced glucose transport.
Reduced levels of phosphofructokinase (PFKL) and pyruvate kinase (PKLR) indicate reduced glycoly-
sis. Reduced levels of pyruvate dehydrogenase PDHA1 and increase in its inhibiting kinase PDK4
indicate lower conversion of pyruvate to acetyl-CoA. Reduced glutamic–pyruvic transaminase GPT
indicates lower conversion of alanine to pyruvate. Reduced levels of mitochondrial transcription
factor A (TFAM), and reduced trend in mitofusin 2 (MFN2) and isocitrate dehydrogenase 3 catalytic
subunit alpha (IDH3A) indicate reduced levels of mitochondrial biogenesis, fusing dynamics and
function, respectively. Relative mRNA expression was evaluated by real-time RT-qPCR after 72 h
overexpression of hsa-miR-193b-3p in HepG2 cells under hyperglycemia/hyperinsulinemia (20 mM
glucose, with 10 nM insulin during last 24 h). Data are presented as mean ± SEM of n = 4. Mock—
mock transfection, OE—overexpression of hsa-miR-193b-3p. Student’s t-test p-values indicated by
# < 0.1, * < 0.05, ** < 0.01, *** < 0.001.

22



Int. J. Mol. Sci. 2023, 24, 3875

3. Discussion

This study is based on recent research showing that circulating microRNAs detected in
plasma can enter cells in various tissues and there interfere with gene expression [31], and
that, in humans, altered levels of circulating microRNAs are detected in many disease states
including metabolic diseases [4]. In humans, higher than normal levels of the microRNA
hsa-miR-193b-3p have been detected in plasma of patients with impaired fasting glucose
and impaired glucose tolerance, two parameters that are used to diagnose pre-diabetes,
an early sign of metabolic syndrome [5]. Nonalcoholic fatty liver disease, also referred
to as metabolic-associated fatty liver disease (NAFLD/MAFLD) [6–8], characterized by
excess accumulation of lipids in the liver (known as steatosis) is considered a precursor
of metabolic syndrome. In this study, we have focused on identifying and validating a
direct target of hsa-miR-193b-3p and evaluating changes in expression of genes involved
in cellular energy metabolism after overexpression of microRNA hsa-miR-193b-3p in the
hepatocyte cell line HepG2, which is considered an appropriate cell model [32]. This
strategy is in line with recent attempts to try to understand metabolism in type 2 diabetes
beyond glycemia [33].

Our results show that microRNA hsa-miR-193b-3p directly targets PPRAGC1A/PGC1α,
reducing its expression, and that it causes excess intracellular lipid droplet accumulation
in HepG2 cells. We also show that the accumulation of lipids observed may be caused in
part by altered expression of genes involved in lipid processing, which may cause reduced
VLDL secretion, as well as reduced glycolysis and reduced mitochondrial activity shifting
the metabolic balance toward lipogenesis. We observed a 60% reduction in MTTP required
for VLDL secretion, and a 3-fold increased expression of TRIB1, which reduces secretion
of VLDL. Indeed, hepatic overexpression of Trib1 in mice reduces secretion of VLDL from
the liver into circulation [34]. Although no change in APOB was observed, the decreased
expression trend of MLXIPL/ChREBP suggests a reduced rate of triglyceride synthesis that
could lead to insufficient APOB lipidation and secretion.

Insulin signaling normally directs de novo lipogenesis in the liver [35], among several
other pathways. The observed downregulation of YWHAZ, known to bind insulin receptor
substrate-1 (IRS-1) [28], predicts reduced interference of YWHAZ with IRS-1 at this point
in the insulin signaling cascade. However, linking this observation to increased lipogen-
esis requires investigating additional downstream steps in the insulin signaling cascade
towards lipogenesis.

When insulin and glucose are associated in liver cells, as in our experimental condi-
tions, the stimulatory effect of glucose on SLC2A2/GLUT2 gene expression is predomi-
nant [36]. However, when hsa-miR-193b-3p was overexpressed, we observed a decreasing
trend in SLC2A2/GLUT2 expression, suggesting lower glucose uptake, which may con-
tribute to hyperglycemia, a feature associated with the plasma increase in hsa-miR-193b-3p
in humans. We also observed lower glycolysis (reduced PFKL and PKLR), producing less
pyruvate; less pyruvate is also expected coming from amino acid metabolism given the
reduced GPT expression. Inhibition of conversion of pyruvate to acetyl-CoA for the TCA
cycle is predicted via reduced PDHA1 and increased PDK4 expression; all of this points to
a decrease in energy combustion and lower mitochondrial-generated ATP. In addition, we
observed lower expression of TFAM pointing to less mitochondrial biogenesis, expected
to contribute to a decrease in energy combustion. In line with our results, mitochondrial
dysfunction has been shown to play a central role in the pathogenesis of metabolic dis-
eases and associated complications [37], and reduced energy combustion through reduced
glycolysis has been described as critical to excess lipid storage in the liver [38]. Energy
combustion in the liver is modulated by PPARα-regulated fatty acid beta-oxidation. Inter-
ference with PPARα lipid sensing can reduce energy burning and result in accumulation of
lipids in hepatocytes. Fatty liver is also associated with impaired activity of PPARGC1A
(PGC1α) and reduced mitochondrial biogenesis in mice [20]. Although we saw increased
expression of ACOX1, indicating increased fatty acid beta-oxidation in mitochondria, this
could be a compensation for reduced mitochondrial biogenesis. We saw no change in
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acetyl-CoA carboxylase (ACACA), the enzyme which catalyzes the carboxylation of acetyl-
CoA to malonyl-CoA, the rate-limiting step in fatty acid synthesis; this is relevant, as the
malonyl-CoA produced by ongoing fatty acid synthesis will inhibit fatty acid transport
into mitochondria for beta-oxidation.

Hepatic disruption of fatty acid translocase CD36 in JAK2L livers has been shown to
lower triglyceride (TG), diacylglycerol (DAG) and cholesterol ester (CE) content, signifi-
cantly improving steatosis [25]. Therefore, one might speculate that our unexpected obser-
vation of a 50% reduction in the fatty acid translocase CD36 alongside lipid accumulation in
HepG2 cells under hyperglycemia/hyperinsulinemia might be a compensatory mechanism.

PPRAGC1A/PGC-1α interacts with the PPAR nuclear receptors [14], on the promoter
of numerous genes involved in metabolic regulation. However, the gene expression
changes that we observed when microRNA hsa-miR-193b-3p was overexpressed under
hyperglycemia/hyperinsulinemia in the HepG2 cell model may result from either direct
transcriptional regulation via PPRAGC1A/PGC-1α or other indirect regulation. In future
work, one might consider rescuing the downregulation of PPRAGC1A/PGC-1α observed
by overexpressing PPRAGC1A/PGC-1α along with hsa-miR-193b-3p in this cell model.
As there are a further 283 predicted conserved mRNA targets of microRNA hsa-miR-
193b-3p, including 43 genes involved in gene transcription, other predicted gene targets
of hsa-miR-193b-3p must also be investigated. With regards to the specific targeting of
PPARGC1A/PGC-1α by hsa-miR-193b-3p, and given the central importance of PGC1α
in inflammation, oxidative stress and energy in cells other than hepatocytes, much work
remains to be done on these pathways and on other cell types and in vivo. Future work on
this subject should also include investigating the effects of inhibiting hsa-miR-193b-3p on
hepatocyte lipid content.

Given that PPRAGC1A/PGC-1α interacts with the nuclear receptor PPAR-γ [14], our
results also warrant bearing in mind the drug class of thiazolidinediones, which are potent
PPAR-γ agonists, that can be used in the treatment of type 2 diabetes to improve hepatic
sensitivity to insulin [39,40] and improve fibrosis in nonalcoholic steatohepatitis [40,41]. In
this context, further work should differentiate effects which are mediated directly through
hsa-miR-193b-3p targeting of PPRAGC1A/PGC-1α and PPAR transcriptional regulation,
and which might be indirect.

Our results show that elevated levels of microRNA hsa-miR-193b-3p in HepG2 hepa-
tocytes cause a cascade of gene-expression changes and increased lipid accumulation in
these cells, and specific direct targeting of PPARGC1A/PGC1α mRNA. As levels of plasma
hsa-miR-193b-3p may be elevated in pre-diabetes in humans [9], these results support
the hypothesis of using hsa-miR-193b-3p as an early diagnostic biomarker of liver dys-
metabolism in pre-diabetes. The potential clinical relevance of these results is highlighted
by recent research showing that improvement of fatty liver disease reduces the risk of
type 2 diabetes [42]. Thus, plasma levels of hsa-miR-193b-3p could conceivably be used to
flag pre-diabetic patients for early intervention to target asymptomatic fatty liver, thereby
preventing aggravation of pre-diabetes and the development of type 2 diabetes.

4. Materials and Methods

Cell model. The HegG2 hepatoma cell line [32] was maintained in Dulbecco’s modified
Eagle’s medium (DMEM, 25 mM high glucose (21969-035, Gibco, Life Technologies, Carls-
bad, CA, USA), 4 mM glutamine (2503-149, Gibco, Life Technologies, Carlsbad, CA, USA),
10% heat inactivated fetal bovine serum (S0615, Biochrom, Cambridge, UK), 100 IU/mL
penicillin and 100 ug/mL streptomycin (15140-122, Life Technologies, Carlsbad, CA, USA.
Experiments at basal 5 mM glucose were performed with DMEM 4 mM glutamine, 1 mM
sodium pyruvate (SH30021.FS, Thermo Scientific), 10% heat-inactivated fetal bovine serum,
100 IU/mL penicillin and 100 ug/mL streptomycin.

24



Int. J. Mol. Sci. 2023, 24, 3875

Overexpression of miR-193b-3p in HepG2 cells. microRNA miR-193b-3p overex-
pression in HepG2 cells was performed over 72 h by reverse transfection on the day of
plating, followed by forward transfection the next day, with an additional day of growth,
before RNA extraction, plasmid transfection or fixing cells for imaging. MicroRNA mimics
used were hsa-miR-193b-3p miRCURY LNA™ microRNA Mimic (472852-001, Exiqon,
Hovedstaden, Denmark) and Negative Control 4 miRCURY LNA™ microRNA Mimic
(479903-001, Exiqon, Hovedstaden, Denmark). Transfection of microRNA mimic and con-
trol into HegG2 cells was performed at 5 nM final concentration using Lipofectamine®

RNAiMAX Transfection Reagent (13778-100, Life Technologies, Carlsbad, CA, USA) with
20 min lipofectamine/mimic complex formation in Opti-MEM® I Reduced Serum Medium
(31985-062, Life Technologies, Carlsbad, CA, USA) and cells incubated in DMEM culture
as described above with no penicillin or streptomycin added. Mock transfection was
performed with lipofectamine alone.

RNA preparation and relative gene expression. Total RNA was prepared by organic ex-
traction using Trizol Reagent (15596-018, Life Technologies, Carlsbad, CA, USA) and chloro-
form (Sigma, St Louis, MO, USA). RNA was precipitated in absolute ethanol, and dissolved
in DNase/RNaseFree Distilled Sterile Water (10977-035, Gibco, Billings, MT, USA). RNA
concentration was determined using Nanodrop 2000 (Thermo Fisher Scientific, Waltham,
MA, USA). Relative gene expression was determined by two-step reverse-transcription
real-time quantitative PCR (real-time RT-qPCR) with cDNA prepared from total extracted
RNA using a High-Capacity cDNA Reverse Transcription Kit (4368814, Applied Biosystems,
Waltham, MA, USA) on a PCR MyCycler (Biorad, CA, USA) (25 ◦C 10 min, 37 ◦C 120 min,
85 ◦C 5 min). For microRNA expression, the protocol was modified according to the manu-
facturer’s instructions with added RNAse Inhibitor (N8080119, Life Technologies, Carlsbad,
CA, USA) and pooled stem loop primer mix of hsa-miR-193b-3p, RNU44 and RNU48
(0.3 uL each stem-loop primer in 15 uL reaction volume: stem loop primers (TaqMan®

MicroRNA Assay, hsa-miR-193b-3p, Assay ID 002366, 002366/4427975, Life Technologies,
Carlsbad, CA, USA). The two internal reference genes used were TaqMan® MicroRNA
Control Assays RNU44 (Assay ID 001094, 001094/4427975, Life Technologies, Carlsbad,
CA, USA) and RNU48 (Assay ID 001006, 001006/4427975, Life Technologies, Carlsbad, CA,
USA). TaqMan Universal Master Mix II, with UNG (4440042, Life Technologies, Carlsbad,
CA, USA), was used to determine relative expression of the miRNA miR-193b-3p using Taq-
Man MicroRNA Assays qPCR primers; the geometric mean of both references was used to
calculate 2−ddCt. For protein-coding genes, forward and reverse primers for qPCR for each
gene of interest were designed across constitutive exons using Primer Quest (Integrated
DNA Technologies, IDT, https://www.idtdna.com/pages/tools/primerquest, accessed on
24 September 2018). The list of primers used is presented in Table 1. The custom-designed
primers were ordered from Invitrogen (Waltham, MA, USA). Relative gene expression was
determined from cDNA using NZYTaq 2× Green Master Mix (MB03903, NZYtech, Lisbon,
Portugal) on MicroAmp Optical 96-well reaction plates (N8010560, Applied Biosystems,
Waltham, MA, USA). Amplification and Ct values for two technical replicates of each sam-
ple were obtained on qPCR LightCycler and integrated software (Roche, Boston, MA, USA).
Amplicon specificity was verified by a high-resolution melting curve using LightCycler
integrated software. Relative mRNA expression was determined using the relative gene
expression data using real-time quantitative PCR and the 2−ddCt method [43] using TBP
primers as reference gene.
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Table 1. Primers designed for real-time RT-qPCR.

Gene (Exon Boundary) Forward Primer Reverse Primer

ACACA (31_32) TTTGTCAGGATCTTTGATGAAGTG TCATAAAGAGACGTGTGACCTG
ACOX1 (13_14) GATGTGACACTTGGCTCTGT TTCGTGGACCTCTGCTTTG
APOB (20_21) TTCTGTCAGCGCAACCTATG CTTCGCACCTTCTGCTTGA
CD36 (4_5) GTCCTTATACGTACAGAGTTCGTT CAGCCTCTGTTCCAACTGATAG
DGAT2 (6_7) CAAAGAATGGGAGTGGCAATG CAGGTCAGCTCCATGACG
FASN (3_4) GTGGACGGAGGCATCAAC TGTAGCCCACGAGTGTCT
GPT (4_5) CCATCGTGACGGTGCTG GCCGAGTAGAGTGGGTACT
IDH3A (10_11) GCTCAGTGCCGTGATGAT GTCAAGCTCTTTCCGTCCTT
LDLR (15_16) CGTAAGGACACAGCACACA GCCCAGAGCTTGGTGAG
MFN2 (17_18) AAGTCCAGCAGGAACTGTC ATTTCCTGCTCCAGGTTCTC
MLXIPL (15_16) TTTGACCAGATGCGAGACAT GATGCTGAACACCCAGAACT
MTTP (16_17) CATTCTCAGGAACTTCAGTTACAATC ACTCACGATACCACAAGCTAAA
PC (12_13) CTGTGGACACCCAGTTCATC TGACATGGCCGAGGTAGT
PDHA1 (2_3) GAAATTAAGAAATGTGACCTTCACC CAGTCTGCATCATCCTGTAGTA
PDK4 (7_8) TCCAGACCAACCAATTCACATC GCCCGCATTGCATTCTTAAATAG
PFKL (13_14) ATCTCCCATGGACACACAGTAT TACTTCTTGCACCTGACCCT
PKLR (10_11) CTTTACCGTGAACCTCCAGAAG CACGGAGCTTTCCACTTTCA
PPARGC1A (8_9) GCAGTAGATCCTCTTCAAGATCC AACGTGATCTCACATACAAGGG
SLC2A2 (8_9) GACGGCTGGTATCAGCAAA CTCCACAAGGAATACAGAGACAG
SREBF1 (5_6) CACTGAGGCAAAGCTGAATAAAT TAGGTTCTCCTGCTTGAGTTTC
SREBF2 (2_3) CTGCAACAACAGACGGTAATG GCTGAAGGACTTGAAAGCTAGTA
TBP (4_5) Reference TCCACAGTGAATCTTGGTTGT AGCAAACCGCTTGGGATTA
TFAM (2_3_4) GCTCAGAACCCAGATGCAAA TGCCACTCCGCCCTATAA
TRIB1 (2_3) AGGAGAGAACCCAGCTTAGA TGGGCAGCCATGTTTGT
TRIB3 (3_4) GACCGTGAGAGGAAGAAGC CTTGTCCCACAGGGAATCAT
YWHAZ (5_6) GAAGCCATTGCTGAACTTGATAC TCCACAATGTCAAGTTGTCTCT

miRNA target plasmid construct and luciferase assay. To validate the miR-193 b-3p
target site on the mRNA of PPARGC1A (PGC1a gene), the pmirGLO dual-luciferase miRNA
target expression vector (E1330, Promega, Madison, WI, USA) was used to clone the
predicted PPARGC1A target site for microRNA miR-193b-3p along with a mismatch control
(Figure 1E,F). The custom primers for cloning were ordered from Invitrogen. Primer pairs
were cloned by double digestion using SacI and SalI restriction enzymes (R0156, R0156,
CutSmart Buffer, New England Biolabs, Ipswich, MA, USA) and ligation with T4 DNA
Ligase (EL0014, Thermo Fisher Scientific, Waltham, MA, USA) and FastAP thermosensitive
alkaline phosphatase (EF0654, Thermo Fisher Scientific, Waltham, MA, USA). Selection of
clones was made with XhoI/BamHI double digest (R0136, R0146, CutSmart Buffer, New
England Biolabs, Ipswich, MA, USA), with the XhoI site being on the excised multiple
cloning site and BamHI being present on the core plasmid. Digestion of positive clones
produces a single fragment as opposed to two fragments. Clones were visualized after
electrophoresis on 2% agarose using GreenSafe Premium (MB13201, NZYTech, Lisbon,
Portugal) on Chemidoc Touch (Biorad, CA, USA). Plasmids were reproduced by chemical
transformation and culture of DH5alpha E. coli (inhouse stock) in LB medium (1% tryptone,
0.5% yeast extract, 1% NaCl, pH 7.0). Colonies were grown on 1.5% agar/LB (20767.232,
VWR Chemicals, Radnor, PA, USA) with ampicillin selection (20767.232, VWR Chemicals,
Radnor, PA, USA). Plasmid DNA was extracted and purified using a Plasmid DNA Mini Kit
I (D6943-01, E.Z.N.A., Norcross, GA, USA). Plasmid clones were sequenced to verify correct
cloned insert with custom sequencing primer 5’-CGAACTGGAGAGCATCCTG-3’ using
StabVida SANGER sequencing services (https://www.stabvida.com/sanger-sequencing-
service, accessed on 17 January 2020). The selected pmirGLO dual-luciferase plasmid
clone containing the hsa-miR-193b-3p target site from PPARGC1A was transfected into
HepG2 cells grown at 5 mM glucose using the DharmaFECT kb DNA transfection reagent
lipofectamine (T-2006-01, Dharmacon, Lafayette, CO, USA). Expression of firefly luciferase
was normalized to internal renilla luciferase using a Dual-Glo® Luciferase Assay System
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(E2920, Promega, Madison, WI, USA), with chemiluminescent data obtained in relative
light units (RLU) measured using SpectraMax i3x (Molecular Devices, San Jose, CA, USA).

Lipid droplet quantification. To identify intracellular lipid content, HepG2 cells were
cultured at 5 mM glucose or 20 mM glucose on 13 mm glass coverslips in 24-well plates.
At the end of the experiment, cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) at room temperature for 15 min, then washed with PBS before
staining with the Oil Red O method [44] using a kit (010303, Diapath, Italy) according to
the manufacturer’s instructions. Nuclei were stained blue with hematoxylin. Coverslips
were mounted on glass slides for microscopy. Stained cells were analyzed on a Zeiss Z2
fluorescent microscope with ZEN Pro 2012 software (Zeiss, Oberkochen, Germany. For
each condition, ten brightfield color images were captured at 40× magnification with an
Axiocam 105 color camera. Image quantitative analysis of lipid droplets was performed on
each of ten images per condition with Fiji (ImageJ) software [45] using Color Deconvolution
(v1.7, FastRed FastBlue DAB plugin); red color was used for binary/watershed particle
analysis to obtain parameters of total red area (pixels2), average particle size (pixels) and
number of particles; blue color was used for manual nuclei counting using Fiji software;
number of nuclei per image was used for normalization of red data per image. Results per
condition are the average of ten images.

Statistical Analysis. Statistical analyses were performed using Excel functions. Data
are presented as mean ± standard error of the mean (SEM). Statistical significance was
evaluated using two-tailed unpaired two-sample equal variance Student’s t-test, with
0.05 threshold chosen for statistical significance; p-values indicated by # < 0.1, * < 0.05,
** < 0.01, *** < 0.001 and **** < 0.0001.
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Abstract: Since lipid abnormalities tend to progress from childhood to adulthood, it is necessary
to early identify and treat children and adolescents with dyslipidemia. This is important in order
to reduce the cardiovascular risk, delay the development of fatty streaks, slow the progression
of atherosclerosis and reverse atherosclerotic plaques. Together with therapeutic lifestyle changes,
statins are the most common lipid-lowering drugs. By inhibiting the endogenous cholesterol synthesis
in the liver, statins increase the catabolism of LDL-C, reduce VLDL-C, IDL-C and TG and modestly
increase HDL-C. Regardless of their lipid-lowering effect, statins have also pleiotropic effects. Statins
have increasingly been prescribed in children and adolescents and mounting evidence suggests
their beneficial role. As with adults, in children, several studies have demonstrated that statin
therapy is efficient at lowering lipid levels and reducing CIMT progression and cumulative estimated
atherosclerotic burden in children. Statins are generally very well-tolerated in both adults and
children and adverse events are quite uncommon. When evaluating the need and the timing for
statin treatment, the presence of several factors (secondary causes, familial history, additional risk
factors) should also be considered. Before initiating statins, it is imperative for clinical practitioners
to consult patients and families and, as with any new medication therapy, to monitor patients taking
statins. Despite being safe and effective, many children with lipid disorders are not on statin therapy
and are not receiving the full potential benefit of adequate lipid-lowering therapies. It is therefore
important that clinicians become familiar with statins.

Keywords: dyslipidemia; statin; children; adolescents

1. Introduction

Atherosclerosis is a chronic inflammatory condition, characterized by the build-up of
plaques inside the arteries and the progressive thickening of the arterial wall [1]. Despite a
long initial asymptomatic phase, it is known that atherosclerosis is a potentially serious
disease. The progression of the insidious atherosclerotic process may lead to cerebrovascu-
lar disease, coronary events and other atherosclerotic cardiovascular diseases (ASCVD),
which are currently the leading cause of morbidity, disability and premature death world-
wide [2,3]. The atherosclerotic process is mainly driven by lipids and initiates with the
deposition of lipids on the inner lining of arteries. Lipid accumulation over time leads to
an endothelial dysfunction and activates pro-inflammatory processes, which induce the
formation of fatty streaks (the earliest atherosclerotic lesions) and their gradual evolution
into atherosclerotic plaques [4,5]. Although clinical outcomes of atherosclerosis are usually
observed in adults, several studies have confirmed that the pathological process begins
much earlier [6]. Landmark studies showed that fatty streaks were found in the coronary
arteries of children as young as 2 years of age [7]. More recently, it has been described that
children with traditional cardiovascular risk factors had increased carotid intima–media
thickness (CIMT), which is a surrogate biomarker of atherosclerosis [8]. In addition, recent
studies have show that coronary intimal thickening may begin in utero [9,10]. Therefore,
these results suggest the precocious origins of adult diseases and allows us to consider
atherosclerosis as a significant problem in children. Several cardiovascular risk factors

31



Int. J. Mol. Sci. 2023, 24, 1366

and conditions contribute to atherosclerosis in children: among them, childhood dyslipi-
demia plays a key role [11]. Indeed, it is well known that lipids are essential for cellular
organization, stability and functionality as well as for steroid hormones, vitamins and
bile acids synthesis [12]. However, lipid and lipoprotein abnormalities can be detrimental
to the human body and are linked to the initiation and progression of atherosclerosis in
children [13]. In particular, higher levels and longer exposures to increased low-density
lipoprotein (LDL-C) are the main factors that exacerbate the atherosclerotic progression [14].
Since lipid abnormalities tend to progress from childhood to adulthood, it is necessary
to early identify and treat children and adolescents with dyslipidemia. This is important
in order to reduce the cardiovascular risk, delay the development of fatty streaks, slow
the progression of atherosclerosis and reverse atherosclerotic plaques, whenever possible.
Together with therapeutic lifestyle changes, statins are the most common lipid-lowering
drugs and represent the cornerstone of primary and secondary prevention of cardiovascular
diseases in adults [15,16]. Statins were increasingly prescribed in children and adolescents
and mounting evidence suggested their beneficial role in children and adolescents. This
narrative review aims to highlight the efficacy, safety and rationale for the use of statins
in pediatrics. Moreover, we summarize the indications for clinical use of statin therapy,
focusing on initiation and monitoring of treatment in children and adolescents.

2. Cholesterol Metabolism and Mechanism of Action for Statins

All cholesterol in the human body comes from two major sources: it can be either
obtained through diet (20% of total cholesterol) or synthetized de novo (80% of total choles-
terol). Although all cells are capable of synthesizing cholesterol, the major cholesterol
production occurs in the liver [17]. Cholesterol synthesis is a complex process; several en-
zymes are involved, and the biosynthetic pathway is tightly regulated at several points [18].
Cholesterol production starts with the formation of mevalonate from acetate; subsequently,
mevalonate is transformed to squalene (the biochemical precursor of all steroids) in the
endoplasmic reticulum. Squalene is further converted to lanosterol and finally transformed
into cholesterol [12,18]. Newly synthesized cholesterol then must leave the endoplasmic
reticulum to exert its functions: through different mechanisms, it moves to the mem-
branes and is transported to peripheral tissues. However, due to its insolubility in plasma,
cholesterol is required to be packaged with lipoproteins: lipoproteins are spherical macro-
molecules, consisting of a hydrophobic core (containing cholesterol esters and triglycerides)
and a hydrophilic coat (containing free cholesterol, phospholipids and apolipoproteins) [19].
There are several lipoproteins and different lipoprotein pathways. Via the exogenous path-
way, dietary lipids are incorporated in chylomicrons, transported from the intestine to
peripheral tissues and then taken up by the liver; via the endogenous pathway, lipids are
transported from the liver to peripheral tissues [20]. The endogenous pathway begins in
the liver with the production of very-low-density lipoproteins (VLDL-C), which contain
cholesterol and a large amount of triglycerides (TG). In the circulation, the triglycerides
carried in VLDL-C are hydrolyzed by lipoprotein lipase (LPL), resulting in the formation
of intermediate-density lipoproteins (IDL-C) and the further conversion of IDL-C to low-
density lipoprotein (LDL-C). LDL-C (the major cholesterol-rich lipoproteins) then reach
peripheral cells and are cleared by circulation through the interaction with LDL-C receptor,
which is present in many tissues and most abundant in the liver [19,20]. Lastly, through
the reverse transport pathway (reverse cholesterol transport) the organism removes the
excess fats from peripheral cells and transports them to the liver: the process is mediated
by high-density lipoproteins (HDL-C), which exhibit various anti-atherogenic and cardio-
protective effects [21]. Statins, also known as hydroxymethylglutaryl-CoA (HMG-CoA)
reductase inhibitors, are a class of lipid-lowering drugs that work by inhibiting the en-
dogenous cholesterol synthesis in the liver. In particular, statins are potent competitive
inhibitors of HMG-CoA reductase [22]. HMG-CoA reductase is involved in the final step
of the mevalonate pathway and catalyzes the reaction where HMG-CoA is reduced to
mevalonate (NADP-dependent synthesis of mevalonate). This enzymatic reaction is not
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only an irreversible and tightly regulated step, but also the rate-limiting one of cholesterol
biosynthesis [23]. On the basis of their structure, there are two different types of statins:
type 1 statins (pravastatin, simvastatin and lovastatin) are products of natural origin,
whereas type 2 statins (atorvastatin, fluvastatin, pitavastatin, rosuvastatin) are synthetic
products that are characterized by attached fluorophenyl groups and larger hydrophobic
regions [18]. The capacity of statins to inhibit HMG-CoA reductase is due to the presence of
an HMG-like moiety that binds to the HMG binding site. Moreover, the hydrophobic region
of type 2 statins contributes to block the binding of HMG-CoA to the active site [18,24]. By
competitively blocking the HMG-CoA reductase, statins alter the endogenous pathway
and reduce the intrahepatic cholesterol amount: consequently, this promotes the hepatic
upregulation of the LDL-C receptor (increased synthesis and expression) and increases
the catabolism of circulating LDL-C. In addition, statins reduce VLDL-C, IDL-C and TG
and modestly increase HDL-C (improving the reverse transport pathway) [25]. Lastly,
regardless of their lipid-lowering effect, statins have pleiotropic effects on endothelial
function, inflammation, coagulation and oxidative stress (Figure 1) [26,27].
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3. Efficacy

It is well known that statins are effective in adults: in addition to their variable
lipid-lowering effect, statins are beneficial in improving the lipid profile, conferring car-
diovascular protection (in terms of primary and secondary prevention) and reducing
cardiovascular morbidity and mortality [22,23]. Over time, statins have increasingly been
used in children and adolescents and several studies and meta-analyses have evaluated
the efficacy of statins with children and adolescents [28–30]. Although most studies have
been conducted on patients with pediatric familial hypercholesterolemia (FH), they high-
lighted the beneficial effect of different statins in youths with dyslipidemia [31,32]. As with
adults, early studies demonstrated that statin therapy is efficient at lowering lipid levels
in children: despite a variable efficacy through the trials, all statins led to a significant
reduction in LDL-C levels when compared to placebo [14,33,34]. The differences in the
mean lipid-lowering effect were probably due to different baseline LDL-C values, statin
dosages and formulations [29]. In fact, it is important to remember that the lipid-lowering
effect of statins changes when the dose of HMG-CoA reductase inhibitors increases (dose-
dependent effect) and when a high-potency class of statins is used. Because of the longest
terminal half-life, rosuvastatin, pitavastatin and atorvastatin are the most potent statins; on
the other hand, lovastatin, pravastatin and fluvastatin are the least potent; simvastatin is
a moderately potent statin [34]. In accordance with recent studies, HMG-CoA reductase
inhibitors in children led to a relative reduction in LDL-C values by approximately 21–41%
(mean relative decrease of 32%) [28,35]; moreover, thanks to statin treatment, the majority of
children might achieve the desired LDL-C goals [30,36]. In addition, a recent meta-analysis
demonstrated that statins were helpful in reducing total cholesterol and TG (by 25% and
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8% respectively) and increasing HDL-C (by 3%), when compared with placebo [30]. As
mentioned above, the use of statins in adults significantly reduces cardiovascular morbidity
and this also applies to patients with FH; in adults with FH, statins may significantly
reduce the ASCVD rates and delay the median age of onset of cardiovascular events in
comparison with the pre-statin era [14,37]. In children, the results seem very similar: by
performing a 20-year follow-up study, a recent study aimed to compare the incidence of
cardiovascular events and death in patients with FH who initiated statins in childhood and
in their affected parents who initiated statins much later in life. Very interestingly, after
20 years, the initiation of statin therapy at an age of 8–18 years resulted in the significant
reduction of ASCVD rates and death from cardiovascular events. Moreover, the cumulative
cardiovascular disease-free survival was significantly higher among patients who received
statins [35]. Although these findings are particularly surprising, it is important to note
that the study is only observational and other studies are needed to confirm the results.
Nowadays, however, randomized control trials designed to measure the effects of statins
during childhood on cardiovascular outcomes are lacking; since cardiovascular events
rarely occur in children, there are probably many challenges associated with the concep-
tion of event-driven trials. Therefore, several studies have tried to evaluate the effects of
HMG-CoA reductase inhibitors on surrogate markers of atherosclerosis. In particular, the
CIMT represented the most evaluated noninvasive measure of early atherosclerosis [38].
In a landmark trial (2004), children with FH were randomized to pravastatin or placebo:
over a two-year treatment period, the CIMT was significantly greater in those receiving a
placebo. Moreover, trends toward CIMT progression and CIMT regression were found in
the placebo and the statin-treated group, respectively [39]. The placebo-controlled phase
was then followed by an open-label extension: some authors demonstrated that the earlier
initiation of pravastatin was associated with a lower CIMT following approximately 4 years
of treatment [40]. Most recently, a 10-year follow-up study found that, before starting the
treatment, children with FH showed a greater CIMT when compared with non-FH controls;
however, when statin therapy was initiated, important improvements in CIMT (reduced
CIMT, slowed progression) were observed: very interestingly, the CIMT progression rates
were similar between statin-treated children and their unaffected siblings [41]. These find-
ings were then confirmed in other studies, 20 years after the initiation of statin therapy [35].
In view of these observations, the efficacy of statins in pediatrics seems clear; children
respond well to HMG-CoA reductase inhibitors and reduce their cumulative estimated
atherosclerotic burden: when initiated early (from age 10 years), statins result in delaying
the burden from age 35 to 53 years [42,43].

4. Safety

Statins are generally very well-tolerated in both adults and children and adverse
events are quite uncommon [44]. Although adverse events may be possible, they are
often nonserious reversible events, which do not require adjustment in therapy. Moreover,
in children receiving statins, the majority of adverse events are as frequent as in those
receiving a placebo and they are only drug-related in few cases (e.g., elevated creatine
phosphokinase levels after physical activity) [14,34]. Numerous randomized control tri-
als, Cochrane reviews and subsequent meta-analyses consistently established the good
short-, medium- and long-term safety of statins in children, especially in those at greater
cardiovascular risk (e.g., FH) [28–30,41,44–46]. Currently, the longest study evaluating the
safety profile was performed in children with FH in a 20-year follow-up [35]. Adverse
effects primarily include liver toxicity, muscle-related adverse events and abnormalities in
laboratory measurements [47]; in addition, statins may have teratogenic effects and may
interfere with other drugs.

Liver toxicity: The risk of liver toxicity appears to be particularly low. As with
adults, the risk of serious hepatotoxicity is extremely low and no pediatric cases were
reported [33,44]. On the other hand, transient elevations in liver enzymes (alanine amino-
transferase and aspartate aminotransferase) may occur more frequently (up to 5% of
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statin-treated children); however, while increased, transaminases did not exceed three
times the upper limit of normal or normalized without discontinuation of statin treat-
ment [34]. Interestingly, recent studies did not note any differences in the risk of liver
enzymes abnormalities between treatment and placebo groups [41,44].

Muscle-related adverse events: In children receiving statins, the risk of muscle-related
adverse events is also particularly low. Myopathy is very uncommon (<0.1%) and no cases
of pediatric rhabdomyolysis have been attributed to statins to date [28,44]. Myalgia appears
to occur more frequently, although the real extent of the problem remains controversial [14].
In blinded randomized control trials, myalgia was often not associated with elevations
in muscular enzymes (creatine phosphokinase); moreover, the frequency of myalgia was
lower than that reported in clinical practice, suggesting a “nocebo effect” [48,49]. As with
regard to creatine phosphokinase levels, no significant changes (10 times above the upper
limit of normal) were found when starting statin therapy and no differences were noted
between statin-treated children and a placebo group [28,50]. Although the fear of muscle-
related adverse events is a common reason for delaying or not initiating statin treatment, it
is important to know that patients often remain asymptomatic and, if muscular symptoms
occur, they usually resolve spontaneously without therapy discontinuation [34,50].

Growth, development and cognition: Over time, several concerns have emerged
regarding the risk of interfering with the cholesterol synthesis pathway. As mentioned
above, in children, cholesterol is essential for cellular functionality, steroid hormones and
vitamin synthesis and for adequate growth and development (especially for normal brain
development) [51]. Several studies have been published on this issue and most of them
agree that statins have no effect on growth and development. When compared to a placebo,
there was no convincing evidence that statins may alter growth velocity, cognitive function
and educational level, sexual maturation (assessed by Tanner staging and age at menarche),
hormone concentrations (e.g., estradiol, testosterone), menstrual cycle length or erectile
function [14,28,34,41]. Concerns of statins affecting growth and development were also
proven unfounded when statins were used in homozygous FH children as early as 2 years
of age [25].

Diabetes mellitus: The risk of developing type 2 diabetes mellitus in children receiving
statin treatment is not well clarified, but seems to be lower than in adults (0.2% per year
approximately). It is likely that adults have a higher risk of new type 2 diabetes mellitus
because of older age, a more aggressive therapy and more frequent comorbidity and
concomitant drug use [44]. Interestingly, in a 20-year follow-up study, 1 of the 184 children
receiving statins (0.5%) and 2 of the 77 unaffected siblings (2.6%) developed diabetes [35].

Other side-effects: As with adults, mild adverse effects may include hypersensitivity
reactions (rash, urticarial), gastrointestinal (dyspepsia, abdominal pain, constipation, diar-
rhea) and neurological symptoms (headache, dizziness, asthenia). Nevertheless, there is no
support of a relationship between statin use and peripheral neuropathy [52]. Almost all of
these symptoms resolve with continued use of the statin [14].

Teratogenicity: In accordance with the most recent guidelines for childhood dyslipi-
demia, statins should be avoided during the preconception period, pregnancy and lactation
due to their possible teratogenic effects [53]. However, it is important to note that a re-
cent study systematically reviewed the existing studies on this topic, including almost
1.3 million participants. Very interestingly, the authors concluded that statins were not
associated with increased birth defects and that there was no clear evidence that statins
were teratogenic [54]. Further studies are therefore needed to investigate this issue.

Drug interactions: As a substrate of cytochrome P450, statins are associated with
multiple drug interactions. Competing substrates are able to increase the systemic plasma
concentrations of statins and their lipid-lowering effects, as well as the frequency of adverse
events [55]. Because of their extensive first-pass hepatic metabolism, drug interaction
effects are highest for simvastatin and lovastatin [14]; on the other hand, not being metab-
olized by a cytochrome P450 isoenzyme, pravastatin is the preferred choice for patients
at greater risk of drug interactions [44]. Competing substrates that should be avoided
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include antifungal azoles, macrolides, cyclosporine, protease inhibitors and grapefruit;
instead, dose adjustments are often needed for amiodarone and calcium channel-blockers.
Moreover, when receiving statins, patients should also avoid natural remedies containing
varying amounts of natural monacolin K (e.g., red yeast rice) [56].

5. Indications and Recommendations

Seven commercially available statins are currently available for children and adoles-
cents, being indicated at varying ages and dosages [32]. Table 1 provides a summary of the
approved statins in children and adolescents (Table 1).

Table 1. Commercially available statins for children and adolescents.

Drug Potency Pediatric FDA
Approvals Age Dose Mean LDL-C

% Reduction
Supporting

Studies

Atorvastatin High-potency Heterozygous
FH

10–17
years

10–20
mg/day 40% McCrindle et al. [57]

Fluvastatin Low-potency Heterozygous
FH

10–16
years

20–80
mg/day 34% Van der Graaf et al. [58]

Lovastatin Low-potency Heterozygous
FH

10–17
years

10–40
mg/day 17–37%

Lambert et al. [59]
Stein et al. [60]

Clauss et al. [61]

Pitavastatin High-potency Heterozygous
FH

≥8
years 1–4 mg/day 23–39% Braamskamp M.J. et al. [62]

Pravastatin Low-potency Heterozygous
FH

8–18
years

20 mg
(8–13 years)

23–33% Knipscheer et al. [63]
40 mg

(14–18 years)

Rosuvastatin High-potency

Heterozygous
FH

8–17
years

5–20 mg/day 38–50% Avis et al. [64]
Homozygous

FH
≥7

years

Simvastatin Moderate-
potency

Heterozygous
FH

10–17
years

10–40
mg/day 31–41% Couture et al. [65]

de Jongh et al. [66]

Rosuvastatin was recently approved for use in children from 7 years old (initially it
was authorized for use in children from 10 years old); pitavastatin and pravastatin are
indicated in children as young as 8 years old; atorvastatin, fluvastatin, lovastat in and
simvastatin may be used in children ≥ 10 years old [31,67]. At present, statins are approved
by the Food and Drug Administration (FDA) for children with FH and represent the first-
line lipid-lowering drug (statins supplanted bile acid sequestrants) [68]. Patients with FH,
due to the underlying genetic disorder, have persistent LDL-C elevations and are more
prone to accelerated atherosclerosis and premature ASCVD (high-risk condition) [69]. It
is therefore important to early recognize and effectively manage these patients, despite
being asymptomatic [6]. Several guidelines and statements provided recommendations for
statin treatment in pediatric populations [70–72]. According to The National Heart, Lung,
and Blood Institute (NHLBI) guidelines and American Heart Association (AHA) Scientific
Statement, the average of at least two separate fasting lipid profiles (obtained at more than
two weeks, but no more than three months apart) is used to determine which patients
are potential candidates for statin treatment [33,69]. Moreover, when evaluating the need
and the timing for drug treatment, the presence of secondary causes, familial history of
premature ASCVD, additional high-risk factors and risk-modifying conditions should also
be considered (Figure 2).
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Figure 2. Recommendations for statin treatment in pediatric populations.

In children with heterozygous FH, guidelines recommend starting statin therapy from
the age of 8–10 years: statins should be initiated after secondary causes of dyslipidemia
have been excluded and in such cases of persistently elevated LDL-C concentrations
despite 3–6 months of lifestyle modifications [63,73,74]. In heterozygous FH children
with more severe forms of LDL-C abnormalities, statin treatment may also be started
concurrently with therapeutic lifestyle changes [25,31]. On the other hand, in children with
homozygous FH, the lipid-lowering therapy should be initiated at diagnosis and often in
infancy, although the FDA granted approval for statins from the age of 7 years [63]. Given
the most severe lipid abnormalities and the notably increased cardiovascular risk, these
patients necessitate an earlier treatment in order to change the natural history of the disease,
normalize the atherosclerotic burden in adulthood, and to improve the prognosis [14]. In
fact, it is important to remember that the severity of atherosclerosis depends on the lifetime
exposure to elevated LDL-C concentrations [1]. In homozygous FH, statins represent the
pillar of the treatment despite not being sufficient alone for achieving the LDL-C goals
(only 20% of children reach the target) [35]. As with regard to the therapeutic targets, it is
noteworthy that there are no evidence-based LDL-C goals for pediatrics: however, when
statin therapy is initiated, commonly used targets are:

- LDL-C values < 130 mg/dL in moderate-risk patients (heterozygous FH)
- LDL-C values < 100 mg/dL or a 50% reduction in LDL-C from baseline values in

high-risk patients (homozygous FH) [75,76].
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6. Prescribing Statin Use in Youth

When statin therapy should be initiated, the decision of a particular statin is mainly
a matter of healthcare provider preference, but the choice should also take into account
the child’s age, baseline LDL-C values and LDL-C goals [31]. Moreover, the family and
patient’s preferences should also be considered, especially if a family member is already
taking a particular statin formulation [14]. Statins should be administered once a day, at
the lowest available dose: no dose adjustments based on body weight are required [33].
Because most cholesterol synthesis occurs overnight, HMG-CoA reductase inhibitors are
typically prescribed with the evening meal or at night [44]. However, this is not always
necessary: statins may be taken with or without meals and some of them (e.g., rosuvastatin,
atorvastatin), having a long terminal half-life (approximately 19 and 14 h respectively), may
be taken at any time [77]. Before initiating statins, it is imperative for clinical practitioners
to consult patients and families in order to help to address their hesitancies and concerns
regarding the benefits, risks and impacts (e.g., impact on quality of life) of statin therapy.
Clinicians should explain the potential need for a lifetime drug therapy and the importance
of adopting healthy habits as a synergistic lipid-lowering mechanism [25,78]. Given the
possible teratogenicity of statins, all sexually active females must be counselled on having
an appropriate contraception [79]; moreover, in view of their pharmacokinetics, a detailed
review of potential drug interactions should always be addressed when prescribing HMG-
CoA reductase inhibitors [80]. Considering that there are over 30 million patients with FH
worldwide (20–25% of whom are younger than 19 years old) and most of them are not
diagnosed and/or treated, it is important to promote and increase the knowledge on lipid
disorders and their treatment [81,82]. A recent European study, comprising approximately
3.000 heterozygous FH children, showed surprising results: first, there were large between-
country differences in the mean age of diagnosis of FH (e.g., 3 years in Greece, 11 years
in Belgium). In addition, a significant proportion of the children who were potential
candidates for lipid-lowering treatment were not on statin therapy in Europe; in fact,
across the European countries the proportion was again very different. This was probably
associated with the very different diagnostic strategies and policies used in the different
countries [83]. In view of these observations, it is important that clinicians know the current
recommendations and be familiar with the characteristics, the dosage and the formulations
of at least one of the statins [1].

7. Surveillance

As with any new medication therapy, it is important for clinicians to monitor patients
taking statins [84]. In particular, the efficacy of treatment, the adherence to therapy and the
onset of adverse effects should all be carefully monitored. The most up-to-date guidelines
suggest repeating a fasting lipid-profile 4–8 weeks after statin initiation; if adequate LDL-C
reduction is observed, a fasting lipid profile should be repeated every 3–6 months (in
the first year) and longitudinally every 6–12 months (Figure 3) [33]. If sufficient LDL-C
reductions are not achieved, the adherence to therapeutic lifestyle changes and to statin
treatment must be assessed [85]. While the adoption of healthy habits may be challenging,
the adherence to statin therapy is usually good: according to some studies, 84% of patients
took 80% or more of the prescribed medications [35]. When drug compliance is adequate
and the tolerance is good, it is recommended to increase the statin dose by one increment
(doubling the dose): no dose adjustments based on body weight are needed [14]. However,
it is important to known that doubling the statin dose has only modest effects on LDL-C
concentrations (resulting in further reduction of approximately 6%) [25]. Moreover, the
increased dose may result in more adverse events, although the maximal dose of potent
statins for children is between 25% and 50% of the one approved for adults [32]. Only when
the combination of maximally dosed statins and lifestyle changes results in an inadequate
LDL-C reduction, the addition of a second lipid-lowering therapy (e.g., ezetimibe) should
be considered, in accordance with a lipid specialist [69]. It is important to check a fasting
lipid profile at each dose and therapy modification or when it is clinically indicated. Current
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guidelines do recommend assessing transaminases and creatine phosphokinase levels at
baseline and to constantly monitor the onset of new symptoms. After initiating statin ther-
apy, it is also suggested to monitor liver enzymes and creatine phosphokinase at 1–2 months
and to assess liver enzymes at 3–6 months and periodically thereafter: routine monitoring of
creatine phosphokinase is not required because it may result in incidental increases of mus-
cular enzymes that may be related to physical activity [14,33]. Nevertheless, if myopathy
symptoms occur, creatine phosphokinase should be measured immediately. When slight
increases in liver enzymes or creatine phosphokinase occurs, the discontinuation of statin
treatment is not necessary; however, when transaminases and creatine phosphokinase lev-
els increase over 3-fold and over 10-fold, respectively, a prompt discontinuation of statins
and the exclusion of other causes of muscular and liver dysfunction is suggested [44]. When
children are on statin therapy, it is also advised to monitor growth, development and sexual
maturation and it may be reasonable to periodically monitor fasting glucose concentrations
(especially in patients at risk of diabetes) [85]. As mentioned above, adolescent females
should be counselled on the potential teratogenicity of statins: they should be informed
about the importance of contraception and discontinuing statin therapy prior to planned
conception (at least 3 months before), pregnancy and lactation [63]. At each visit, it is also
recommended to review the potential drug interactions of statins. HMG-CoA reductase
inhibitors are typically safe and statin intolerance is uncommon in children; even though
side effects occur, it is not contraindicated to reinitiate the previous statin therapy (once
laboratory abnormalities and symptoms are resolved). Alternatively, if LDL-C targets were
achieved, it is also possible to administer a lower dose of the same statin, the same dose on
alternate days or another statin formulation (with different pharmacokinetics) before using
a non-statin therapy [14,44].
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8. Limitations

As mentioned above, due to their possible teratogenic effects, statins should be avoided
during the preconception period and pregnancy; it is recommended to cease statin therapy
for at least three months prior to becoming pregnant or as soon as pregnancy is recognized.
Female patients should also avoid statins during lactation; if they require statin therapy,
they should receive direction to immediately stop breastfeeding [14]. Statin contraindica-
tions also include children with hypersensitivity to any of its components and patients
with active liver disease [44]. Statins should be prescribed with caution in patients with
concurrent administration of interfering drugs, predisposing factors for myopathy and
patients with chronic kidney disease. In the latter case, dose modification is required and
only atorvastatin and simvastatin can be used (being not metabolized in the kidneys) [55].

9. Conclusions

Mounting evidence suggests that cardiovascular risk factors, such as dyslipidemia,
may be present early on in life. In view of this, and considering that children with lipid
abnormalities are more likely to become adults with dyslipidemia, it is extremely important
to identify and manage children with lipid abnormalities early (especially those with more
severe forms of dyslipidemia). However, in order to achieve these goals, it is important
to widely promote the knowledge in this field. The treatment of childhood dyslipidemia
has undergone significant changes in recent years: statins are now considered the first-line
pharmacologic therapy and the cornerstone of FH treatment during childhood. Statins have
increasingly been used in children and adolescents, including those at risk for premature
ASCVD (e.g., FH): as in adults, statins effectively improve the lipid profile (mainly by
lowering LDL-C), slow the progression of the atherosclerotic process and reduce atheroscle-
rotic burden in adulthood. Current data suggest that the use of statins during childhood
may potentially normalize the future cardiovascular risk despite not reaching LDL-C goals.
As a consequence, these findings highlight the potential importance of the pleiotropic
effects of statins and the utility of precocious treatment when atherosclerosis is reversible.
HMG-CoA reductase inhibitors are safe and well-tolerated; as opposed to adults, less
aggressive therapy is initiated and less frequent comorbidities are present. Therefore, the
risk of adverse events is lower in children than adults. Despite being safe and effective,
many children with lipid disorders are not on statin therapy and are not receiving the
full potential benefit of adequate lipid-lowering therapies. It is therefore important that
clinicians become familiar with statins: this also applies to primary care providers, who are
often the first to diagnose childhood dyslipidemia. Lastly, given that most studies were
in pediatric FH, more studies are needed to evaluate statin use in children with other risk
conditions, such as obesity and diabetes. The increasing prevalence of obesity and diabetes
altering the landscape of childhood dyslipidemia combined with dyslipidemia of obesity
currently comprise the most frequent phenotype of lipid abnormalities.
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Abstract: Cardiovascular abnormality-mediated retinal ischemia causes severe visual impairment.
Retinal ischemia is involved in enormous pathological processes including oxidative stress, reactive
gliosis, and retinal functional deficits. Thus, maintaining retinal function by modulating those
pathological processes may prevent or protect against vision loss. Over the decades, nicotinamide
mononucleotide (NMN), a crucial nicotinamide adenine dinucleotide (NAD+) intermediate, has been
nominated as a promising therapeutic target in retinal diseases. Nonetheless, a protective effect of
NMN has not been examined in cardiovascular diseases-induced retinal ischemia. In our study, we
aimed to investigate its promising effect of NMN in the ischemic retina of a murine model of carotid
artery occlusion. After surgical unilateral common carotid artery occlusion (UCCAO) in adult male
C57BL/6 mice, NMN (500 mg/kg/day) was intraperitoneally injected to mice every day until the
end of experiments. Electroretinography and biomolecular assays were utilized to measure ocular
functional and further molecular alterations in the retina. We found that UCCAO-induced retinal
dysfunction was suppressed, pathological gliosis was reduced, retinal NAD+ levels were preserved,
and the expression of an antioxidant molecule (nuclear factor erythroid-2-related factor 2; Nrf2) was
upregulated by consecutive administration of NMN. Our present outcomes first suggest a promising
NMN therapy for the suppression of cardiovascular diseases-mediated retinal ischemic dysfunction.

Keywords: nicotinamide mononucleotide; oxidative stress; common carotid artery occlusion; retinal
ischemia; neuroprotection

1. Introduction

Cardiovascular dysfunction-induced retinal injury is a type of the severe vision-
threatening diseases. As blood (including oxygen) to the retina is directly supplied through
the ophthalmic artery stretched from the internal carotid artery (a branch of the common
carotid artery), the retina is highly susceptible to cardiovascular dysfunction [1]. When
cardiovascular abnormality (including carotid artery stenosis or occlusion) occurs, reti-
nal ischemia can be evoked in human and murine [2–4], finally leading to transient or
permanent visual impairment.

Retinal ischemia contains complicated pathological processes including oxidative
stress, reactive gliosis, and retinal functional deficits [5,6]. As effective treatment has not
yet been developed for retinal ischemia-induced retinal dysfunction, studies on searching
for promising therapeutics to protect against retinal ischemia-induced retinal dysfunction
have been attempted at the preclinical stage [6].

Nicotinamide mononucleotide (NMN) is an important precursor of nicotinamide ade-
nine dinucleotide (NAD+), an essential molecule required for various cellular functions [7].
Maintaining NAD+ biosynthesis has been considered important for the prevention of a
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variety of age-related metabolic diseases and disorders, including obesity, insulin resistance,
and diabetes [8–10]. Previously, NMN was also reported to prevent or protect against retinal
damages (the inner and/or outer retina) in light-induced retinopathy, retinal detachment,
or retinal ischemia/reperfusion injury [11–13]. It has been speculated that therapeutic
effects of NMN might be associated with maintenance of levels of NAD+. However, a
protective effect of NMN has not yet been examined in cardiovascular disease-mediated
retinal dysfunction.

Therefore, in the current study, we first investigated whether NMN treatment could
show a promising protective effect in the ischemic retina of a murine model of carotid
artery occlusion.

2. Results
2.1. Consecutive Treatment of NMN Protects against Retinal Dysfunction in a Mouse Model of
Unilateral Common Carotid Artery Occlusion

To examine whether NMN treatment could show a protective effect against retinal
dysfunction caused by unilateral common carotid artery occlusion (UCCAO) in adult
mice, NMN (500 mg/kg) was intraperitoneally injected to mice after UCCAO (Figure 1A).
NMN was continuously provided every day until the end of whole experiments. The
concentration of NMN was determined based on our previous paper and other groups’
reports [11–14], which is general for various experimental murine models. UCCAO was
conducted using permanent surgical occlusion in the right common carotid artery (Fig-
ure 1B), according to our previous publications [15–17]. Retinal ischemia could be evoked
as retinal blood is supplied through the ophthalmic artery (OpA) connected with the inter-
nal carotid artery (ICA), one of the branches of the common carotid artery (CCA). As eyelid
drooping was generally detected as a sign for a successful UCCAO surgery [15–17], we
grossly examined eyelids of all mice after UCCAO, and found 100% rate of eyelid drooping
in UCCAO groups, similar to our previous observations.
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Figure 1. Retinal functional protection by continuous NMN treatment. (A) A general experimental 
scheme. UCCAO, unilateral common carotid artery occlusion; D, day; ERG, electroretinography; 
i.p., intraperitoneal injection; NMN, nicotinamide mononucleotide. (B) An anatomical view on the 
induction of retinal ischemia by surgical UCCAO. Surgical permanent occlusion of the common 
carotid artery (CCA) could induce occlusion of the internal carotid artery (ICA), finally leading to 
occlusion of the ophthalmic artery (OpA) which supplies the retina. (C) Quantitative analyses (n = 
8 per group) demonstrated that the body weight was significantly reduced by UCCAO. There was 
no dramatic difference in the body weight between PBS-treated and NMN-treated 
UCCAO-operated mice. *** p <  0.001; ns, not significant. One-way ANOVA followed by a Bonfer-
roni post hoc test. A graph is shown as mean with actual values (mean and standard deviation, 
sham: 19.41, 0.83; UC; PBS: 15.60, 0.50; UC; NMN: 15.94, 0.86). (D) Quantitative analyses (n = 8 per 
group) demonstrated that there was no difference in intraocular pressure (IOP) among all group. 
ns, not significant. One-way ANOVA followed by a Bonferroni post hoc test. A graph is shown as 
mean with actual values (mean and standard deviation, sham: 10.63, 5.78; UC; PBS: 8.50, 0.75; UC; 
NMN: 10.63, 3.37). (E,F) Representative waveforms (2 cd.s/m2) of ERG and quantitative analyses (n 
= 7–12 per group) demonstrated that the ERG amplitudes decreased 7 days after UCCAO. NMN 
treatment suppressed reductions in the ERG amplitudes, flashed with various standardized inten-
sities (0.1, 0.5, 2, 10, or 50 cd.s/m2). * p <  0.05, ** p <  0.01, *** p <  0.001; # p <  0.05, ## p <  0.01, ### p <  
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Figure 1. Retinal functional protection by continuous NMN treatment. (A) A general experimental
scheme. UCCAO, unilateral common carotid artery occlusion; D, day; ERG, electroretinography;
i.p., intraperitoneal injection; NMN, nicotinamide mononucleotide. (B) An anatomical view on the
induction of retinal ischemia by surgical UCCAO. Surgical permanent occlusion of the common
carotid artery (CCA) could induce occlusion of the internal carotid artery (ICA), finally leading
to occlusion of the ophthalmic artery (OpA) which supplies the retina. (C) Quantitative analyses
(n = 8 per group) demonstrated that the body weight was significantly reduced by UCCAO. There
was no dramatic difference in the body weight between PBS-treated and NMN-treated UCCAO-
operated mice. *** p < 0.001; ns, not significant. One-way ANOVA followed by a Bonferroni post
hoc test. A graph is shown as mean with actual values (mean and standard deviation, sham: 19.41,
0.83; UC; PBS: 15.60, 0.50; UC; NMN: 15.94, 0.86). (D) Quantitative analyses (n = 8 per group)
demonstrated that there was no difference in intraocular pressure (IOP) among all group. ns, not
significant. One-way ANOVA followed by a Bonferroni post hoc test. A graph is shown as mean with
actual values (mean and standard deviation, sham: 10.63, 5.78; UC; PBS: 8.50, 0.75; UC; NMN: 10.63,
3.37). (E,F) Representative waveforms (2 cd.s/m2) of ERG and quantitative analyses (n = 7–12 per
group) demonstrated that the ERG amplitudes decreased 7 days after UCCAO. NMN treatment
suppressed reductions in the ERG amplitudes, flashed with various standardized intensities (0.1,
0.5, 2, 10, or 50 cd.s/m2). * p < 0.05, ** p < 0.01, *** p < 0.001; # p < 0.05, ## p < 0.01, ### p < 0.001.
One-way ANOVA followed by a Bonferroni post hoc test. Graphs are shown as mean ± standard
deviation. UC, UCCAO.

As a general parameter, we screened body weight (Figure 1C) and intraocular pressure
(Figure 1D) after UCCAO. After UCCAO, the body weight was reduced, which has been
consistently seen in the murine UCCAO model [18,19]. There was no change in the body
weight by NMN treatment. There was no dramatic difference in intraocular pressure among
groups, similar with that observed in the murine UCCAO model.

Previously, we found that retinal dysfunction was seen 7 days after UCCAO [16]. We
reproduced this finding in our current system (Figure 1E,F). Continuous NMN treatment
significantly suppressed its reductions.

2.2. Consecutive Treatment of NMN Reduces Pathological Gliosis in a Mouse Model of Unilateral
Common Carotid Artery Occlusion

We examined whether NMN treatment could reduce pathological gliosis caused by
UCCAO in mice. Previously, there were increases in retinal glial activation (especially,
an increased immunoreactivity in glial fibrillary acidic protein; GFAP) after UCCAO [16].
Consistent with the previous report, we could detect glial activation, analyzed with the
GFAP immunoreactivity (Figure 2A). Furthermore, NMN treatment reduced pathological
gliosis. Additionally, we screened two inflammatory glial chemokines (Ccl2 and Ccl12)
as their expressions have been reported to increase after UCCAO [17,18]. Induction in
chemokine ligands Ccl2 and Ccl12 mRNA expressions was reduced by NMN treatment
under the same condition (Figure 2B).
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Pathway in a Mouse Model of Unilateral Common Carotid Artery Occlusion 

We examined whether NMN treatment could preserve redox balance and activate 
an antioxidant pathway. Numerous previous reports demonstrated that supplementa-
tion with NMN could increase NAD+ biosynthesis in various cell types [20–22]. We ap-

Figure 2. Modulation of pathological retinal gliosis and inflammation by consecutive NMN treatment.
(A) Representative images and quantitative analyses (n = 5–8 per group) demonstrated that NMN
treatment suppressed increases in GFAP immunoreactivities induced by UCCAO. Scale bar, 50 µm.
*** p < 0.001; ### p < 0.001. One-way ANOVA followed by a Bonferroni post hoc test. A graph is
shown as mean with actual values (mean and standard deviation, sham: 1.00, 0.23; UC; PBS: 2.12,
0.39; UC; NMN: 1.02, 0.12). (B) Quantitative analyses (n = 8 per group) demonstrated that NMN
administration reduced upregulation in Ccl2 and Ccl12 mRNA expressions in the ischemic retina.
*** p < 0.001; # p < 0.05, ## p < 0.01. One-way ANOVA followed by a Bonferroni post hoc test. Graphs
are shown as mean with actual values (mean and standard deviation, sham: 1.00, 1.02; UC; PBS:
51.95, 16.42; UC; NMN: 31.46, 11.72; sham: 1.00, 0.38; UC; PBS: 36.54, 17.33; UC; NMN: 21.50, 6.54).
UC, UCCAO.

2.3. Consecutive Treatment of NMN Preserves Redox Balance and Activates an Antioxidant
Pathway in a Mouse Model of Unilateral Common Carotid Artery Occlusion

We examined whether NMN treatment could preserve redox balance and activate
an antioxidant pathway. Numerous previous reports demonstrated that supplementation
with NMN could increase NAD+ biosynthesis in various cell types [20–22]. We applied
this concept to our current system, and found the preservation of NAD+ levels in the
UCCAO-induced ischemic retina by continuous NMN treatment (Figure 3A).

Next, as NMN treatment has also been reported to increase antioxidant genes (espe-
cially, nuclear factor erythroid-2-related factor 2; Nrf2) in various cell types in vitro and
in vivo [12,23–26]. Therefore, we examined whether NMN treatment could increase Nrf2
mRNA expression under our current condition (Figure 3B). On day 2 after UCCAO, we
found that Nrf2 mRNA expression increased by NMN treatment, while there was no signif-
icant difference in its expression between sham and UCCAO groups (Figure 3B). On day 7
after UCCAO, we found decreases in its expression, while NMN treatment dramatically
suppressed the reductions.
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Figure 3. Modulation of redox balance and an antioxidant pathway by NMN treatment. (A) Quanti-
tative analyses (n = 6 per group) demonstrated that retinal NAD+ levels were significantly reduced
by UCCAO. NMN treatment significantly suppressed its reduction. * p < 0.05; ## p < 0.01. One-way
ANOVA followed by a Bonferroni post hoc test. A graph is shown as mean with actual values
(mean and standard deviation, sham: 390.0, 23.38; UC; PBS: 326.2, 43.12; UC; NMN: 408.7, 44.13).
(B) Quantitative analyses (n = 6 per group) demonstrated that NMN administration increased Nrf2
mRNA expression in the ischemic retina. *** p < 0.001; ## p < 0.01; ns, not significant. One-way
ANOVA followed by a Bonferroni post hoc test. A graph is shown as mean with actual values (mean
and standard deviation, sham: 1.00, 0.26; UC; PBS: 1.35, 0.60; UC; NMN: 2.30, 0.43; sham: 1.00, 0.12;
UC; PBS: 0.15, 0.12; UC; NMN: 0.51, 0.23). UC, UCCAO; D, day.

2.4. Consecutive Treatment of NMN Does Not Affect Retinal Thickness in a Mouse Model of
Unilateral Common Carotid Artery Occlusion

According to our previous UCCAO papers, retinal thickness was not dramatically
altered by UCCAO in mice. Nonetheless, we examined whether NMN treatment may affect
retinal thickness in UCCAO-operated mice (Figure 4). There was no dramatic difference in
retinal thickness (total, outer, and inner) among all groups. Based on our current functional
and histological outcomes, NMN treatment may work on retinal functional protection
without affecting retinal thickness in UCCAO-operated mice.
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Figure 4. Screening of alterations in retinal thickness by NMN treatment. (A) A representative
retinal picture of the optical coherence tomography (OCT). GCL, the ganglion cell layer; INL, the
inner nuclear layer; ONL, the outer nuclear layer; ONH, the optic nerve head. Scale bar, 500 µm.
(B,C) Quantitative analyses showed that NMN treatment did not change retinal thickness in UCCAO-
operated mice, analyzed at 200, 400, and 600 µm from ONH (n = 5–6 per group). ns, not significant.
Two-way ANOVA followed by a Bonferroni post hoc test. Graphs are shown as mean ± standard
deviation. UC, UCCAO.
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3. Discussion

The present study demonstrated that retinal functional impairment and pathological
retinal gliosis could be induced by cardiovascular dysfunction, and continuous NMN
treatment could show therapeutic effects against such injuries. Furthermore, redox imbal-
ance under the retinal ischemic condition was modulated by continuous NMN treatment.
Although promising NMN therapy in not only age-dependent or systemic metabolism-
mediated diseases and disorders but also several retinopathies has been recently sug-
gested [8–10], as far as we know, our current report is the first to expand the protective
role of NMN in a murine model of permanent surgical occlusion of the unilateral common
carotid artery.

We found that UCCAO-induced retinal dysfunction and pathological gliosis were
reduced by consecutive NMN treatment. Similar aspects were described in previous studies
from ours and others. We recently found that retinal ischemia/reperfusion injury-induced
retinal dysfunction was lessened by consecutive NMN treatment [12]. Chen et al. showed
that NMN treatment reduced cell death in the outer layer at the acute stage of retinal
detachment [11]. Furthermore, NMN treatment suppressed pathological gliosis at the
late stage of retinal detachment. Lin et al. showed that NMN treatment reduced retinal
dysfunction in mice lacking Nampt and in mice of light-induced retinal damages [13]. In
this aspect, NMN therapy might be promising for prevention or protection of various
retinal diseases.

NMN is one of the natural compounds to boost NAD+ biosynthesis. In mammals,
NMN can be produced from nicotinamide (NAM, a form of vitamin B3 found in vari-
ous foods) by nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting en-
zyme [21,27,28]. NMN can also be synthesized from nicotinamide riboside (NR) through
NR kinase-mediated phosphorylation reaction. NMN can be converted into NAD+ by
NMN adenylyltransferase (NMNAT). In this regard, NMN supplementation could increase
NAD+ biosynthesis. In fact, numerous experimental studies showed its relationship under
their experimental conditions in not only the central nervous system but also other types
of body systems [21,27,28]. Chen et al. showed that retinal NAD+ levels increased by
NMN treatment in the retinal detachment-induced damaged retina [11]. In our current
study, we found that retinal NAD+ levels also increased by NMN treatment in the UCCAO-
operated ischemic retina. Taken together, its event might be highly conserved. Nonetheless,
more studies are needed on which strategies (administration methods, concentrations, or
durations for NMN treatment) could effectively activate this biosynthesis.

Therapeutic roles of NMN are generally explained with upregulation of antioxidants to
protect cells against redox imbalance. Based on our and other previous reports, the antioxi-
dant function of NMN has been associated with the Nrf2 antioxidant pathway [12,23–26].
We recently demonstrated that NMN treatment increased Nrf2 expression and cellular
protective properties in retinal 661W cells under CoCl2-induced pseudohypoxic oxidative
stress conditions [12]. Pu et al. demonstrated that NMN treatment showed protective
effects against high glucose-evoked cellular damages in human corneal epithelial cells via
the Nrf2 signaling pathway [25]. Wei et al. demonstrated that NMN treatment attenuated
intracerebral hemorrhage-induced cellular damages in the central nervous system through
the Nrf2 signaling pathway [26]. In our current data, NMN treatment constantly increased
Nrf2 expression in the ischemic retina under the UCCAO-induced redox imbalanced con-
dition. Taken together, our present outcome also supports the notion that the therapeutic
role of NMN might be associated with the Nrf2 antioxidant signaling pathway in various
eukaryotic cells and tissues.

In the murine model of UCCAO itself, there was no dramatic change in retinal thick-
ness in our current experimental system. Its finding has been consistently detected in our
previous publications [15–17]. Nonetheless, retinal thickness could be affected by retinal
ischemic insults in humans [29–32]. Although there exist gaps between mice and humans,
it can be speculated that retinal ischemia in humans is closely combined with systemic
metabolic stress [33–35], while the experimental UCCAO murine model has no such stress.
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To solve this issue, the UCCAO model can be combined with systemic metabolic dysregu-
lation such as streptozotocin injection (to induce systemic diabetic conditions) or genetic
manipulation (to cause metabolic diseases or conditions of interest) [36–39]. With this novel
model of UCCAO, more clinically relevant findings could be obtained with NMN therapy,
which will be further studied.

In summary, we firstly attempted to apply the currently promising NMN therapy to
a murine model of unilateral common carotid artery occlusion. As the outcomes, retinal
functional damages and pathological gliosis were suppressed by consecutive NMN treat-
ment. Furthermore, retinal redox balance was preserved by consecutive NMN treatment
along with upregulating the antioxidant pathway. Although further understandings on
the mechanism of action of NMN therapy in retinal ischemia are desired, we suggest that
NMN supplements can be one of the promising therapeutic strategies for protecting against
ischemic retinopathy based on our brief observations.

4. Materials and Methods
4.1. Animal, Unilateral Common Carotid Artery Occlusion, and NMN Treatment

Whole animal experimental procedures were followed by the Ethics Committee on
Animal Research of Keio University School of Medicine (#16017), the International Stan-
dards of Animal Care and Use, Animal Research: Reporting in Vivo Experiments, and the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

Adult black male mice (C57BL/6, 5 weeks old) were obtained from CLEA Japan
(Tokyo, Japan). After randomizing mice, we performed the UCCAO surgery, as previously
described [15–17]. Briefly, the neck areas of mice were open to observe the right carotid
arteries. The right CCA was tightly occluded using 6–0 silk sutures. After wound suturing,
mice were recovered with warm pads to maintain body temperature. When mice were
awake, they were back to cages for the further experiments. After mice were fully recovered
(around 4 h after the surgery), intraperitoneal NMN (500 mg/kg) injection was consistently
performed every day for 24 h interval.

4.2. Electroretinography (ERG) and Optical Coherence Tomography (OCT)

We performed ERG, as previously indicated in our papers [15,16]. Briefly, after dark
adaptation for more than 12 h, mice were anesthetized using a mixture of medetomidine
(7.5 µg/100 µL; Orion, Espoo, Finland), midazolam (40 µg/100 µL; Sandoz, Tokyo, Japan),
and butorphanol tartrate (50 µg/100 µL; Meiji Seika Pharma, Tokyo, Japan) [40]. Scotopic
ERG responses were recorded using a PuREC ERG acquisition system (MAYO, Inazawa,
Japan). Various standardized light stimuli were evoked to measure the amplitudes of
a-wave and b-wave.

Envisu R4310 OCT (Leica, Wetzlar, Germany) was performed as previously indicated
in our papers [15,16]. Briefly, after anesthesia, mice were immediately placed on an OCT
platform. After adjustment for positioning the retina to the OCT camera, retinal images
at 200, 400, and 600 µm from the optic nerve head were captured. Retinal thickness was
measured using the software provided by Envisu R4310 OCT.

4.3. Immunohistochemistry (IHC)

We performed IHC, as previously described in our papers [15–17]. After making
flat-mounted retinas from the eyes, a primary antibody (GFAP 1:400, Cat #13-0300, Thermo
Fisher Scientific, Waltham, MA, USA) was added to the retinas. After overnight incubation,
the retinas were washed with PBS including 0.1% Triton three times. Species-appropriate
fluorescence-conjugated secondary antibodies (Thermo Fisher Scientific, Waltham, MA,
USA) were added to the retinas for 2 h at room temperature. After generally washing
with PBS including 0.1% Triton three times, the retinas were mounted with cover slips and
examined using the LSM710 microscope (Carl Zeiss, Jena, Germany).
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4.4. Quantitative PCR (qPCR)

Whole procedures for qPCR analysis were as same as described in our previous
publications [15–17]. A series of RNA-cDNA-qPCR kits (Qiagen, Velno, Netherlands;
TOYOBO, Osaka, Japan; Applied Biosystems, Waltham, MA, USA) were utilized to prepare
RNA samples, synthesize cDNA, and conduct qPCR. The primer sequence used in the
present study is entered in Table 1. The generally used ∆∆CT analysis protocol was utilized
to determine relative fold changes.

Table 1. Primer list.

Name Direction Sequence (5′ → 3′) Accession Number

Hprt Forward TCAGTCAACGGGGGACATAAA
NM_013556.2Reverse GGGGCTGTACTGCTTAACCAG

Nrf2 Forward TAGATGACCATGAGTCGCTTGC
NM_010902.4Reverse GCCAAACTTGCTCCATGTCC

Ccl2
Forward CCCAATGAGTAGGCTGGAGA

NM_011333.3Reverse TCTGGACCCATTCCTTCTTG

Ccl12
Forward GCTACAGGAGAATCACAAGCAGC

NM_011331.3Reverse ACGTCTTATCCAAGTGGTTTATGG

4.5. Nicotinamide Adenine Dinucleotide (NAD+) Assay

We performed NAD+ assay using a commercially available kit by following manufac-
turer’s instructions (Cat #ab65348, Abcam, San Francisco, CA, USA). Briefly, fresh retinal
samples (within 1 h after the last NMN treatment) were homogenized in extraction buffer
in the kit. Then, concentrations of total NAD and decomposed NAD+ were measured using
the extracted samples by a plate reader (Synergy HT Multi-Mode, Winooski, VT, USA).
NAD+ was calculated with the equation NAD+ = total NAD − decomposed NAD+.

4.6. Statistical Analysis

Statistical significance for all experimental values was determined using one or two-
way ANOVA followed by a Bonferroni post hoc test depending on the data set. Statistical
significance was regarded when p < 0.05.
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Abstract: Tirzepatide is a new molecule capable of controlling glucose blood levels by combining the
dual agonism of Glucose-Dependent Insulinotropic Polypeptide (GIP) and Glucagon-Like Peptide-
1 (GLP-1) receptors. GIP and GLP1 are incretin hormones: they are released in the intestine in
response to nutrient intake and stimulate pancreatic beta cell activity secreting insulin. GIP and
GLP1 also have other metabolic functions. GLP1, in particular, reduces food intake and delays gastric
emptying. Moreover, Tirzepatide has been shown to improve blood pressure and to reduce Low-
Density Lipoprotein (LDL) cholesterol and triglycerides. Tirzepatide efficacy and safety were assessed
in a phase III SURPASS 1–5 clinical trial program. Recently, the Food and Drug Administration
approved Tirzepatide subcutaneous injections as monotherapy or combination therapy, with diet
and physical exercise, to achieve better glycemic blood levels in patients with diabetes. Other clinical
trials are currently underway to evaluate its use in other diseases. The scientific interest toward this
novel, first-in-class medication is rapidly increasing. In this comprehensive and systematic review, we
summarize the main results of the clinical trials investigating Tirzepatide and the currently available
meta-analyses, emphasizing novel insights into its adoption in clinical practice for diabetes and its
future potential applications in cardiovascular medicine.

Keywords: cardiovascular medicine; diabetes; hypertension; GIP; GLP-1; glucagon; incretins;
LY3298176; meta-analysis; obesity; SUMMIT; SURMOUNT; SURPASS; SYNERGY; Tirzepatide

1. Introduction

Type 2 Diabetes Mellitus (T2DM) is an important independent risk factor for atheroscle-
rotic cardiovascular disease [1], is frequently associated with obesity, and has been linked
to high morbidity and mortality rates [2]. Glucose-Dependent Insulinotropic Polypeptide
(GIP) and Glucagon-Like Peptide-1 (GLP-1), also known as incretins, are hormones released
in the intestine in response to the intake of nutrients, and they are capable of stimulating
pancreatic beta cells to release insulin, thereby participating in the regulation of glucose
homeostasis [3–5].

GIP inhibits gastric secretion activity, stimulates insulin secretion, and has insulin-like
action on adipose tissue inhibiting lipolysis and promoting lipogenesis [6–8]. GLP1 is able
to stimulate insulin secretion and inhibit glucagon release; it also slows gastric emptying
and induces a sense of satiety [9]. Incretins are rapidly degraded by dipeptidyl-peptidase
4 (DPP4) [10,11]. Thus, DPP4 inhibitors and GLP1 receptor agonists have been used to
date as drugs for the treatment of T2DM acting on the incretin system [12–14]. Mounting
evidence indicates that the contemporary administration of GIP and GLP1 has a synergistic
effect by significantly increasing insulin response and glucagonostatic action [15–25].
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A new molecule with a combined agonist action on both GPI and GLP1 receptors
(“twincretin”) has been developed to take advantage of this synergistic effect: Tirzepatide
(LY3298176) [26–28] is the first “twincretin”, a synthetic peptide composed of 39 amino
acids based on the GIP native sequence [29,30], combining the dual agonism of GIP and
GLP-1 receptors controlling glycemic blood level and reducing body weight (Figure 1).
Tirzepatide has an affinity for the GIP receptor equal to that of native GIP and an affinity
for the GLP-1 receptor ~5-fold weaker than that of native GLP-1 [31,32]. Tirzepatide can
also improve parameters related to cardiovascular risk, including blood pressure (BP) [33],
waist circumference, LDL, and circulating triglycerides [34–37]. Both its effectiveness and
safety have been demonstrated in several clinical trials.
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that has two non-coded amino acid residues (α-aminoisobutyric acid) at positions 2 and 13 and is
acylated on K20 with a γGlu-2×OEG linker and C18 fatty diacid moiety.

In this comprehensive review, we analyze the main results of the trials investigating
Tirzepatide and discuss its future use as a drug to tackle T2DM and cardiovascular disorders.

2. Tirzepatide in the SURPASS Trials

The Study of Tirzepatide in Participants with T2DM Not Controlled with Diet and Exercise
Alone (SURPASS) clinical trials were designed to demonstrate the effectiveness and safety
of Tirzepatide as a hypoglycemic drug in patients affected by T2DM. The primary outcome
was the mean change in glycated hemoglobin (HbA1c) from baseline.

SURPASS-1 was a randomized, double blinded, clinical trial that evaluated the ef-
fectiveness of Tirzepatide (subcutaneous injections once weekly) compared to placebo in
patients with T2DM inadequately controlled by diet and exercise [38]. This trial demon-
strated that Tirzepatide is superior to placebo in improving glycemic control and reducing
body weight [38]. Indeed, Tirzepatide, at all doses tested, was better than placebo in
inducing changes from baseline in HbA1c, fasting serum glucose, body weight, and HbA1c
targets of less than 7.0% (<53 mmol/mol) and less than 5.7% (<39 mmol/mol) at 40 weeks.
Participants were randomly assigned to Tirzepatide 5 mg (n = 121), Tirzepatide 10 mg
(n = 121), Tirzepatide 15 mg (n = 120), or placebo (n = 113) (Table 1).
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Table 1. Results of the SURPASS-1 trial at 40 weeks [26]. Efficacy analyses were performed in the
modified intention-to-treat (mITT) population, which includes all randomized participants receiving
at least one treatment dose; * p < 0.0001; ** p = 0.72; *** p = 0.22.

Outcomes
Tirzepatide

5 mg
(n = 121)

Tirzepatide
10 mg

(n = 121)

Tirzepatide
15 mg

(n = 120)

Placebo
(n = 113)

HbA1c (%)

Baseline 7.97 7.88 7.88 8.08

From baseline −1.87 * −1.89 * −2.07 * 0.04 **

Versus placebo −1.91 * −1.93 * −2.11 * -

Weight (kg)
From baseline −7.0 * −7.8 * −9.5 * −0.7 ***

Versus placebo −6.3 * −7.1 * −8.8 * -

In summary, SURPASS-1 established the effectiveness of treatment with Tirzepatide
once a week at doses of 5, 10, and 15 mg as monotherapy for T2DM compared with
placebo in improving glycemic control. Tirzepatide exhibited robust effectiveness compared
with placebo in glycemic control, with 31–52% of participants reaching normoglycemia
(HbA1c < 5.7%; <39 mmol/mol) and meaningful reductions in body weight without an
increased risk of clinically significant or severe hypoglycemia (<54 mg/dL; <3 mmol/L).
The range of weight reduction was from 7 to 9.5 kg. The safety profile was consistent with
GLP-1 receptor agonists [39,40].

SURPASS-2 was an open-label, phase III trial that compared Tirzepatide with the
GLP-1R agonist Semaglutide once weekly in patients with T2DM [41]. Tirzepatide at all
doses was noninferior and superior to Semaglutide with respect to the mean changes in
HbA1c levels from baseline at 40 weeks [41]. Patients were randomly assigned in a 1:1:1:1
ratio to receive Tirzepatide at a dose of 5 mg (n = 470), 10 mg (n = 469), or 15 mg (n = 470)
or Semaglutide (n = 469) at a dose of 1 mg. The mean changes from baseline in HbA1c
levels were −2.01% with Tirzepatide 5 mg, −2.24% with Tirzepatide 10 mg, −2.30 % with
Tirzepatide 15 mg, and −1.86% with Semaglutide; the differences between the 5 mg, 10 mg,
and 15 mg Tirzepatide groups and the Semaglutide group were −0.15 %, −0.39 %, and
−0.45%, respectively.

The HbA1c level target of less than 5.7% (normoglycemia) was met in 27 to 46% of the
patients who received Tirzepatide and in 19% of the patients who received Semaglutide.
Reductions in body weight were greater with Tirzepatide (from −7.6 to −11.2 kg) than with
Semaglutide (−5.7 kg); the differences were −1.9 kg, −3.6 kg, and −5.5 kg with Tirzepatide
5 mg, 10 mg, and 15 mg, respectively (Table 2). These findings suggest that an increased
prescription of Tirzepatide could have favorable effects on the control of diabetes and
obesity [42].

Table 2. Results of the SURPASS-2 trial at 40 weeks [41]. Efficacy analyses were performed in the
mITT population; * p < 0.001; ** p = 0.02.

Outcomes
Tirzepatide

5 mg
(n = 470)

Tirzepatide
10 mg

(n = 469)

Tirzepatide
15 mg

(n = 470)

Semaglutide
(n = 469)

HbA1c (%)

Baseline 8.32 8.30 8.26 8.25

From baseline −2.01 −2.24 −2.30 −1.86

Versus Semaglutide −0.15 ** −0.39 * −0.45 * -

Weight (kg)
From baseline −7.6 −9.3 −11.2 −5.7

Versus Semaglutide −1.9 * −3.6 * −5.5 * -
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An adjusted indirect treatment comparison, using aggregate data from the SURPASS-2
study that met the HbA1c inclusion criterion of the Research Study to Compare Two Doses of
Semaglutide Taken Once Weekly in People with Type 2 Diabetes (SUSTAIN FORTE trial) and
from SUSTAIN FORTE metformin-only-treated patients, confirmed that HbA1c and weight
reductions were significantly greater for Tirzepatide 10 and 15 mg versus Semaglutide
2 mg [43].

In the SURPASS-3 trial, once-weekly Tirzepatide was compared with once-daily in-
sulin degludec as an add-on to metformin with or without inhibitors of Sodium/Glucose
Transporter 2 (SGLT2) in patients with T2DM not adequately controlled [44]. In this
open-label, phase 3 study, participants were randomly assigned (1:1:1:1) to once-weekly
subcutaneous injections of Tirzepatide 5 (n = 358), 10 (n = 360), or 15 (n = 358) mg or once-
daily subcutaneous injections of titrated insulin degludec (n = 359). The mean changes
from baseline in the HbA1c levels were −1.93% with Tirzepatide 5 mg, −2.20% with
Tirzepatide 10 mg, −2.37% with Tirzepatide 15 mg, and −1.34% with insulin degludec.
The differences between the 5 mg, 10 mg, and 15 mg Tirzepatide groups and the degludec
group were −0.59%, −0.86%, and −1.04%, respectively (Table 3). In this study, up to 93%
of participants receiving Tirzepatide achieved the HbA1c target of less than 7.0%, and
26–48% of participants treated with Tirzepatide achieved normoglycemia (HbA1c < 5.7%;
<39 mmol/mol) [45].

Table 3. Results of the SURPASS-3 trial at 52 weeks [44]. Efficacy analyses were performed in the
mITT population; * p < 0.0001.

Outcomes
Tirzepatide

5 mg
(n = 358)

Tirzepatide
10 mg

(n = 360)

Tirzepatide
15 mg

(n = 358)

Insulin
Degludec
(n = 359)

HbA1c (%)

Baseline 8.17 8.19 8.21 8.13

From baseline −1.93 −2.20 −2.37 −1.34

Versus insulin degludec −0.59 * −0.86 * −1.04 * -

Weight (kg)
From baseline −7.5 −10.7 −12.9 2.3

Versus insulin degludec −9.8 * −13 * −15.2 * -

Reductions in body weight were greater with Tirzepatide than with insulin degludec.
The differences were −9.8 kg with Tirzepatide 5 mg, −13 kg with Tirzepatide 10 mg, and
−15.2 kg with Tirzepatide 15 mg. Once-weekly treatment with Tirzepatide also led to supe-
rior glycemic control, measured using continuous glucose monitoring (CGM), compared
to insulin degludec in participants with T2DM on metformin, with or without an SGLT2
inhibitor [46]. A sub-study of the SURPASS-3 trial [47], using magnetic resonance imaging
(MRI), demonstrated that Tirzepatide was also able to significantly reduce liver fat content
(LFC) [48], the volume of visceral adipose tissue (VAT), and abdominal subcutaneous
adipose tissue (ASAT) [47].

In order to provide an integrated measure of the physiological effects of Tirzepatide
on glucose homoeostasis, a double-blind, randomized, parallel-arm, phase 1 study that
compared the hormonal and metabolic effects of Tirzepatide (titrated to once-weekly 15 mg)
with those of Semaglutide (titrated to once-weekly 1 mg) or placebo in patients with T2DM
was designed, using gold-standard dynamic stimulatory tests to assess insulin secretion
and insulin sensitivity (i.e., hyperglycemic and hyperinsulinemic euglycemic clamps) and
using mixed-meal tolerance tests [49]. The trial revealed that the increase in the clamp
disposition index, which adjusts insulin secretion for concurrent insulin sensitivity, was
significantly larger in the Tirzepatide arm compared to the Semaglutide arm (p < 0.0001),
with improvements in both the total insulin secretion rate and insulin sensitivity [49],
the latter possibly being related to a greater weight loss (–11.2 kg vs. –6.9 kg) [50]. The
responses to the mixed-meal tolerance test indicated reduced glucose excursions with
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Tirzepatide compared to Semaglutide, associated with lower insulin and glucagon plasma
concentrations, strongly suggesting a diminished insulin resistance and a reduced workload
for pancreatic β cells [49–51].

In the SURPASS-4 trial, Tirzepatide was compared to insulin glargine in patients
with a high cardiovascular risk, suffering from T2DM inadequately controlled by oral
glucose-lowering medications [52]. Patients were randomly assigned to receive at least one
dose of Tirzepatide 5 mg (n = 326), 10 mg (n = 321), 15 mg (n = 334), or insulin glargine
(n = 978). The study demonstrated that all three doses of Tirzepatide markedly improved
glucose control, reduced body weight, and improved the cardiovascular risk profile in these
patients. Indeed, at 52 weeks, the mean HbA1c changes with Tirzepatide were −2.24% with
5 mg, –2.43% with 10 mg, and −2.58% with 15 mg versus −1.44% with insulin glargine [53].
The treatment difference versus insulin glargine was −0.80% for Tirzepatide 5 mg, −0.99%
for Tirzepatide 10 mg, and −1.14% for Tirzepatide 15 mg [54]. The percentage of patients
achieving normoglycemia using Tirzepatide was 23–43%. The weight loss from baseline
was −7.1 kg, −9.5 kg, and −11.7 kg for patients treated with Tirzepatide 5 mg, 10 mg,
and 15 mg, respectively, and the weight gain from baseline was +1.9 kg in patients treated
with insulin glargine. The treatment differences versus insulin glargine were −9 kg for
Tirzepatide 5 mg, −11.4 kg for Tirzepatide 10 mg, and −13.5 kg for Tirzepatide 15 mg
(Table 4).

Table 4. Results of the SURPASS-4 trial at 52 weeks [52]. Efficacy analyses were performed in the
mITT population; * p < 0.0001.

Outcomes
Tirzepatide

5 mg
(n = 326)

Tirzepatide
10 mg

(n = 321)

Tirzepatide
15 mg

(n = 334)

Insulin
Glargine
(n = 978)

HbA1c (%)

Baseline 8.52 8.60 8.52 8.51

From baseline −2.24 −2.43 −2.58 −1.44

Versus insulin glargine −0.80 * −0.99 * −1.14 *

Weight (kg)
From baseline −7.1 −9.5 −11.7 1.9

Versus insulin glargine −9.0 * −11.4 * −13.5 *

Important limitations of the SURPASS-4 trial should be noted, including the fact that
the interventions were not blinded because of differences in devices or dose escalation
schemes and that not all participants were treated for 104 weeks; moreover, the study
only included patients with a body mass index (BMI) ≥ 25 kg/m2 and a stable weight
(≤5% fluctuation in either direction) during the previous 3 months; thus, the effects in
subjects with a lower BMI remain to be determined. Intriguingly, a post hoc analysis of the
SURPASS-4 trial demonstrated that, in people with T2DM and a high cardiovascular risk,
Tirzepatide slowed the rate of the decline of the estimated glomerular filtration rate (eGFR)
and reduced the urine albumin–creatinine ratio in clinically meaningful ways compared
with insulin glargine [55].

In the SURPASS-5 phase III trial, among patients with T2DM and inadequate glycemic
control despite treatment with insulin glargine, the addition of subcutaneous Tirzepatide,
compared with placebo, to titrated insulin glargine resulted in statistically significant
improvements in glycemic control after 40 weeks [56]. Patients were randomized in a 1:1:1:1
ratio to receive once-weekly subcutaneous injections of 5 mg (n = 116), 10 mg (n = 119), or
15 mg (n = 120) Tirzepatide or volume-matched placebo (n = 120) over 40 weeks. At the end
of the study, the mean HbA1c changes from baseline were −2.11% with 5 mg Tirzepatide,
−2.40% with 10 mg Tirzepatide, and −2.34% with 15 mg Tirzepatide versus −0.86% with
placebo. The differences between the 5 mg, 10 mg, and 15 mg Tirzepatide groups and the
placebo group were −1.24%, −1.53%, and −1.47%, respectively. The proportion of patients
treated with Tirzepatide, at all doses, reaching normoglycemia was 24.4–49.6%. The mean
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body weight changes from baseline were −5.4 kg with 5 mg Tirzepatide, −7.5 kg with
10 mg Tirzepatide, −8.8 kg with 15 mg Tirzepatide, and +1.6 kg with placebo [57]. The
differences between the 5 mg, 10 mg, and 15 mg Tirzepatide groups and the placebo group
were −7.1 kg, −9.1 kg, and −10.5 kg, respectively (Table 5).

Table 5. Results of the SURPASS-5 at 40 weeks [56]. Efficacy analyses were performed in the mITT
population; * p < 0.001.

Outcomes
Tirzepatide

5 mg
(n= 116)

Tirzepatide
10 mg

(n= 119)

Tirzepatide
15 mg

(n= 120)

Placebo
(n= 120)

HbA1c (%)

Baseline 8.30 8.36 8.22 8.38

From baseline −2.11 −2.40 −2.34 −0.86

Versus placebo −1.24 * −1.53 * −1.47 *

Weight (kg)
From baseline −5.4 −7.5 −8.8 1.6

Versus placebo −7.1 * −9.1 * −10.5 *

In SURPASS J-mono, a randomized phase III clinical trial conducted on Japanese
patients affected by T2DM, Tirzepatide at doses of 5 mg, 10 mg, and 15 mg was compared
to the GLP-1 agonist Dulaglutide (0.75 mg). Tirzepatide was superior to Dulaglutide for
both glycemic control and reductions in body weight. The safety profile of Tirzepatide
was consistent with that of GLP-1 receptor agonists, indicating a potential therapeutic
use in Japanese patients with T2DM [58]. Compared to Dulaglutide, Tirzepatide showed
greater potential for normalizing metabolic factors after a standardized meal, significantly
reducing body weight and body fat mass [59].

Similarly, the SURPASS J-combo assessed the safety and glycemic efficacy of Tirzepatide
as an add-on treatment in Japanese patients with T2DM who had inadequate glycemic
control with stable doses of various oral antihyperglycemic monotherapies. This trial con-
firmed that Tirzepatide is well-tolerated as an add-on to oral antihyperglycemic monother-
apy in Japanese participants with T2DM and demonstrated a significant improvement
in glycemic control and reductions in body weight, irrespective of the background oral
antihyperglycemic medication [60].

3. Tirzepatide and Obesity: The SURMOUNT-1 Trial

Obesity and, consequently, excess adiposity are related to numerous complications, in-
cluding hypertension, dyslipidemia, and T2DM. In particular, body mass index (BMI)
and waist circumference are known to be associated with T2DM and cardiovascular
disease [61–64]. Obesity contributes to the development of cardiovascular disease and
to cardiovascular mortality independently of other cardiovascular risk factors [65]. In the
SURPASS 1–5 trials, weight reduction after Tirzepatide treatment was significant; BMI
and waist circumference were analyzed showing a significant reduction in these param-
eters, suggesting a better metabolic profile in response to Tirzepatide. These results are
very encouraging for the use of Tirzepatide to treat patients affected by obesity with or
without T2DM.

The Study of Tirzepatide in Participants with Obesity or Overweight (SURMOUNT-1), a
phase III, double-blind, randomized, controlled clinical trial, revealed that, in participants
with a confirmed diagnosis of obesity, Tirzepatide 5 mg, 10 mg, or 15 mg once a week for
72 weeks provided substantial and sustained reductions in body weight [66]. Tirzepatide
improved cardiometabolic measures, such as waist circumference. The exclusion criteria
were diabetes, a change in body weight of more than 5 kg within 90 days before screening,
previous or planned surgical treatment for obesity, and treatment with a medication that
promotes weight loss within 90 days before screening. The co-primary endpoints were
the percentage change in weight from baseline and a weight reduction of 5% or more.
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Participants were randomly assigned to receive Tirzepatide administered subcutaneously
in a 1:1:1:1 ratio at a dose of 5 mg (n = 630), 10 mg (n = 636), or 15 mg (n = 636) or
placebo (n = 643) once a week for 72 weeks as an adjunct to lifestyle intervention. To
obtain a meaningful effect on the basis of improvement in metabolic health, there should
be a body weight reduction of 5% or more [67]. In the SURMOUNT-1 trial, the mean
percentage changes in weight at the end of the study were 15.0%, −19.5%, and −20.9% with
Tirzepatide 5 mg, 10 mg, and 15 mg, respectively, and −3.1% with placebo. The percentages
of participants who had a weight reduction of 5% or more were 85%, 89%, and 91% with
Tirzepatide 5 mg, 10 mg, and 15 mg, respectively, and 35% with placebo; 50% of participants
in the 10 mg group and 57% of participants in the 15 mg group had a reduction in body
weight of 20% or more, as compared with 3% in the placebo group [68–70]. Reductions
in waist circumferences were also observed: in the Tirzepatide group, there was a mean
reduction in waist circumference of −14 cm with 5 mg, −17.7 with 10 mg, and 18.5 cm
with 15 mg versus a reduction of 4 cm with placebo. The estimated differences between
the 5 mg, 10 mg, and 15 mg Tirzepatide groups and the placebo group were −10.1 cm,
−13.8 cm, and −14.5 cm, respectively (Table 6).

Table 6. Results of the SURMOUNT-1 trial at 72 weeks [66]. Efficacy analyses were done in the mITT
population; * p < 0.001.

Outcomes
Tirzepatide

5 mg
(n = 630)

Tirzepatide
10 mg

(n = 636)

Tirzepatide
15 mg

(n = 630)

Placebo
(n = 643)

Body Weight (kg)

Baseline 102.9 105.8 105.6 104.8

From baseline (%) −15 −19.5 −20.9 −3.1

Versus placebo (%) −11.9 * −16.4 * −17.8 *

Waist
circumference (cm)

From baseline −14 −17.7 −18.5 −4

Versus placebo −10.1 * −13.8 * −14.5 *

Of course, further studies are necessary to fully establish the effectiveness of Tirzepatide
in improving lipid profile and metabolic syndrome and in reducing cardiovascular risk
independently of glycemic status. Ideally, future studies should have a longer follow-up
period. Indeed, Benfluorex, a fenfluramine derivative designed for weight loss, was as-
sociated with mitral regurgitation after two years of use in a case–control retrospective
study [71].

4. Tirzepatide and Hypertension

Although hypertension is known to be associated with an increased risk of cardio-
vascular disease and death, BP control remains suboptimal [72,73]. Tirzepatide has been
shown to favorably affect BP [33], and this result has been consistently confirmed in
all trials. Indeed, in the SURPASS-1 trial, the mean systolic BP (SBP) decrease ranged
from −4.7 to −5.2 mm Hg versus −2.00 mm Hg with placebo, whereas diastolic BP
(DBP) did not significantly differ with placebo; in the SURPASS-2 trial, SBP and DBP
decreased to −4.8 mm Hg and −1.9 mm Hg, respectively, with Tirzepatide at a dose of
5 mg; −5.3 mm Hg and −2.5 mm Hg, respectively, at a dose of 10 mg; and −6.5 mm Hg
and −2.9 mm Hg, respectively, at a dose of 15 mg; versus −3.6 mm Hg and −1.0 mm
Hg, respectively, with Semaglutide. In the SURPASS-3 trial, significant decreases in mean
SBP of −4.9 to −6.6 mm Hg and in mean DBP of −1.9 to −2.5 mm Hg were observed
for Tirzepatide, while no significant changes were detected for insulin degludec. In the
SURPASS-4 trial, mean SBP and DBP decreased with Tirzepatide from −2.8 to −4.8 mm
Hg and from −0.80 to −1.0 mm Hg, respectively, and increased with insulin glargine: a
+1.3 mm Hg increase in SBP and a +0.7 mm Hg increase in DBP. In the SURPASS-5 trial,
the mean changes in SBP and DBP were −6.1 to −12.6 mm Hg and −2.0 to −4.5 mm Hg,
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respectively, for the Tirzepatide groups and −1.7 mm Hg and −2.1 mm Hg for the placebo
group. Similarly, in the SURMOUNT-1 trial, participants treated with Tirzepatide reported
a mean reduction in SBP of −7.2 mm Hg and a mean reduction in DBP of −4.8 mm Hg.
In the placebo group, a mean reduction in SBP of −1 mmHg and a reduction in DBP of
−0.8 mm Hg were observed (Figure 2).
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SURMOUNT-1 [66] clinical trials.

The beneficial effects of Tirzepatide on BP could be attributable to an amelioration
of endothelial function and/or to reduced inflammation [33], although dedicated studies
are needed to define the exact mechanisms underlying these findings. Nevertheless, a
post hoc analysis from the phase IIb trial showed that Tirzepatide was associated with a
dose-dependent decrease from baseline in the levels of high-sensitivity C-reactive protein,
intercellular adhesion molecule 1 (ICAM-1), and YKL-40 at 26 weeks [26,74,75].

5. Data from Meta-Analyses

Different meta-analyses have been conducted to analyze the effectiveness and safety of
Tirzepatide. Sattar and collaborators, scrutinizing all studies of the SURPASS program, com-
pared the time to first occurrence of the well-established four major adverse cardiovascular
events (MACE-4; cardiovascular death, myocardial infarction, stroke, and hospitalized
unstable angina) between pooled Tirzepatide groups and control groups [76]. The stratified
Cox proportional hazards model was used (fixed effect: treatment; stratification factor:
trial-level cardiovascular risk) for the estimation of hazard ratios (HRs) and confidence in-
tervals (CIs) comparing Tirzepatide to controls. They underlined that, despite the favorable
effects of Tirzepatide on a range of CV risk factors, only the results from the SURPASS-4
trial have hitherto reported data on the CV safety of the drug. After their analysis, they
concluded that Tirzepatide does not increase the risk of MACE-4 in participants with T2DM
(HRs comparing Tirzepatide versus controls were as follows: for MACE-4, 0.80, 95% CI,
0.57–1.11; for cardiovascular death, 0.90, 95% CI, 0.50–1.61; and for all-cause death, 0.80,
95% CI, 0.51–1.25), even if the exclusion of people with unstable cardiovascular disease
(such as class IV heart failure) is a limitation [76].

Karagiannis and co-workers [77] conducted a meta-analysis to assess the efficacy and
safety of Tirzepatide in T2DM. The results with Tirzepatide demonstrated a dose-dependent
superiority on glycemic efficacy and body weight reduction compared to placebo, GLP-1
receptor agonists, and basal insulin. Tirzepatide was associated with an increased inci-
dence of gastrointestinal adverse events: nausea was the most frequent event with all
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Tirzepatide doses, especially 15 mg (OR 5.60, 95% CI 3.12 to 10.06); Tirzepatide 15 mg was
associated with higher incidences of vomiting (OR 5.50, 95% CI 2.40 to 12.59) and diarrhea
(OR 3.31, 95% CI 1.40 to 7.85). The risk of hypoglycemia did not increase with Tirzepatide.
The presence of statistical heterogeneity in the meta-analyses for changes in HbA1c and
body weight, the assessment of the risk of bias solely for the primary outcome, and the
generalization of findings mainly to individuals with overweight or obesity and already
on metformin-based background therapy were acknowledged as study limitations [77].
Another pooled analysis [78] confirmed that Tirzepatide treatment resulted in a greater low-
ering of HbA1c (−1.94%, 95% CI: −2.02 to −1.87), fasting serum glucose (−54.72 mg/dL,
95% CI: −62.05 to −47.39), and body weight (−8.47, 95% CI: −9.66 to −7.27); as far as
the safety profile is concerned, the results of this meta-analysis were essentially consistent
with those of the above-mentioned analysis conducted by Karagiannis et al. [77]. Similarly,
Dutta and colleagues [79] found that individuals receiving Tirzepatide for over 1 year
had a significantly greater lowering of HbA1c (−0.75%, 95% CI: −1.05 to −0.45; p < 0.01),
fasting glucose (−0.75 mmol/L, 95% CI: −1.05 to −0.45; p < 0.01), 2 h post-prandial-glucose
(−0.87 mmol/L, 95% CI: −1.12 to −0.61; p < 0.01), weight (−8.63 kg, 95% CI: −12.89 to
−4.36; p < 0.01), body mass index (−1.80 kg/m2, 95% CI: −2.39 to −1.21; p < 0.01), and
waist circumference (−4.43 cm, 95% CI: −5.31 to −3.55; p < 0.01) than individuals re-
ceiving Dulaglutide, Semaglutide, insulin degludec, or glargine. According to Guan and
collaborators [80] Tirzepatide 10 and 15 mg had better antidiabetic and weight-loss effects
(especially the 15 mg dose) compared to insulin (glargine or degludec) and selective GLP1
receptor agonists (Dulaglutide or Semaglutide once a week); Tirzepatide 15 mg greatly
reduced glycated hemoglobin (surface under the cumulative ranking curve value, SCURA
probability: 93.5%), body weight (99.7%), and fasting serum glucose (86.6%). Insulin
caused less gastrointestinal events (93.5%), and there was no statistical difference between
GLP1-RA and Tirzepatide. They concluded that additional well-designed RCTs are needed
to evaluate its clinical performance with higher doses of GLP1 receptor agonists and to
definitively determine the potential cardiovascular benefits [80]. In an evaluation of the
optimal dose of Tirzepatide for the treatment of T2DM using a meta-analysis and a trial
sequential analysis (TSA), Tirzepatide 15 mg was superior to 10 mg and 5 mg for lowering
glycemia and reducing weight; Tirzepatide 5 mg was superior to 10 mg and 15 mg (which
appear to have the same effect of the 10 mg) in terms of safety [81].

In their meta-analysis of randomized clinical trials on the efficacy and safety of
Tirzepatide as a novel treatment for T2DM, Permana and colleagues concluded that this
drug has shown superiority in glycemic control and body weight reduction with a good
safety profile in patients with T2DM [82]. Lisco et al. considered eleven clinical trials
and concluded that Tirzepatide provides a weight loss that exceeds that obtained with
GLP-1 receptor agonists; hence, Tirzepatide is presented as a potent tool to improve glucose
control without increasing hypoglycemic risk in poorly controlled T2DM treated with basal
insulin with or without other hypoglycemic oral agents with effects on body weight loss,
despite the background therapy [83].

Exploring the impact of Tirzepatide on cardiovascular disorders, Patoulias and co-
workers conducted a meta-analysis assessing the effect of Tirzepatide on the risk of atrial
fibrillation in patients with T2DM. Pooling data from SURPASS-2 to -5, they demonstrated
that Tirzepatide compared with placebo or an active comparator did not have a significantly
different effect on the risk of atrial fibrillation (risk ratio = 1.59; 95% CI: 0.46 to 5.47;
p = 0.47) [84]. These findings remain to be confirmed in the forthcoming SURPASS-CVOT,
a large phase 3, randomized, double-blind, cardiovascular outcome trial, assessing both
the noninferiority and superiority of Tirzepatide against Dulaglutide. Nevertheless, in a
subsequent study analyzing eight trials, the same group evidenced that Tirzepatide resulted
in a significantly reduced risk of major averse cardiovascular events by 48% compared to
a control (RR 0.52, 95% CI 0.38 to 0.72); moreover, Tirzepatide displayed a significantly
attenuated risk of cardiovascular death (by 49%; RR 0.51, 95% CI 0.29 to 0.89), as well as
all-cause death (by 49%; RR 0.51, 95% CI 0.34 to 0.77) [85].
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In conclusion, according to the data currently available, it is reasonable to speculate
that, despite the warranted need of other randomized clinical trials, Tirzepatide may be
considered a new powerful tool to treat patients with diabetes and/or obesity.

6. New Perspectives

The effectiveness and safety profile of Tirzepatide have opened a wide range of
perspectives for its use not limited to patients with T2DM and patients with obesity [86,87].

For instance, in post hoc analyses, the effects of Tirzepatide on biomarkers of non-
alcoholic fatty liver disease (NAFLD) and fibrosis in patients with T2DM compared
to Dulaglutide and placebo for 26 weeks have also been investigated, showing that a
higher Tirzepatide dose significantly decreases NAFLD-related biomarkers and increases
adiponectin in patients with T2DM [88].

Metabolomics and lipidomics analyses conducted in >250 patients revealed that a
26-week treatment with Tirzepatide significantly modulated a cluster of metabolites and
lipids associated with insulin resistance and obesity: 3-hydroxyisobutyrate, branched-
chain amino acids, branched-chain ketoacids, and direct catabolic products decreased
compared to baseline and placebo [89]; of note, these changes were significantly larger with
Tirzepatide than with Dulaglutide, and they were directly proportional to reductions in
HbA1c, to indices of insulin resistance, and to proinsulin levels [90].

The beneficial effects of Tirzepatide are associated with a good safety profile. In
the SURPASS 1–5 and SURMOUNT-1 clinical trials, the main adverse events occurring
with Tirzepatide were mild-to-moderate gastrointestinal disorders during the initial dose-
escalation phase without clinically significance evidence or severe hypoglycemia (<54 mg/dL;
<3 mmol/L). Specifically, nausea, diarrhea, and vomiting occurred. The safety profile was
overall consistent with that of GLP-1 receptor agonists (Table 7).

Table 7. Most commonly reported adverse events of Tirzepatide in clinical trials.

Nausea (%) Diarrhea (%) Vomiting (%)

SURPASS-1 12–18 12–14 2–6

SURPASS-2 17–22 13–16 6–10

SURPASS-3 12–24 15–17 6–10

SURPASS-4 12–23 13–22 5–9

SURPASS-5 13–18 12–21 7–13

SURMOUNT-1 25–33 19–23 8–12

The beneficial influence of Tirzepatide on cardiometabolic parameters suggests the
availability, in the near future, of a new weapon effective against cardiovascular and
metabolic disorders [88,91–93]. Different phase I, II, and III trials are now ongoing to test
the effectiveness and safety of Tirzepatide for its potentials uses (Table 8).

Table 8. Ongoing clinical trials testing Tirzepatide.

SYNERGY-NASH
(phase II)

A Randomized, Double-Blind, Placebo-Controlled Phase 2 Study Comparing the
Efficacy and Safety of Tirzepatide Versus Placebo in Patients with Nonalcoholic
Steatohepatitis (NASH).

SURPASS-CVOT
(phase III)

The Effect of Tirzepatide Versus Dulaglutide on Major Adverse Cardiovascular Events
in Patients with Type 2 Diabetes.

SURPASS-PEDS
(phase III)

Efficacy, Safety, and Pharmacokinetics/Pharmacodynamics of Tirzepatide in Pediatric
and Adolescent Participants with Type 2 Diabetes Mellitus Inadequately Controlled
with Metformin, or Basal Insulin, or Both.
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Table 8. Cont.

SURPASS-6
(phase III)

The Effect of the Addition of Tirzepatide Once Weekly Versus Insulin Lispro Three
Times Daily in Participants with Type 2 Diabetes Inadequately Controlled on Insulin
Glargine (U100) with or without Metformin.

SURMOUNT-2
(phase III)

Efficacy and Safety of Tirzepatide Once Weekly in Participants with Type 2 Diabetes
Who Have Obesity or Are Overweight.

SURMOUNT-3
(phase III)

Efficacy and Safety of Tirzepatide Once Weekly Versus Placebo After an Intensive
Lifestyle Program in Participants without Type 2 Diabetes Who Have obesity or Are
Overweight with Weight-Related Comorbidities.

SURMOUNT-4
(phase III)

Efficacy and Safety of Tirzepatide Once Weekly Versus Placebo for Maintenance of
Weight Loss in Participants Without Type 2 Diabetes Who Have Obesity or Are
Overweight with Weight-Related Comorbidities: A Randomized, Double-Blind,
Placebo-Controlled Trial.

SURMOUNT-CN
(phase III)

Efficacy and Safety of Tirzepatide Once Weekly in Chinese Participants Without Type 2
Diabetes Who Have Obesity or Are Overweight with Weight-Related Comorbidities: A
Randomized, Double-Blind, Placebo-Controlled Trial.

SURMOUNT-J
(phase III) Efficacy and Safety of Once-Weekly Tirzepatide in Participants with Obesity Disease.

SUMMIT
(phase III)

Study Comparing the Efficacy and Safety of Tirzepatide Versus Placebo in Patients with
Heart Failure with Preserved Ejection Fraction and Obesity.

SURPASS-EARLY
(phase IV)

Study to Evaluate the Long-Term Efficacy and Safety of Tirzepatide Compared with
Intensified Conventional Care in Adults When Initiating Treatment Early in the Course
of Type 2 Diabetes.

7. Conclusions

Tirzepatide is the first-in-class twincretin, a peptide with agonist action on both GLP-1
and GIP receptors. The randomized phase III trials SURPASS 1–5 and SURPASS J-mono
demonstrated its effectiveness and safety in once-weekly administration in patients with
T2DM compared with placebo and other hypoglycemic drugs. In particular, in SURPASS-4,
where it was compared to insulin glargine in patients with T2DM, Tirzepatide reduced
HbA1c up to −2.58% from baseline values at the 15 mg dose. In the SURPASS-1 trial, up
to 52% of participants affected by T2DM achieved normoglycemic status (HbA1c < 5.7%;
<39 mmol/mol). Its safety profile was consistent with that of GLP-1 receptor agonists
without significant episodes of hypoglycemia (<54 mg/dL; <3 mmol/L).

Tirzepatide was demonstrated to reduce body weight in a dose-dependent way. In
SURMOUNT-1, a randomized phase III trial where Tirzepatide effectiveness was tested
in patients with overweight and obesity without T2DM, the percentages of participants
who had a significant weight reduction of 5% or more were 85%, 89%, and 91% with
Tirzepatide 5 mg, 10 mg, and 15 mg, respectively, and a robust weight loss of −20.9%
was achieved with Tirzepatide 15 mg [94]. In all studies, reductions in BMI and waist
circumference were demonstrated, with improvements in BP values, LDL, and triglycerides.
In particular, the SURMOUNT-1 trial revealed a mean reduction in waist circumference of
18.5 cm with Tirzepatide 15 mg; in the SURPASS-5 trial, the mean change in SBP was −6.1
to −12.6 mm Hg in patients treated with Tirzepatide.

On 13 May 2022, the Food and Drug Administration (FDA) approved Tirzepatide once-
a-week subcutaneous injections (with the dose adjusted based on tolerability to achieve
blood glucose targets) as monotherapy or combination therapy, with diet and physical
exercise, to achieve better glycemic blood levels in patients affected by T2DM [95,96]. In
trials comparing Tirzepatide to other diabetes drugs, patients who received Tirzepatide
15 mg had a 0.5% greater reduction in HbA1c than those who received Semaglutide, a 0.9%
greater reduction than those who received insulin degludec, and a 1.0% greater reduction
than those who received insulin glargine. It is not fully clear whether the other doses are
useful for physicians in clinical practice. The adverse events associated with Tirzepatide
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include nausea, vomiting, diarrhea, constipation, upper abdominal discomfort, decreased
appetite, and abdominal pain; these effects are often observed in irritable bowel syndrome
and could suggest a potential action of Tirzepatide on the gut microbiota.

The encouraging results of the SURMOUNT-1 trial and the ongoing trials on Tirzepatide
are promising for its future application as a medication for obesity, heart failure, and NAFLD.
In addition to drugs that act as dual agonists, such as Tirzepatide, preclinical studies have
demonstrated that triagonists, achieving a concurrent activation of GLP-1, GIP, and glucagon
receptors, normalize body weight in obese mice and enhance energy expenditure in a manner
superior to that of monoagonists of the GLP-1 receptor and dual agonists acting on GLP-1
and GIP receptors [97]. Therefore, the unimolecular triple agonism [98–100] could soon
represent a new standard for pharmaceutical interventions.
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Bratislava, Ilkovičova 6, 842 15 Bratislava, Slovakia

2 Department of Organic Chemistry, Faculty of Natural Sciences, Comenius University in Bratislava,
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Abstract: Activated endothelial, immune, and cancer cells prefer glycolysis to obtain energy for
their proliferation and migration. Therefore, the blocking of glycolysis can be a promising strategy
against cancer and autoimmune disease progression. Inactivation of the glycolytic enzyme PFKFB3
(6-phosphofructo-2-kinase/fructose-2,6-biphosphatase) suppresses glycolysis level and contributes
to decreased proliferation and migration of cancer (tumorigenesis) and endothelial (angiogenesis)
cells. Recently, several glycolysis inhibitors have been developed, among them (E)-1-(pyridin-4-yl)-3-
(quinolin-2-yl)prop-2-en-1-one (PFK15) that is considered as one of the most promising. It is known
that PFK15 decreases glucose uptake into the endothelial cells and efficiently blocks pathological
angiogenesis. However, no study has described sufficiently PFK15 synthesis enabling its general
availability. In this paper we provide all necessary details for PFK15 preparation and its advanced
characterization. On the other hand, there are known tyrosine kinase inhibitors (e.g., sunitinib), that
affect additional molecular targets and efficiently block angiogenesis. From a biological point of
view, we have studied and proved the synergistic inhibitory effect by simultaneous administration
of glycolysis inhibitor PFK15 and multikinase inhibitor sunitinib on the proliferation and migra-
tion of HUVEC. Our results suggest that suppressing the glycolytic activity of endothelial cells in
combination with growth factor receptor blocking can be a promising antiangiogenic treatment.

Keywords: PFK15 synthesis; sunitinib L-malate; HUVEC; angiogenesis; synergy

1. Introduction

The alteration of metabolism and increased level of glucose metabolism in activated
endothelial cells points to glycolysis as a possible target to inhibit pathological angiogene-
sis. Endothelial and tumor cells utilize glycolysis to metabolize glucose to lactate instead
of oxidative phosphorylation, a phenomenon known as the Warburg effect, which pro-
vides an anabolic substrate to cover the demand for rapid cell proliferation and migration.
The key regulator of glycolytic flux is the enzyme PFKFB3, which catalyzes the synthe-
sis of F2,6P2 (fructose-2,6-bisphosphate), activating phosphofructokinase 1 (PFK-1), the
rate-limiting key enzyme of glycolysis. In recent years, several glycolysis inhibitors have
been developed, such as (E)-3-(pyridin-3-yl)-1-(pyridin-4-yl)prop-2-en-1-one (3PO) [1],
(E)-1-(pyridin-4-yl)-3-(quinolin-2-yl)prop-2-en-1-one (PFK15) [2], and (E)-1-(pyridin-4-yl)-
3-(7-(trifluoromethyl)quinolin-2-yl)prop-2-en-1-one (PFK158) [3]. Previously published
data demonstrate that glycolysis inhibitors decrease glucose uptake and lactate production,
simultaneously reduce the intracellular concentration of F2,6P2, and finally also reduce the
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level of glycolysis in the cells. Moreover, in our previous study, we confirmed that simulta-
neous administration of glycolysis inhibitor 3PO and inhibition of the post-receptor signal
cascade has a synergic inhibitory effect on the proliferation and migration of endothelial
cells [4].

Generally, PFK15 is considered to be a more effective glycolysis inhibitor than 3PO,
and its effectivity has been described in several studies [5,6]. In gastric cancer cell lines,
PFK15 induced cell cycle arrest by inhibiting the cyclin-CDKs/Rb/E2F-signaling pathway.
Moreover, PFK15 suppressed tumor growth by inducing the apoptosis of hepatocellular
cancer cells and reducing the tumor vessel diameter [7]. Additionally, previously pub-
lished data confirmed that chronotherapy represents an additional promising approach to
glycolysis inhibition [5,8].

PFK15 is not limited to cancer treatment but can also be related to understanding the
activation of immune cells in chronic infection and autoimmune diseases. PFK15 treatment
reduces metabolic reprogramming in T-cells in vitro, leading to a delay in the onset of
type I diabetes [9]. Therefore, the regulation of glycolysis metabolism in immune cells
can be a new possible therapeutic target in autoimmune disease prevention. Additionally,
uncontrolled angiogenesis contributes to the microvascular changes in diabetic patients,
including the development of diabetic retinopathy [10]. Thus, angiogenesis inhibition is
one of the potential targets in the diabetic nephropathy treatment [11].

The effectivity of PFK15 was confirmed in several studies on different cell lines [2,12];
however, its synthesis has not yet been sufficiently described in the literature. The need
for PFK15 to be available on a larger scale, e.g., for in vivo assays, motivated us to develop
the missing synthesis of this compound. Therefore, we here provide all necessary details
for the synthesis of PFK15 and its advanced characterization (e.g., by 2D NMR spectra),
which are missing in the literature. To test the predicted antiangiogenic efficacy of PFK15,
multiple assays were used. None of them were performed with a combination of PFK15
and sunitinib before. The tests were performed on human umbilical vein endothelial
cells (HUVEC), which provide a useful model system to study prospective antiangiogenic
inhibitors or their synergy in combination with differently operating compounds.

2. Results

The antiangiogenic potential (endothelial cells growth, proliferation, and migration)
of glycolysis inhibitor PFK15 and multikinase inhibitor sunitinib was tested on HUVEC
isolated from human umbilical cords.

2.1. Effect of PFK15 and Sunitinib on HUVEC Growth and Proliferation (IC50)

The IC50 concentration of HUVEC proliferation was determined as 2.6 µM for PFK15 [8]
and 1.6 µM for sunitinib (Table 1).

Table 1. The IC50 values for PFK15 and sunitinib determined on HUVEC.

IC50 [µM]

PFK15 2.6
sunitinib 1.6

As demonstrated in Figure 1, the HUVEC showed a different shape of response curve
for PFK15 and sunitinib, reflecting a higher sensitivity of HUVEC on PFK15 concentration
on the one hand, and a higher potential of sunitinib to block cell growth and proliferation
at lower concentrations on the other, underlining its multikinase properties.
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µM) more efficiently inhibited HUVEC migration compared to PFK15 or sunitinib alone. 
Simultaneous administration of PFK15 and sunitinib at specific concentrations clearly 
showed a synergistic effect on the inhibition of HUVEC migration (Figure 2; representative 
photos illustrating cell migration are available in Supplementary Material, Figure S8). 
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en-1-one) and sunitinib, alone or combined, on HUVEC migration. HUVEC were treated with 
PFK15 at 5 (A) and 10 µM (B) and sunitinib at 0.1 and 1 µM for 8 h and changes in cell migration 
were analyzed. Statistical differences among groups were determined by one-way ANOVA fol-
lowed by Tukey’s post hoc test. Data are presented as the mean ± SEM of three independent exper-
iments performed in quadruplicate (** p < 0.01; *** p < 0.001). 

2.3. Effect of PFK15 and sunitinib on HUVEC Proliferation 
In the next experiments, we studied changes in HUVEC proliferation in the presence 

of PFK15 and sunitinib in order to confirm their inhibitory and synergic effect. In the 
preliminary experiment, we applied PFK15 at concentrations of 5 and 10 µM and sunitinib 
at 0.1 and 1 µM (similarly to the previous wound healing assay), alone or in combination, 
but in this case, the effects of inhibitors applied alone were too strong to see any combined 
effects (see the pictures in Supplementary Materials, Figure S9). 

Therefore, in the next experiments we selected lower concentrations of PFK15 (2, 3, 
and 4 µM) and sunitinib (4, 5, and 6 µM) alone or in combinations. In these trials, both 
PFK15 and sunitinib alone reduced cell proliferation compared to the control. Moreover, 
simultaneous administration of both inhibitors at specific concentrations showed a syner-
gistic effect on cell proliferation compared to application of the inhibitors alone. PFK15 at 

Figure 1. HUVEC response to PFK15 ((E)-1-(pyridin-4-yl)-3-(quinolin-2-yl)prop-2-en-1-one) and
sunitinib (SU) treatment after 72 h. Concentration values on the x-axis are on a logarithmic scale and
are in µM.

2.2. Effect of PFK15 and Sunitinib on HUVEC Migration (Wound Healing Assay)

Cell migration was quantified after the cell treatment with PFK15 and sunitinib alone
or in combination. The combined action of PFK15 (at 5 or 10 µM) with sunitinib (at 0.1 or
1 µM) more efficiently inhibited HUVEC migration compared to PFK15 or sunitinib alone.
Simultaneous administration of PFK15 and sunitinib at specific concentrations clearly
showed a synergistic effect on the inhibition of HUVEC migration (Figure 2; representative
photos illustrating cell migration are available in Supplementary Material, Figure S8).
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Figure 2. Evaluation of the administration of PFK15 ((E)-1-(pyridin-4-yl)-3-(quinolin-2-yl)prop-2-en-
1-one) and sunitinib, alone or combined, on HUVEC migration. HUVEC were treated with PFK15 at
5 (A) and 10 µM (B) and sunitinib at 0.1 and 1 µM for 8 h and changes in cell migration were analyzed.
Statistical differences among groups were determined by one-way ANOVA followed by Tukey’s post
hoc test. Data are presented as the mean ± SEM of three independent experiments performed in
quadruplicate (** p < 0.01; *** p < 0.001).

2.3. Effect of PFK15 and Sunitinib on HUVEC Proliferation

In the next experiments, we studied changes in HUVEC proliferation in the presence
of PFK15 and sunitinib in order to confirm their inhibitory and synergic effect. In the
preliminary experiment, we applied PFK15 at concentrations of 5 and 10 µM and sunitinib
at 0.1 and 1 µM (similarly to the previous wound healing assay), alone or in combination,
but in this case, the effects of inhibitors applied alone were too strong to see any combined
effects (see the pictures in Supplementary Materials, Figure S9).

Therefore, in the next experiments we selected lower concentrations of PFK15 (2, 3,
and 4 µM) and sunitinib (4, 5, and 6 µM) alone or in combinations. In these trials, both
PFK15 and sunitinib alone reduced cell proliferation compared to the control. Moreover,
simultaneous administration of both inhibitors at specific concentrations showed a syner-
gistic effect on cell proliferation compared to application of the inhibitors alone. PFK15
at 3 and 4 µM in combination with sunitinib at 4, 5, and 6 µM most efficiently inhibited
HUVEC proliferation (Figure 3B,C).
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(** p < 0.01; *** p < 0.001).

3. Discussion

The limited efficacy of the 1st generation of antiangiogenic therapy led to the develop-
ment of selective PFKFB3 inhibitors that showed potential activity against the key glycolysis
enzyme in different cell types, as well as in various animal models [2,5,6]. Recently, several
glycolytic inhibitors were identified; among them, PFK15 showed important antitumor
efficiency. However, until now, no study has described the synthesis of this generally
available glycolytic inhibitor in detail. Therefore, we performed an efficient synthesis of
PFK15 and confirmed its efficiency on activated HUVEC cells. Additionally, we observed
more effective inhibition of HUVEC proliferation and migration using a combination of gly-
colysis inhibitor PFK15 with multikinase inhibitor sunitinib, targeting different biological
pathways and explaining the synergic effect of their inhibition.

3PO is one of the first synthesized blockers of glycolysis [1], and its effective synthesis
has already been described by our research group [13]. Although its antiangiogenic poten-
tial was described in several studies, the concentration at which 3PO is effective appears to
be relatively high. Moreover, this high concentration is difficult to achieve in clinical studies
because of the poor solubility of 3PO in water [14]. Therefore, other inhibitors of PFKFB3
have been developed. Substitution of the pyridine-4-yl ring in the inhibitor 3PO for the
quinoline-2-yl group results in a more powerful inhibitor PFK15, which is also character-
ized by higher selectivity for the enzyme PFKFB3 [2]. The antitumor effect of PFK15 was
compared with the effect of chemotherapy drugs that are approved by the Food and Drug
Administration (FDA) for the treatment of human cancer (e.g., irinotecan, temozolomide,
and gemcitabine). The PFK15 inhibitor suppressed pancreatic and colon adenocarcinoma
growth, similarly to gemcitabine and irinotecan, while the effect of PFK15 on glioblastoma
growth was lower compared to the chemotherapeutic agent temozolomide [2]. The activity
of the PFKFB3 enzyme can be regulated by several factors, including the AMPK signaling
pathway, which can function as an upstream of the PFKFB3 regulator. It was confirmed that
PFK15 is able to inhibit AMPK and Akt-mTORC1 signaling in colorectal cancer cells [15],
and thereby reduce tumor cell viability.

Limitations related to low inhibitor water solubility may be solved using nanocarriers
or by chemical modification of the inhibitor structure [14]. Moreover, the low cytotoxic
effect of glycolysis inhibitors on healthy cells [6], confirmed in several studies [16,17],
suggests that the combination of a glycolysis inhibitor with other chemotherapy agents
(e.g., multikinase inhibitor or cytostatic drug) may be an important strategy in advanced
cancer treatment.

The additive inhibitory effect of the simultaneous administration of 3PO and sunitinib
on angiogenesis was demonstrated under in vivo conditions on a zebrafish embryo model,
in which the formation of intersomitic vessels was evaluated [16]. Our previously published
data [4] also confirmed that cells treated with the glycolysis inhibitor 3PO at 10 µM and
sunitinib at 1 µM, as well as 20 µM 3PO in combination with sunitinib in a concentration
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range of 0.1–10 µM, significantly reduced cell proliferation compared to the inhibitors
applied alone.

We determined the IC50 value for both PFK15 and sunitinib (Figure 1) and have
observed a significant decrease of HUVECs migration and proliferation after cell treatment
with PFK15 and sunitinib (Figures 2 and 3). To confirm the synergic effect of the combined
administration of both inhibitors, PFK15 and sunitinib were applied at different concen-
trations. PFK15 applied at 3 and 4 µM and sunitinib at 4, 5, and 6 µM more efficiently
lowered cell proliferation compared to the inhibitors alone (Figure 3).

In addition to the simultaneous inhibition of the dominant metabolic pathway (e.g.,
by PFK15) and the activity on human kinase receptors (e.g., by sunitinib), there are also
other possibilities to reduce cell metabolism and other physiological processes in cells. The
inhibition of glycolysis in tumor cells may lead to the cells showing the increased preference
for another metabolic pathway for ATP production, e.g., oxidative phosphorylation. The
simultaneous inhibition of glycolysis and oxidative phosphorylation using metformin
and 2-DG (2-deoxyglucose) showed an additive effect compared to the application of
these inhibitors alone [18]. Another possibility is the use of phenformin, which was
clinically tested in the treatment of diabetes, and oxamate, which acts as an inhibitor of
lactate dehydrogenase enzyme activity. A synergistic effect was observed in the combined
effect of phenformin and oxamate, where a significant antitumor effect was confirmed by
simultaneous inhibition of complex I in mitochondria and LDH activity in the cytosol of
the cells [17].

We used the IC50 value, which expresses the concentration of tested substance causing
inhibition of cell growth by 50%, to determine the toxicity of sunitinib and the glycolysis
blocker PFK15. The measured values show that HUVEC are more sensitive to sunitinib
compared to PFK15. Similar results were obtained with bovine aortic endothelial cells
(BAEC) at the IC50 concentration of 2.2 µM of sunitinib and 1.6 µM for HUVEC, re-
spectively (Table 1). This reflects the multi-targeted tyrosine kinase inhibitory action of
sunitinib compared with PFK15. The multikinase inhibitor sunitinib is used in the clinical
treatment of several types of cancer and its effect has been documented by many published
data [19,20]. The mechanism of action of sunitinib includes several signaling pathways,
possessing receptor as well as non-receptor tyrosine kinases (e.g., VEGF-R, PDGF-R, CSFR,
c-KIT, etc.) [21].

Consistent with our results, the different effectivity of 3PO and PFK15 was shown
in a model of an immortalized human T-lymphocyte line (Jurkat cells) and non-small cell
lung carcinoma cells (H522) after 48 h of treatment, with PFK15 having a more pronounced
effect than 3PO [2]. Previously published data suggest that the effect of these inhibitors
varies significantly depending on the cell type and origin (human vs. animal cells), degree
of differentiation, inhibitor concentrations, and time of incubation [1,2,12,22]. Our previous
study showed that PFK15 reduced HUVEC and colorectal adenocarcinoma DLD1 cell
proliferation at the same level, indicating that the same molecular targets are affected by
this treatment [8]. However, compared to an animal model of BAEC, the effectivity of
PFK15 was quite different, as the IC50 value for BAEC was determined to be 7.4 µM. 3PO
showed similar results to PFK15, with an IC50 value of 6.9 µM, indicating that the effectivity
of glycolysis inhibition depends on several additional factors.

The simultaneous administration of PFK15 and the chemotherapeutic drug paclitaxel
(PTX) showed a synergistic effect and may be an effective strategy in cancer treatment. Both
drugs were carried to the cells by solid lipid nanoparticles encapsulated in membranes
formulated by fusing breast cancer cell and activated fibroblast membranes [23]. The
cytotoxic effect of PTX/PFK15 in solid lipid nanoparticles was confirmed in vitro, as well
as in vivo. In tumor-bearing mice, the monotherapy of nanoparticles with PTX or PFK15
did not induce a significant therapeutic effect; however, mice treated with PTX/PFK15
nanoparticles showed enhanced tumor inhibition. These data suggest that the dual target-
ing of cancer cell and cancer-associated fibroblasts (CAF) is more effective, as the energy
supply from CAF to cancer cells is blocked by glycolysis inhibition [23].
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In summary, we developed the missing synthesis of PFK15 with the aim of making this
glycolysis inhibitor broadly available in large amounts for in vitro and in vivo biological
studies. Additionally, PFK15 was also thoroughly physicochemically characterized. From
a biological point of view, we proved sufficient sensitivity of HUVEC proliferation and
migration to both inhibitors alone. More importantly, we have proven the synergistic effect
on HUVEC proliferation and migration with the combination of PFK15 and sunitinib
at their appropriate concentrations. In future research, the pharmacokinetic properties
of PFK15 should be improved by developing more biologically active form of inhibitor,
which can be tested either alone and/or in combination with other clinically used drugs in
different pathophysiological conditions.

4. Materials and Methods
4.1. Chemistry
4.1.1. General Conditions

The starting chemicals for syntheses were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Other chemicals and solvents were purchased from local commercial sources
and were of analytical grade quality. The melting point was measured by a digital melting
point apparatus Barnstead Electrothermal IA9200 and is uncorrected. 1H- and 13C-NMR
spectra were recorded on a Varian Gemini (600 and 150 MHz, respectively); chemical shifts
are given in parts per million (ppm); tetramethylsilane was used as an internal standard;
and DMSO-d6 was used as the solvent. Infrared (IR) spectra were acquired by Fourier
transform infrared spectroscopy (FT-IR) attenuated total reflectance REACT IR 1000 (ASI
Applied Systems) with a diamond probe and MTS detector. Mass spectra were performed
on a liquid chromatography mass spectrometer LC-MS using an Agilent Technologies 1200
Series equipped with mass spectrometer Agilent Technologies 6100 Quadrupole LC-MS.
The course of the reactions was followed by thin-layer chromatography (TLC) (Merck Silica
gel 60 F254), and a UV lamp (254 nm), and iodine vapors were used for visualization of the
TLC spots.

4.1.2. Synthetic Pathway to (E)-1-(Pyridin-4-yl)-3-(quinolin-2-yl)prop-2-en-1-one (PFK15)

Inhibitor PFK15 (6) was prepared in four reaction steps, according to Scheme 1. After
bromination of commercially available 4-acetylpyridine (1) with bromine in a mixture of
conc. acids HBr/HOAc (1/3, respectively) at room temperature (rt), the hydrobromide of
2-bromo-1-(pyridin-4-yl)ethan-1-one (2) was obtained in 94% yield. Salt 2 was converted to
compound 3 in 83% yield by PPh3 and Et3N in THF under reflux overnight. Compound 4
was prepared from salt 3 in 60% yield by NaOH in a mixture of MeOH/H2O at rt overnight.
The desired PFK15 inhibitor (6) was finally synthetized from commercially available 2-
quinolinecarboxaldehyde (5) and the previously prepared compound 4 in refluxing toluene
overnight, with 78% yield (or 36.5% overall yield via 4 steps). PFK15 was purified by
crystallization from EtOH or ethyl acetate (EA).
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Scheme 1. Synthesis of inhibitor PFK15 (6), starting from commercially available 1-(pyridin-4-
yl)ethan-1-one (1) and 2-quinolinecarboxaldehyde (5).

4.1.3. Synthesis of 2-Bromo-1-(pyridin-4-yl)ethan-1-one hydrobromide (2)

A solution of 32.0 g (264 mmol, 1.00 mol eq) 1-(pyridin-4-yl)ethan-1-one (1) in 250 mL
glacial acetic acid (100%) was cooled in an ice bath, and 150 mL conc. HBr (48 w/w %)
was carefully added. Subsequently, a solution of 42.2 g (264 mmol, 1.00 mol eq) Br2 in
20 mL glacial acetic acid was added dropwise to the reaction mixture. The reaction was
stirred overnight at rt while a white precipitate formed. Afterwards, 250 mL Et2O was
added, and the mixture was stirred for 30 min at rt and filtered. The obtained solid material
was washed with 150 mL Et2O, dried to yield 70.0 g (249 mmol, 94%) of 2 in the form of a
white solid powder. Salt 2 was used in the next step without further purification. Its m.p.,
1H-NMR [24] and MS [25] spectra are described in the literature.

4.1.4. Synthesis of (2-Oxo-2-(pyridin-4-yl)ethyl)triphenylphosphonium bromide (3)

First of all, 65.4 g (249 mmol, 1.00 mol eq) PPh3 and 34.7 mL (25.2 g, 249 mmol,
1.00 mol eq) Et3N were sequentially added to a solution of 70.0 g (249 mmol, 1.00 mol eq) 2
in 400 mL of THF. The reaction mixture was refluxed overnight while an orange precipitate
formed. After cooling the mixture to rt, the solid material was filtered off, washed with
150 mL Et2O, and dried under reduced pressure to yield 95.9 g (207 mmol, 83%) of an
orange product 3, which was used without further purification in the next reaction.

4.1.5. Synthesis of 1-(Pyridin-4-yl)-2-(triphenyl-λ5-phosphanylidene)ethan-1-one (4)

Within 30 min, 10.6 g (265 mmol, 3.00 mol eq) NaOH in 303 mL H2O was added to
a solution of 40.9 g (88.5 mmol, 1.00 mol eq) 3 in a mixture of solvents (82 mL of MeOH
and 151 mL of H2O). The mixture was stirred overnight at rt. The brown precipitate was
filtered off, and washed sequentially with 100 mL H2O and 100 mL Et2O and dried under
reduced pressure. A yield of 20.11 g (52.7 mmol, 60%) of 4 was obtained and used without
further purification in the next step. Its m.p., 1H-NMR, and IR spectra are described in the
literature [26].

4.1.6. Synthesis of (E)-1-(Pyridin-4-yl)-3-(quinolin-2-yl)prop-2-en-1-one (6, PFK15)

First of all, 8.86 g (23.2 mmol, 1.00 mol eq) of a previously prepared compound 4
was added to a solution of 3.65 g (23.2 mmol, 1.00 mol eq) 2-quinolinecarboxaldehyde
(5) in 250 mL toluene. The reaction mixture was stirred and refluxed overnight while a
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precipitated material appeared in the reaction. The mixture was cooled down and volatile
parts were evaporated by rotary vacuum evaporator (RVE). The obtained crude reaction
product (4.71 g, 78%) was crystallized from EtOH, yielding 2.54 g (9.76 mmol, 42%) of
the required inhibitor 6 (PFK15), possessing an HPLC-UV (254 nm) purity of 99.2%. The
synthesis and other characteristics of compound 6 are not yet described in the literature.

M.p.: 159.4–160.6 ◦C [EtOH].
The spectral diagrams (1H- and 13C-NMR) of 6 (PFK15) are based on 1D- and 2D-

NMR techniques and are shown in Figure 4 below (see also the Supplementary Material to
this paper).
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1H-NMR (600 MHz, DMSO-d6): δ 8.83 (d, 2H, J(A2,A3) = 5.2 Hz, 2 × H-CA(2)), 8.47 (d,
1H, J(B3,B4) = 8.5 Hz, H-CB(4)), 8.20 (d, 1H, J(CH=CH) = 16.1 Hz, -CH=CH-C=O), 8.18 (d, 1H,
J(B3,B4) = 8.5 Hz, H-CB(3)), 8.07 (dd, 1H, J(B7,B8) = 8.3 Hz, J(B6,B8) = 1.1 Hz, H-CB(8)), 8.00 (dd,
1H, J(B5,B6) = 8.1 Hz, J(B5,B7) = 1.3 Hz, H-CB(5)), 7.97 (d, 2H, J(A2,A3) = 5.2 Hz, 2 × H-CA(3)),
7.85 (d, 1H, J(CH=CH) = 16.1 Hz, -CH=CH-C=O), 7.80 (ddd, 1H, J(B7,B8) = 8.3 Hz, J(B6,B7)
= 7.00 Hz, J(B5,B7) = 1.3 Hz, H-CB(7)), 7.64 (ddd, 1H, J(B5,B6) = 8.1 Hz, J(B6,B7) = 7.00 Hz,
J(B6,B8) = 1.1 Hz, H-CB(6)).

13C-NMR (150 MHz, DMSO-d6): δ 190.3 (-C=O), 153.7 CB(2), 151.3 (2 × CA(2)), 148.1
CB(9), 145.4 (-CH=CH-C=O), 143.7 CA(4), 137.6 CB(4), 130.8 CB(7), 129.7 CB(8), 128.4 CB(10),
128.4 CB(5), 128.1 CB(6), 126.7 (-CH=CH-C=O), 122.1 (2 × CA(3)), 121.6 CB(3).

FT IR (solid sample, cm−1): 3051 (m), 2111 (w), 2054 (w), 1930 (w), 1858 (w), 1661 (m),
1589 (s), 1551 (m), 1502 (m), 1433 (w), 1408 (m), 1377 (w), 1351 (m), 1306 (m), 1286 (m),
1255 (m), 1209 (s), 1149 (m), 1117 (m), 1060 (w), 1034 (s), 980 (s), 951 (m), 897 (m), 872 (m),
842 (m), 820 (s), 877 (s), 770 (s), 738 (s), 698 (s), 655 (s), 554 (m), 524 (m), 495 (m), 477 (m),
448 (m), 428 (m).

MS of 6 (PFK15, calculated FWexact = 260.09; ESI/positive mode: found [M+H]+ = 261.1).
Elemental Analysis: Calculated for C17H12N2O (260.30): C, 78.44; H, 4.65; N, 10.76.

Found: C, 78.12; H, 4.38; N, 10.99.
The spectra and detailed spectral characteristics (1D-, 2D-NMR: NOESY, HSQC,

HMBC, IR and MS) for PFK15 (6), not yet published in the literature, are presented in
the Supplementary Material to this paper (Figures S1–S7).

4.2. Biology
4.2.1. Cell Culture and Cultivation

Human umbilical vein endothelial cells (HUVEC) were isolated from fresh umbilical
cords, as described previously [4], and cultured in endothelial cell growth medium (ECGM;
PromoCell, Heidelberg, Germany) supplemented with 100 U/mL penicillin and 100 µg/mL
streptomycin (Biosera, Nuaillé, France). Cells were incubated in a humidified incubator
(Heal Force Bio-meditech, Qingdao, China) at standard conditions (in 5% CO2 at 37 ◦C).
Cells were used between passages 1 and 6.
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4.2.2. Drug Preparation

Stock solutions of the multikinase inhibitor sunitinib L-malate (Pfizer, New York,
NY, USA) (abbreviated to sunitinib or SU in the text for simplification) and the glucose
metabolism inhibitor (E)-1-(pyridin-4-yl)-3-(quinolin-2-yl)prop-2-en-1-one (PFK15) were
prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA) at a concentration of 10 mM.
The stock solutions were subsequently diluted in an appropriate concentration in ECGM
(and finally in test solutions containing 1% DMSO) for the in vitro experiments. Suni-
tinib was obtained as a gift from a pharmaceutical company (Pfizer Inc., New York, NY,
USA). The synthesis and exact structure assignments of PFK15 were performed as de-
scribed above.

4.2.3. IC50 Evaluation

Cells were seeded in a 96-well plate with serial dilutions of PFK15 and sunitinib
(starting at 100 µM solution containing 1% DMSO) at a density of 3 × 103 cells/well. The
MTS assay was performed according to the manufacturer’s instructions, as previously
described [8]. The half maximal inhibitory concentration (IC50) value was calculated using
Graph Pad Prism 6 software (Graph Pad, San Diego, CA, USA).

4.2.4. Cell Proliferation Assay

The MTS assay is generally used for the quantification of cell proliferation, viability, or
cytotoxicity. Cell proliferation was determined by colorimetric MTS assay, according to the
manufacturer´s instructions. Briefly, cells were seeded in a 96-well plate at a density of 3 × 103

cells/well and incubated with serial dilutions of PFK15 and sunitinib for 3 days. After 3 days,
10 µL of yellow MTS (5 mg/mL) (Promega, Madison, WI, USA, CAS: 138169-43-4) was added
to each well and cells were incubated for 2–3 h at 37 ◦C. The absorbances were measured at a
wavelength of 490 nm (green color). All determinations were performed in quadruplicate,
with three independent experiments.

4.2.5. Migration Assay (Wound Healing Assay)

Cells were seeded in 24-well plates coated with 1.5% gelatin (Sigma-Aldrich, USA) at a
density of 5 × 105 cells/well (HUVEC). After reaching a confluent monolayer the medium
was replaced with a starvation medium (ECGM supplemented with 2% FBS) and cells
were incubated for a further 17 h. The confluent cell monolayer was wounded using pipet
tips and washed twice with PBS. Subsequently, cells were treated with different doses of
inhibitors diluted in ECGM medium. The migration of HUVEC was observed with an
Olympus IMT2 inverted optical microscope (Olympus, Tokyo, Japan) and recorded by
a Moticam 1000 camera system (Motic Incorporation, Hong Kong) at 0 h and 8 h after
treatment. Changes in cell migration were evaluated using the software Motic Images Plus
2.0 PL (Motic Incorporation, Hong Kong).

4.3. Statistical Analysis

The results are expressed as a mean ± SEM. Each value represents the average of at
least three independent experiments. Statistical analysis was performed using STATISTICA
7.0 (StatSoft Inc., Tulsa, OK, USA) and GraphPad Prism 6 (GraphPad Software, Inc.).
Statistical differences among groups were determined by one-way ANOVA followed by
Tukey’s post hoc test. The value p < 0.05 was considered as significant.

5. Conclusions

In conclusion, we described the synthesis of the glycolysis inhibitor PFK15 in detail.
Our results confirmed the effectivity of PFK15 in combination with sunitinib. Sunitinib
is an approved drug with therapeutic applications against tumor growth and tumor an-
giogenesis. The glycolysis inhibitor PFK15 reduces glucose uptake and causes starvation
of activated endothelial and tumor cells. Both tumor and activated endothelial cells are
dependent on a high influx of glucose as an important source of energy and building blocks.
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Therefore, the synergistic effect of the above inhibitors to block different biological targets
and mechanisms of action on HUVEC-based angiogenesis is promising from a therapeutical
point of view.
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Abstract: The incidence of diabetes mellitus (DM), one of the most common chronic metabolic
disorders, has increased dramatically over the past decade and has resulted in higher rates of
morbidity and mortality worldwide. The enzyme, α-Glucosidase (α-GLy), is considered a therapeutic
target for the treatment of type 2 DM. Herein, we synthesized arylidene, heterocyclic, cyanoetoxy- and
propargylated derivatives of quinopimaric acid (levopimaric acid diene adduct with p-benzoquinone)
1–50 and, first, evaluated their ability to inhibit α-GLy. Among the tested compounds, quinopimaric
acid 1, 2,3-dihydroquinopimaric acid 8 and its amide and heterocyclic derivatives 9, 30, 33, 39, 44,
with IC50 values of 35.57–65.98 µM, emerged as being good inhibitors of α-GLy. Arylidene 1β-
hydroxy and 1β,13α-epoxy methyl dihydroquinopimarate derivatives 6, 7, 26–29, thiadiazole 32,
1a,4a-dehydroquinopimaric acid 40 and its indole, nitrile and propargyl hybrids 35–38, 42, 45, 48, and
50 showed excellent inhibitory activities. The most active compounds 38, 45, 48, and 50 displayed
IC50 values of 0.15 to 0.68 µM, being 1206 to 266 more active than acarbose (IC50 of 181.02 µM). Kinetic
analysis revealed the most active diterpene indole with an alkyne substituent 45 as a competitive
inhibitor with Ki of 50.45 µM. Molecular modeling supported this finding and suggested that the
indole core plays a key role in the binding. Compound 45 also has favorable pharmacokinetic and
safety properties, according to the computational ADMET profiling. The results suggested that
quinopimaric acid derivatives should be considered as potential candidates for novel alternative
therapies in the treatment of type 2 diabetes.

Keywords: diabetes mellitus; α-glucosidase; abietane diterpenoids; levopimaric acid; quinopimaric
acid; molecular docking; ADMET

1. Introduction

Enzymes responsible for breaking down proteins, carbohydrates and lipids into
smaller and more readily absorbable molecules are a key component of the digestive
system. The main cause of many metabolic diseases is abnormal changes in the activity of
these enzymes. Inhibition of metabolic enzymes, such as α-glucosidase (α-GLy), is one of
the accepted approaches in the treatment of diabetes mellitus (DM), which is one of the
most common chronic endocrine diseases, along with arterial hypertension and obesity [1].
The number of people with disorders of carbohydrate metabolism and the incidence of DM
are constantly growing, which is primarily due to an increase in the number of patients with
obesity, as well as in average life expectancy [2]. Type II diabetes mellitus (DM2), account-
ing for about 90% of all cases of diabetes, is caused by a decrease in insulin sensitivity in
target organs, such as the liver, muscle, and adipose tissue, as well as a deficiency in insulin
secretion [3–5]. Medicinal agents with the ability to stimulate glucose uptake in these
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tissues can be used to improve insulin resistance and, therefore, to treat DM2 [6]. Today,
a vast number of synthetic antidiabetic agents, such as acarbose, miglitol, sulfonylurea,
metformin, and thiozolidinedione, are readily available on the market [7–9]. However,
their effectiveness is limited, due to low bioavailability and unwanted side effects [10–12].
Therefore, there is a great need to develop alternative and more active antidiabetic drugs
from natural sources.

Abietane diterpenoids are classes of compounds which are mainly found in the conifer
family and have long been used to treat a variety of ailments [13]. Their derivatives are char-
acterized by a wide range of biological activities, like anticancer, antiviral, antimicrobial,
antileishmanial, antiplasmodial, antifungal, antitumour, cytotoxicity, antiulcer, cardio-
vascular, antioxidant, anti-inflammatory and antidiabetic activities [14–21]. Abietic and
dehydroabietic acids have been reported to decrease the activity of glucose-6-phosphatase
and to stimulate glycogen synthase [22]. Carnosic acid derivatives are very effective in
treating diabetic complications by improving insulin secretion [23] and glucose home-
ostasis or by stimulating glucose uptake by increasing peripheral glucose clearance in
tissues [24]. Abietic and carnosic acids also significantly activate nuclear receptor peroxi-
some proliferator-activated receptor PPAR-γ by exerting its beneficial effect on lipid and
glucose homeostasis through PPAR-γ-mediated pathways [25,26]. Carnosol stimulates
glucose uptake [27], improves diabetes and its complications by the regulation of oxida-
tive stress and inflammatory responses [28] and suppresses forskolin-induced luciferase
expression, when monitored by the cAMP/response element, and glucose-6-phosphatase
gene promoters [29–31]. Tanshinones exhibited potent protein tyrosine phosphatase 1B
inhibitory activity [32] as well as increased the activity of insulin on the tyrosine phospho-
rylation of the insulin receptor in addition to the activation of the kinases Akt, ERK1/2,
and GSK3beta and may be very useful for developing new anti-diabetic agents as specific
insulin receptor activators [33].

Studies evaluating the antidiabetic properties of abietane diterpenoids in an animal
model using rats and mice showed that dehydroabietic acid reduces plasma glucose and
insulin levels, as well as plasma and hepatic triglyceride levels, by suppressing the produc-
tion of monocyte chemoattractant protein-1 and tumor necrosis factor-alpha and increasing
that of adiponectin, through decrease in macrophage infiltration into adipose tissues [34].
Carnosol and carnosic acid reduced plasma glucose, total cholesterol, and triglycerides in a
diabetic group of rats and suppressed inflammation and lipogenesis in mice administered
a high-fat diet, through C-kinase substrate regulation [23,28,35]. Tanshinone analogs also
demonstrated a significant decrease in blood glucose level, total cholesterol and triglyceride,
free fatty acids, and insulin receptor substrate 1 expression, body weight loss and higher
insulin resistance when administered to type 2 diabetic rats, with oral administration,
resulting in the activation of AMP-activated protein kinase in aortas from ob/ob or db/db
mice [35,36]. Data on systematic studies of the enzymatic activity of abietane diterpenoid
derivatives, obtained as a result of various modifications of the native core, in particular,
on levopimaric acid derivatives as potential inhibitors of α-GLy, are practically absent in
the literature. Therefore, herein, we describe the synthesis of abietane type derivatives with
arylidene, heterocyclic, nitrile and acetylene fragments. These derivatives were, then, first
evaluated for in-vitro α-GLy inhibition. The mechanism of inhibition and enzyme binding
were investigated with kinetic and molecular modeling approaches.

2. Results and Discussion
2.1. Chemistry

Since the quinopimaric acid structure (the Diels-Alder reaction product of levopimaric
acid and p-benzoquinone) contains major reaction centers at the C-1, C-3, C-4, and C-
20 atoms, we planned to functionalize these positions for better understanding of the
structure–activity relationship and to reveal new promising molecules with antidiabetic
activity (Figure 1).
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Modifications of these sites involved the synthesis of arylidene and heterocyclic
derivatives and quinopimaric acid cyanoetoxy- and propargylated analogs. Figure 2
shows the structures of quinopimaric acid 1 and its analogs 2–30, modified at position C-1,
C-3, C-4, and C-20.
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Figure 3 shows the structures of quinopimaric acid heterocyclic derivatives obtained
as a result of interaction with hydrazine hydrate 31, thiourea 32, and using the Fischer
reaction (indoles 33, 34), Nenitzescu reaction (indoles 35–38) and Beckmann rearrangement
(lactam 39).
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We planned to use the Nenitzescu reaction [37] for the synthesis of new diterpene
indoles. In this reaction, 1a,4a-dehydroquinopimaric acid 40, easily formed in two steps
from quinopimaric acid 1 [38], was used as the quinone component, as well as ethyl
3-aminocrotonate or 3-aminocrotononitrile being were used as the new enamine com-
ponents. Under the conditions of the Nenitzescu indole synthesis by the reaction of
1a,4a-dehydroquinopimaric acid 40 with the corresponding enamine in glacial AcOH,
at room temperature, diterpene indoles 42, 44 were synthesized in 76 and 69% yields,
respectively. Methyl ester of diterpene indole 43 was obtained in quantitative yield by
treating compound 42 with methyl iodide during reflux in acetone for 2 h in the presence of
potash (Scheme 1), or direct synthesis from 1a,4a-dehydroquinopimaric acid methyl ester
41, similar to the preparation of compounds 42 and 44.
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Scheme 1. Synthesis of new diterpene indoles 42–44 by Nenitzescu reaction. Reagents and conditions:
(i) ethyl 3-aminocrotonate for 42, 43 or 3-aminocrotononitrile for 44, AcOH, rt, 20 h; (ii) CH3I, K2CO3,
acetone, reflux, 2 h.

Propargyl derivatives 45, 46, 48 were obtained in 79–83% yields by the reaction of
diterpene indoles 36, 43 and quinone 40 with propargyl bromide during reflux in dimethyl-
formamide in the presence of K2CO3. Cyanoethyloxy derivatives 47, 50 were prepared
by adding acrylonitrile in 1,4-dioxane. at room temperature, to the diterpene indole 37 or
aromatic derivative 49 in the occurrence of phase transfer catalyst triethylbenzylammonium
chloride in combination with an alkali (30% KOH) (Scheme 2).
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Reagents and conditions: (i) propargyl bromide, DMF, K2CO3, reflux, 2 h; (ii) acrylonitrile, 1,4-
dioxane, KOH, BTAC, rt, 2 h.

The structures of the synthesized compounds were confirmed using mass spectrometry,
and one- and two-dimensional (COSY, NOESY, 1H–13C HSQC, 1H–13C HMBC) NMR
spectroscopy. Thus, the signal of the C-2 carbon atom of the aromatic ring in the 13C NMR
spectra of compound 42–44 appeared at δ 99.7-103.3 ppm, and correlated with the signal
of the H-2 proton at δ 6.83–7.28 ppm in the 1H–13C HSQC spectra. The 1H NMR spectra
showed characteristic signals of methyl group protons at δ 2.51–2.71 (3′-CH3), as well as
broadened signals of the hydroxyl group and NH group at δ 9.12–9.35 and 12.13 ppm,
respectively. The 1H NMR spectra of compound 43 contained an additional signal of the
protons of the methyl ester group at δ 3.76 ppm, which, in the 1H–13C HSQC spectrum,
correlated with the signal of the C-21 atom at δ 15.5 ppm. In the 13C NMR spectra of
compound 44, a carbon signal of the CN-group was observed at δ 117.8 ppm. The 1H NMR
spectra of propargyl derivatives 45, 46, 48 contained the methylene group proton signal in
the region δ 4.67–4.82 ppm, while in the 13C NMR the triple bond carbon signals appeared
at δ 74.4–74.9 and 77.9–79.3 ppm, respectively. The signals of the cyanoethyl methylene
groups in the 1H NMR spectra of compounds 47, 50 were observed in the region δ 2.80–2.91
and 4.05–4.30 ppm, and the characteristic carbon signal of the nitrile group in the 13C NMR
spectra was observed at δ 117.4–117.6 ppm (Figures S1–S18, Supplementary Materials).

2.2. Inhibition of Yeast α-Glucosidase

All the synthesized compounds 1–50 were tested for their inhibitory potential against
yeast α-GLy. Acarbose served as a control drug in this experiment. The IC50 values of
compounds are provided in Table 1.

Quinopimaric acid derivatives 2–5, 10–25, 27, 31, 34, 41, 43, 46, 49 showed moderate
to poor α-GLy inhibition. Quinopimaric acid 1, 2,3-dihydroquinopimaric acid 8 and its
amide and heterocyclic derivatives 9, 30, 33, 39, 44, with an IC50 value of 35.24 ± 0.71 Mm—
65.98 ± 0.03 µM, emerged as good inhibitors of α-GLy. Arylidene 1β-hydroxy and 1β,13-
epoxy methyl dihydroquinopimarate derivatives 6, 7, 26–29, thiadiazole 32, 1a,4a-
dehydroquinopimaric acid 40 and its indole, nitrile and propargyl hybrids 35-38, 42, 45, 48,
and 50 showed excellent inhibitory activities. The most active compounds, 38, 45, 48, and
50, displayed IC50 values of 0.15 ± 0.008 µM to 0.68 ± 0.045 µM, being 1206 to 266 more
potent than acarbose (IC50 of 181.02 ± 3.1 µM).
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Table 1. α-Glucosidase inhibitory potential of the synthesized compounds 1–50.

Compound IC50 ± SE (µM)

1 59.59 ± 0.18
2 >255
3 >255
4 >255
5 >255
6 1.63 ± 0.006
7 2.50 ± 0.011
8 35.57 ± 0.92
9 35.24 ± 0.71
10 >255
11 >255
12 >255
13 >255
14 >255
15 >255
16 >255
17 >255
18 >255
19 >255
20 >255
21 >255
22 >255
23 >255
24 >255
25 >255
26 13.08 ± 0.01
27 >255
28 12.73 ± 0.21
29 1.63 ± 0.041
30 38.80 ± 0.33
31 >255
32 9.66 ± 0.77
33 65.98 ± 0.03
34 >255
35 7.95 ± 0.20
36 8.94 ± 0.96
37 7.28 ± 0.40
38 0.39 ± 0.03
39 44.77 ± 0.96
40 7.088 ± 0.12
41 >255
42 2.52 ± 0.34
43 >255
44 68.22 ± 0.03
45 0.15 ± 0.008
46 >255
47 4.95 ± 0.25
48 0.68 ± 0.045
49 >255
50 0.23 ± 0.01

Acarbose (reference drug) 181.02 ± 3.1

As shown in Table 1, quinopimaric acid 1 had an activity against α-GLy three times
higher than that of acarbose. Its simplest modifications, namely, the reduction of the C2-C3
bond (compound 8), led to an increase in activity, and the introduction of a double bond into
the C1a-C4a position (compound 40) further enhanced this. Modifications at positions C-1,
C-4, C-20 of dihydroquinopimaric acid (compounds 2–5, 9–14, 15–24) were unsuccessful
and led to a complete loss of activity. However, the introduction of arylidene substituents
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into the C-3 position of 1β,13α-epoxy methyldihydroquinopimarate 3 (compounds 26,
28–30) resulted mainly in active compounds, and the most successful, for this series of
compounds, was the presence of a furfural fragment in the molecule. Heterocyclization
of dihydroquinopimaric acid (compounds 31–34, 39) led to compounds with high activity
against α-GLy only in the case of thiadiazole 32 and indole 34.

The use of acid 40 as a starting compound for heterocyclization provided more active
compounds. Indole and its derivatives 35–38 showed excellent activity, especially alcohol
38. Inspired by these results, we carried out the synthesis of new indoles using other
enamines. The obtained two new indoles 42 and 44 also had very good activity, and it
was better for the indole with an ethyl substituent. Modification of the C-20 position by
introducing a triple bond into the molecule (compounds 45, 46), and the C-1 position with a
cyanoethyl fragment (compound 47) in the case of indole 36, further enhanced this activity.

Thus, from the studied series of 50 compounds synthesis of indoles based on 1a,4a-
dehydroquinopimaric acid 40 proved to be the most successful approach to obtain highly
active α-GLy inhibitors. Modification, according to the Nenitzescu reaction, and reduction
of carboxyl and methoxycarboxyl groups, with the formation of trihydroxy derivative 38,
propargylation of C-20 positions in acid 40 and indole 36, as well as cyanoethylation of the
aromatic derivative 49, realized compounds with IC50 values < 1 µM.

For compounds 38, 45, 48 and 50, which showed the highest activity against α-GLy,
studies of their anti-antioxidant, antimicrobial and cytotoxic activity were carried out
(Tables S1–S3, see Supplementary Materials).

2.3. The Mechanism of α-Glucosidase Inhibition by Compound 45

The mechanism of action for the most active diterpene indole with an alkyne sub-
stituent 45 was determined in a kinetic experiment using different 4-nitrophenyl β-D-
glucopyranoside (pNPG) substrate concentrations. Nonlinear regression of kinetic curves,
using the Michaelis–Menten equation (Figure 4), revealed that higher inhibitor concen-
trations increased Km, while Vmax remained constant, which rendered compound 45 as a
competitive inhibitor. The inhibition constant Ki was estimated as 50.45 µM.
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The literature data regarding the mechanism of α-glucosidase inhibition for diterpenes
is scarce. The majority of reported compounds are non-competitive inhibitors, e.g., ent-
atisane-3-oxo-16β,17-acetonide [39], (E)-labda-8(17),12-diene-15,16-dial [40], ent-kaurane
derivative of chepraecoxin A [41], and bis-labdanic diterpene were reported as mixed-type
inhibitors [42]. Notably, these inhibitors share an alicyclic core. In contrast, diterpene
carnosol, comprising aromatic catechol moiety, is a competitive inhibitor [43]. Aromatic
rings of carnosol and compound 45 favor π-stacking interaction with phenylalanine, tyro-
sine, or tryptophan side chains [44], which might result in distinct binding patterns and
inhibition kinetics.

2.4. Docking Studies for Compound 45

We performed a molecular modeling study to gain insight into the structural basis
of interactions between the lead compound 45 and α-GLy enzyme. Since “structure can-
not be predicted from kinetics” [45], we avoided preconceived competitive mechanism
assumptions and subjected the whole protein surface to a docking procedure (Figure 5).
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Figure 5. Proposed binding mode of compound 45 to yeast α-glucosidase. The inhibitor is shown in
yellow carbons, catalytic Asp1100 is shown in orange carbons. Surface visualized solvent-accessible
area. Dashed lines indicate key interactions with enzyme amino acids.

Nevertheless, docking proposed that diterpene derivative 45 shared a favorable binding
site with acarbose. Moreover, the indole hydroxyl group appeared to form a conventional H-
bond with carboxyl of the catalytic Asp1100 residue. The indole core itself contributed to the
binding the most. It was anchored by strong π-π parallel stacking with a Trp1312 side chain
and T-shaped π-stacking with a Phe1370 side chain. The amino group of Lys1403 formed an
H-bond with the ester substituent and charged π-cation interaction with the indole aromatic
system. The dodecahydrophenanthrene part of the molecule was also stabilized by Van
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der Waals forces with multiple lipophilic residues (Pro1102, Trp1298, Trp1312, Phe1503).
Both ester moieties of compound 45 pointed towards the solvent-accessible area of the
pocket, providing an opportunity for the introduction of polar fragments. This modification
might improve water solubility without hampering enzyme binding. To sum up, molecular
modeling confirmed the competitive mechanism of action revealed in the kinetic experiment
and provided guidance for future structural optimization.

2.5. ADMET Profiling of Compound 45

We assessed drug-like, pharmacokinetic and toxicological properties of the lead com-
pound 45 using a consensus of predictive services that took into account different computa-
tional strategies (Table 2).

Table 2. ADMET properties predicted for compound 45.

Property ADMETlab [46] ADMETlab 2.0 [47] SwissADME [48] ProTox-II [49] Consensus Value

Physicochemical
Water solubility (µg/mL) 1.94 2.57 0.02 1.51

LogP 6.21 4.93 6.30 6.69 5.81
Absorption

Human intestinal absorption Yes No Low No
Human oral bioavailability No No No

Caco-2 permeability Yes No −
P-glycoprotein substrate No No No No
P-glycoprotein inhibitor Yes Yes Yes

Distribution
Plasma protein binding (%) 87.09 99.83 93.46

BBB permeability No No No No
Metabolism

CYP1A2 inhibitor No No No No
CYP2C19 inhibitor Yes Yes No Yes
CYP2C9 inhibitor Yes Yes Yes Yes
CYP2D6 inhibitor No Yes No No
CYP2D6 substrate No No No
CYP3A4 inhibitor Yes Yes No Yes
CYP3A4 substrate Yes Yes Yes

Excretion
Total Clearance (mL/min/kg) 1.77 4.03 2.9

T1/2 (h) 2.13 0.15 1.14
Toxicity

AMES toxicity No No No No
hERG inhibitor Yes No −

Rat acute oral LD50 (mg/kg) 121.4 520 320.7
Hepatotoxicity Yes No No No

Skin Sensitisation No No No
Carcinogenicity No No No

Compound 45 fulfilled Lipinski’s rule of 5 (with the exception of molecular weight <500)
and Pfizer’s rules. At the same time, GSK and “Golden triangle” rules were violated. Mean
water solubility was acceptable. Importantly, there was a good consensus on low intestinal
absorption and oral bioavailability, which could avoid systemic exposure to the substance.
In the case of entering systemic circulation, indole 45 was anticipated to be bound to plasma
proteins, likely due to high lipophilicity. Blood–brain barrier penetration was unlikely.
Liver metabolism was to be mediated by cytochrome P450 3A4. Acute oral toxicity was
predicted to be sufficiently low to achieve a wide therapeutic window. There were no alerts
for toxicity to the liver and heart, nor mutagenicity and carcinogenicity. Hence, compound
45’s calculated ADMET profile was favorable for the proposed mechanism of action.

3. Materials and Methods
3.1. General

The spectra were recorded at the Center for the Collective Use “Chemistry” of the UIC
UFRC RAS and RCCU “Agidel” of the UFRC RAS. 1H and 13C-NMR spectra were recorded
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on a “Bruker AM-500” (Bruker, Billerica, MA, USA, 500 and 125.5 MHz respectively, δ,
ppm, Hz) in CDCl3, internal standard tetramethylsilane. Melting points were detected on
a micro table “Rapido PHMK05“ (Nagema, Dresden, Germany). Optical rotations were
measured on a polarimeter “Perkin-Elmer 241 MC” (Perkin Elmer, Waltham, MA, USA) in a
tube length of 1 dm. Elemental analysis was performed on a Euro EA-3000 CHNS analyzer
(Eurovector, Milan, Italy); the main standard was acetanilide. Thin-layer chromatography
analyses were performed on Sorbfil plates (Sorbpolimer, Krasnodar, Russian Federation),
using the solvent system chloroform–ethyl acetate, 40:1. Substances were detected by
10% H2SO4 with subsequent heating to 100–120 ◦C for 2–3 min. All the reagents and
solvents were purchased from standard commercial vendors and were used without any
further purification. For the synthesis of quinopimaric acid 1 [38] pine resin Pinus silvestris
(containing about 25% levopimaric acid) was used. Compounds 2, 14, 15, 17–21, 24 [50],
3 [51], 4 [52], 5 [53], 6, 9, 11, 26–28, 30 [16], 7 [54], 8 [50], 10 [55], 12, 13 [56], 16 [15], 22,
23 [57], 25 [58], 29 [59], 31, 32, 34 [60], 33 [14], 35 [61], 36–39 [38], 40, 49 [62] were obtained
according to the methods previously described.

3.2. Synthesis of Compounds 42 and 44

A threefold excess of ethyl 3-aminocrotonate (0.387 g, 3 mmol) or 3-aminocrotononitrile
(0.246 g, 3 mmol) was added with stirring to a solution of compound 40 (0.408 g, 1 mmol)
in glacial AcOH (20 mL). The reaction mixture was stirred at room temperature for 20 h,
and then poured into H2O. The precipitate was filtered off, washed until neutral, and the
residue was air-dried. The reaction product was chromatographed on a silica gel column,
eluent CHCl3–MeOH, 40: 1.

1-Hydroxy-13-isopropyl-1′-(ethoxycarbonyl)-7,10a,2′-trimethyl-5,6,6b,7,8,9,10,10a, 10b,
11,12,13-dodecahydro-12,4b-ethenophenanthro-[2,1-g]indole-7-carboxylic acid (42). Yield
0.395 g (76%), mp 131–133◦C, [α]D19 + 12.2◦ (c 1.5, CHCl3). 1H NMR spectrum, δ, ppm (J,
Hz): 0.79 (3H, s, 18-CH3); 0.86–0.99 (1H, m, 10-CH2); 1.18 (3H, d, J = 7.0, 17-CH3); 1.22 (3H, d,
J = 7.0, 16-CH3); 1.29 (3H, s, 19-CH3); 1.22–1.69 (10H, m, 6,8,9,10,11-CH2, 10b-CH); 1.77–1.80
(1H, m, 6b-CH); 1.98–2.18 (1H, m, 15-CH); 2.45–2.58 (1H, m, 5-CH2); 2.67 (3H, s, 3′-CH3);
2.82–2.91 (1H, m, 5-CH2); 3.45 (3H, s, 6′-CH3); 4.27 (1H, s, 12-CH); 4.31-4.35 (2H, m, 5′-CH2);
5.68 (1H, s, 14-CH); 7.13 (1H, s, 2-CH); 9.65 (2H, br. s, OH); 9.80 (1H, br. s, NH). 13C NMR
spectrum, δ, ppm: 14.9 (C-3′); 16.4 (C-19); 16.7 (C-9), 17.2 (C-18); 20.5 (C-17); 20.8 (C-16);
22.0 (C-6); 28.3 (C-11); 32.0 (C-15); 33.5 (C-5); 36.1 (C-12); 36.8 (C-8); 38.2 (C-4b); 38.9 (C-10);
46.5 (C-7); 46.6 (C-10a); 49.8 (C-6b); 50.3 (C-6′); 54.9 (C-10b); 60.2 (C-5′), 102.9 (C-2); 108.0
(C-1′); 124.5 (C-3); 127.5 (C-13); 131.1 (C-1a); 133.6 (C-4a); 143.3 (C-4); 146.8 (C-1); 153.2
(C-14); 162.8 (C-2′); 165.3 (C-4′); 183.1 (C-20). Mass spectrum, m/z (Irel, %): 520 [M+H]+

(100). Found, %: C 73.95; H 7.92; N 2.68. C32H41NO5. Calculated, %: C 73.96; H 7.95; N 2.70.
1′-Cyano-1-hydroxy-13-isopropyl-7,10a,2′-trimethyl-5,6,6b,7,8,9,10,10a,10b,11,12,13-

dodecahydro-12,4b-ethenophenanthro [2,1-g]indole-7-carboxylic acid (44). Yield 0.32 g
(69%), mp 127–129◦C, [α]D19 +25.5◦ (c 1.0, CHCl3). 1H NMR spectrum, δ, ppm (J, Hz):
0.78 (3H, s, 18-CH3); 0.82–0.95 (1H, m, 10-CH2); 1.18 (3H, d, J = 7.0, 17-CH3); 1.20 (3H, d,
J = 7.0, 16-CH3); 1.25 (3H, s, 19-CH3); 1.22–1.69 (10H, m, 6,8,9,10,11-CH2, 10b-CH); 1.77–1.80
(1H, m, 6b-CH); 1.98–2.18 (1H, m, 15-CH); 2.45–2.58 (1H, m, 5-CH2); 2.51 (3H, s, 3′-CH3);
2.55–2.85 (1H, m, 5-CH2); 4.31 (1H, s, 12-CH); 5.65 (1H, s, 14-CH); 6.55-6.83 (1H, m, 2-CH);
9.35 (3H, br. s, OH, NH). 13C NMR spectrum, δ, ppm: 12.8 (C-3′); 16.4 (C-19); 16.7 (C-9), 17.1
(C-18); 20.1 (C-17); 20.3 (C-16); 22.0 (C-6); 28.1 (C-11); 32.0 (C-15); 34.6 (C-5); 36.8 (C-12); 37.6
(C-8); 38.2 (C-4b); 38.8 (C-10); 46.3 (C-7); 46.8 (C-10a); 49.9 (C-6b); 55.2 (C-10b); 83.3 (C-1′);
99.7 (C-2); 117.8 (C-4′); 124.4 (C-3); 126.8 (C-1a); 127.1 (C-14); 130.9 (C-4); 134.4 (C-4a); 144.3
(C-1); 146.4 (C-13); 153.7 (C-2′); 182.5 (C-20). Mass spectrum, m/z (Irel, %): 473 [M+H]+

(100). Found, %: C 76.22; H 7.65; N 5.90. C30H36N2O3. Calculated, %: C 76.24; H 7.68;
N 5.93.
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3.3. Synthesis of Methyl 1-Hydroxy-13-Isopropyl-1′-(Ethoxycarbonyl)-7,10a,2′-Trimethyl-
5,6,6b,7,8,9,10,10a,10b,11,12,13-Dodecahydro-12,4b-Ethenophenanthro-[2,1-g]indole-7-
Carboxylate (43)

Procedure A. Methyl iodide (2 mL) and potassium carbonate (0.21 g) were added to a
solution of 40 (0.408 g, 1 mmol) in acetone (15 mL), and the mixture was heated to reflux for
2 h. The reaction mixture was filtered. The filtrate was evaporated under reduced pressure,
and the residue was purified on a silica gel column, eluent hexane–ethyl acetate, 5:1.

Procedure B. A threefold excess of 3-aminocrotononitrile (0.246 g, 3 mmol) was added
with stirring to a solution of compound 41 (0.422 g, 1 mmol) in glacial AcOH (20 mL).
The reaction mixture was stirred at room temperature for 20 h, and then poured into H2O.
The precipitate was filtered off, washed until neutral, and the residue was air-dried. The
reaction product was chromatographed on a silica gel column, eluent CHCl3–MeOH, 40: 1.

Yield 0.45 g (85%), mp 120–122◦C, [α]D19 +12.9◦ (c 0.75, CHCl3). 1H NMR spectrum, δ,
ppm (J, Hz): 0.79 (3H, s, 18-CH3); 0.86–0.99 (1H, m, 10-CH2); 1.18 (3H, d, J = 7.0, 17-CH3);
1.22 (3H, d, J = 7.0, 16-CH3); 1.29 (3H, s, 19-CH3); 1.22–1.69 (10H, m, 6,8,9,10,11-CH2, 10b-
CH); 1.40–1.43 (3H, s, 6′-CH3); 1.77–1.80 (1H, m, 6b-CH); 1.98–2.18 (1H, m, 15-CH); 2.45–2.58
(1H, m, 5-CH2); 2.73 (3H, s, 3′-CH3); 2.85–3.15 (1H, m, 5-CH2); 3.76 (3H, s, 21-CH3), 4.27
(1H, s, 12-CH); 4.31–4.39 (2H, m, 5′-CH2); 5.71 (1H, s, 14-CH); 7.28 (1H, s, 2-CH); 5.95 (1H,
br. s, NH); 12.13 (1H, br. s, OH). 13C NMR spectrum, δ, ppm: 14.9 (C-3′); 15.5 (C-21), 16.4
(C-19); 16.8 (C-9), 17.2 (C-18); 20.2 (C-17); 20.5 (C-16); 22.1 (C-6); 28.3 (C-11); 32.2 (C-15); 33.2
(C-5); 36.3 (C-12); 36.9 (C-8); 38.4 (C-4b); 38.9 (C-10); 46.6 (C-7); 47.4 (C-10a); 49.9 (C-6b);
52.0 (C-6′); 54.8 (C-10b); 60.3 (C-5′), 103.3 (C-2); 108.2 (C-1′); 124.7 (C-3); 127.6 (C-13); 130.9
(C-1a); 133.6 (C-4a); 143.6 (C-4); 146.4 (C-1); 153.1 (C-14); 162.9 (C-2′); 165.2 (C-4′); 179.7
(C-20). Mass spectrum, m/z (Irel, %): 534 [M] + (100). Found, %: C 74.25; H 8.10; N 2.60.
C33H43NO5. Calculated, %: C 74.27; H 8.12; N 2.62.

3.4. Synthesis of Compounds 45, 46 and 49

To a solution containing 1 mmol of compound 36, 37 or 40 in 5 mL of dimethylfor-
mamide, 1.2 mmol (0.09 mL) of propargyl bromide and 2.2 mmol (0.30 g) of K2CO3 were
added. The reaction mixture was stirred for 18 h and evaporated at room temperature. The
residue was diluted with CHCl3, washed with 5% HCl and water, dried over CaCl2, and
evaporated in a vacuum. The residue was purified by column chromatography, eluent
hexane: ethyl acetate, 5:1

Methyl 7-propynyl 1-hydroxy-13-isopropyl-7,10a,2′-trimethyl- 5,6,6b,7,8,9,10,10a,
10b,11,12,13-dodecahydro-12,4b-ethenophenanthro [2,1-g]indole-7,1′-dicarboxylate (45).
Yield 0.39 g (72%), mp 110–112◦C, [α]D20 + 33.4◦ (c 0.10, CHCl3). 1H NMR spectrum, δ, ppm
(J, Hz): 0.81 (3H, s, 18-CH3); 0.86–0.96 (1H, m, 10-CH2); 1.02 (3H, d, J = 7.0, 17-CH3); 1.05
(3H, d, J = 7.0, 16-CH3); 1.21 (3H, s, 19-CH3); 1.31–1.69 (10H, m, 6,8,9,10,11-CH2, 10b-CH);
1.77–1.80 (1H, m, 6b-CH); 1.98–2.18 (1H, m, 15-CH); 2.41–2.48 (1H, m, 5-CH2); 2.50 (1H,
br s., 8′-CH); 2.71 (3H, s, 3′-CH3); 2.99–3.00 (1H, m, 5-CH2); 3.91 (3H, s, 5′-CH3), 4.28 (1H,
s, 12-CH); 4.69–4.82 (2H, m, 6′-CH2); 5.71 (1H, s, 14-CH); 7.28 (1H, s, 2-CH); 6.00 (1H, br.
s, OH); 12.01 (1H, br. s, NH). 13C NMR spectrum, δ, ppm: 14.9 (C-3′); 16.8 (C-19); 17.1
(C-9), 18.2 (C-18); 20.2 (C-17); 20.5 (C-16); 22.0 (C-6); 28.3 (C-11); 32.2 (C-15); 33.2 (C-5); 36.3
(C-12); 36.9 (C-8); 38.3 (C-4b); 38.8 (C-10); 46.6 (C-7); 47.4 (C-10a); 49.8 (C-6b); 51.4 (C-6′);
52.0 (C-5′); 54.8 (C-10b); 74.4 (C-8′); 78.1 (C-7′); 103.3 (C-2); 108.0 (C-1′); 124.5 (C-3); 127.5
(C-13); 130.9 (C-1a); 133.6 (C-4a); 143.5 (C-4); 146.5 (C-1); 153.2 (C-14); 162.9 (C-2′); 165.6
(C-4′); 178.2 (C-20). Mass spectrum, m/z (Irel, %): 543 [M]+ (100). Found, %: C 75.15; H
7.61; N 2.60. C34H41NO5. Calculated, %: C 75.11; H 7.60; N 2.58.

Ethyl 7-propynyl 1-hydroxy-13-isopropyl-7,10a,2′-trimethyl- 5,6,6b,7,8,9,10,10a,10b,
11,12,13-dodecahydro-12,4b-ethenophenanthro [2,1-g]indole-7,1′-dicarboxylate (46). Yield
0.42 g (75%), mp 98–100◦C, [α]D20 +2.9◦ (c 0.15, CHCl3). 1H NMR spectrum, δ, ppm (J,
Hz): 0.72 (3H, s, 18-CH3); 0.80–0.96 (1H, m, 10-CH2); 1.02 (3H, d, J = 7.0, 17-CH3); 1.05
(3H, d, J = 7.0, 16-CH3); 1.21 (3H, s, 19-CH3); 1.31–1.69 (10H, m, 6,8,9,10,11-CH2,10b-CH);
1.77–1.80 (1H, m, 6b-CH); 1.98–2.18 (1H, m, 15-CH); 2.41–2.48 (1H, m, 9′-CH); 2.65–2.70 (1H,
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m, 5-CH2); 2.73 (3H, s, 3′-CH3); 2.95–3.05 (1H, m, 5-CH2); 3.73 (3H, s, 6′-CH3), 3.95 (1H, s,
12-CH); 4.35-4.42 (2H, m, 5′-CH2); 4.75 (2H, br.s., 6′-CH2); 5.70 (1H, s, 14-CH); 7.49 (1H, s,
2-CH); 9.19 (1H, br. s, OH); 12.01 (1H, br. s, NH). 13C NMR spectrum, δ, ppm: 14.1 (C-3′);
14.2 (C-19); 14.5 (C-9), 15.9 (C-18); 16.5 (C-17); 16.9 (C-16); 20.2 (C-6); 21.4 (C-11); 22.7 (C-15);
28.3 (C-5); 29.7 (C-12); 32.2 (C-8); 33.2 (C-4b); 36.2 (C-10); 36.9 (C-7); 38.8 (C-10a); 49.9 (C-6b);
51.9 (C-7′); 54.9 (C-6′); 57.1 (C-10b); 60.0 (C-5′), 74.9 (C-9′); 79.3 (C-8′); 101.8 (C-2); 108.6
(C-1′); 124.5 (C-3); 127.6 (C-13); 132.8 (C-1a); 133.8 (C-4a); 144.0 (C-4); 148.6 (C-1); 153.2
(C-14); 162.8 (C-2′); 164.8 (C-4′); 179.5 (C-20). Mass spectrum, m/z (Irel, %): 558 [M]+ (100).
Found, %: C 75.30; H 7.75; N 2.55. C35H43NO5. Calculated, %: C 75.37; H 7.77; N 2.51.

Propynyl 13-isopropyl-7,10a-dimethyl-1,4-di oxo-4,5,6,6a,7,8,9,10,10a,10b,11,12-
dodecahydro-1H-4b,12-ethenochrysene-7-carboxylate (48). Yield 0.33 g (75%), mp 85-89◦C,
[α]D20 +26.9◦ (c 0.75, CHCl3). 1H NMR spectrum, δ, ppm (J, Hz): 0.69 (3H, s, 18-CH3);
0.86–0.96 (1H, m, 10-CH2); 1.02 (3H, d, J = 7.0, 17-CH3); 1.05 (3H, d, J = 7.0, 16-CH3); 1.21
(3H, s, 19-CH3); 1.31–1.69 (10H, m, 6,8,9,10,11-CH2, 10b-CH); 1.77–1.80 (1H, m, 6b-CH);
1.98–2.18 (1H, m, 15-CH); 2.41–2.48 (1H, m, 5-CH2); 2.50 (1H, br. s, 3′-CH); 2.85–2.89 (1H,
m, 5-CH2); 4.13 (1H, s, 12-CH); 4.67 (2H, br. s, 1′-CH2); 5.63 (1H, s, 14-CH); 6.45-6.56 (2H,
m, 2-CH, 3-CH). 13C NMR spectrum, δ, ppm: 16.4 (C-19); 16.8 (C-9), 17.1 (C-18); 20.2 (C-17);
20.6 (C-16); 21.7 (C-6); 27.1 (C-11); 31.5 (C-15); 31.9 (C-5); 36.2 (C-12); 36.4 (C-8); 38.6 (C-4b);
39.3 (C-10); 47.1 (C-7); 49.1 (C-10a); 49.4 (C-6b); 52.1 (C-1′); 54.8 (C-10b); 74.6 (C-3′); 77.9
(C-2′); 127.3 (C-13); 133.6 (C-2); 137.5 (C-3); 150.6 (C-4a); 151.1 (C-14); 152.8 (C-1a); 177.7
(C-20); 184.0 (C-1); 185.3 (C-2). Mass spectrum, m/z (Irel, %): 446 [M]+ (100). Found, %: C
78.05; H 7.65. C29H34O4. Calculated, %: C 78.00; H 7.67.

3.5. Synthesis of Compounds 47 and 50

A mixture of 1 mmol of the compounds 42 or 49, 20 mmol (1.3 mL) of acrylonitrile and
0.5 mL of 30% KOH per one hydroxyl groups, 0.5 mmol (0.11 g) of BTEAC, in 20 mL of
dioxane was stirred for 2 h at room temperature. The mixture was poured into a mixture
of ice with HCl, the precipitate was filtered off, washed with water until neutral pH, air
dried, and extracted with methylene chloride (3 × 80 mL) with heating, the solution was
filtered. The filtrate was evaporated under reduced pressure, and the residue was purified
on a silica gel column, eluent hexane–ethyl acetate, 10:1.

Methyl 1-(8′-cyanoethoxy)-13-isopropyl-1′-(ethoxycarbonyl)-7,10a,2′-trimethyl -5,6,6b,
7,8,9,10,10a,10b,11,12,13-dodecahydro-12,4b-ethenophenanthro [2,1-g]indole-7-carboxylate
(47). Yield 0.39 g (68%), mp 127–129 ◦C, [α]D20 +77.9◦ (c 0.10, CHCl3). 1H NMR spectrum,
δ, ppm (J, Hz): 0.79 (3H, s, 18-CH3); 0.86–0.99 (1H, m, 10-CH2); 1.04 (3H, d, J = 7.0, 17-CH3);
1.07 (3H, d, J = 7.0, 16-CH3); 1.24 (3H, s, 19-CH3); 1.27–1.69 (10H, m, 6,8,9,10,11-CH2, 10b-
CH); 1.77–1.80 (1H, m, 6b-CH); 1.98–2.18 (1H, m, 15-CH); 2.45–2.58 (1H, m, 5-CH2); 2.76
(3H, s, 3′-CH3); 2.89–2.91 (2H, m, 7′-CH2); 2.95–3.15 (1H, m, 5-CH2); 3.75 (3H, s, 21-CH3),
3.93 (3H, s, 5′-CH3), 4.28-4.30 (2H, m, 6′-CH2); 4.37 (1H, s, 12-CH); 5.72 (1H, s, 14-CH); 7.28
(1H, s, 2-CH); 12.10 (1H, br. s, NH). 13C NMR spectrum, δ, ppm: 14.9 (C-3′); 15.5 (C-21),
16.9 (C-19); 16.8 (C-9), 17.2 (C-18); 20.2 (C-17); 20.5 (C-16); 22.1 (C-6); 28.3 (C-11); 32.2 (C-15);
33.2 (C-5); 36.3 (C-12); 36.9 (C-8); 38.4 (C-4b); 38.9 (C-10); 46.7 (C-7); 47.4 (C-10a); 49.9 (C-6b);
51.3 (C-7′); 52.0 (C-5′); 54.9 (C-10b); 63.7 (C-6′), 100.9 (C-2); 108.3 (C-1′); 117.4 (C-8′); 124.6
(C-3); 127.6 (C-13); 133.4 (C-1a); 134.1 (C-4a); 144.0 (C-4); 148.4 (C-1); 153.2 (C-14); 163.0
(C-2′); 165.1 (C-4′); 179.6 (C-20). Mass spectrum, m/z (Irel, %): 572 [M]+ (100). Found, %: C
73.45; H 7.75; N 4.91. C35H44N2O5. Calculated, %: C 73.40; H 7.74; N 4.89.

1,4-Bis(2′-cyanoethoxy)-13-isopropyl-7,10a-dimethyl-6,6a,7,8,9,10,10a,10b,11,12-
decahydro-5H-4b,12-ethenochrysene-7-carboxylic acid (50). Yield 0.41 g (80%), mp 157–159 ◦C,
[α]D20 + 63.6◦ (c 0.1, CHCl3). 1H NMR spectrum, δ, ppm (J, Hz): 0.79 (3H, s, 18-CH3); 0.86–0.99
(1H, m, 10-CH2); 1.08 (3H, d, J = 7.0, 17-CH3); 1.10 (3H, d, J = 7.0, 16-CH3); 1.29 (3H, s, 19-CH3);
1.22–1.69 (10H, m, 6,8,9,10,11-CH2, 10b-CH); 1.77–1.80 (1H, m, 6b-CH); 1.98–2.18 (1H, m,
15-CH); 2.45–2.58 (1H, m, 5-CH2); 2.80–2.82 (4H, m, 2′-CH2, 2”-CH2); 2.95–3.00 (1H, m,
5-CH2); 4.05-4.13 (4H, m, 1′-CH2, 1”-CH2); 4.24 (1H, s, 12-CH); 5.71 (1H, s, 14-CH); 6.38-6.47
(2H, m, 2-CH, 3-CH); 9.12 (1H, br. s, OH). 13C NMR spectrum, δ, ppm: 16.4 (C-19); 16.8

94



Int. J. Mol. Sci. 2022, 23, 13535

(C-9), 17.2 (C-18); 19.9 (C-2′, C-2”); 20.2 (C-17); 20.5 (C-16); 22.1 (C-6); 28.3 (C-11); 32.2
(C-15); 33.2 (C-5); 36.3 (C-12); 36.9 (C-8); 38.4 (C-4b); 38.9 (C-10); 46.6 (C-7); 47.4 (C-10a);
49.9 (C-6b); 54.8 (C-10b); 64.4 (C-1′, C-1”); 111.2 (C-1); 114.4 (C-2); 117.6 (C-3′, C-3”), 128.6
(C-14); 135.2 (C-4a); 138.4 (C-1a); 145.1 (C-4); 146.0 (C-1); 151.7 (C-13); 185.6 (C-20). Mass
spectrum, m/z (Irel, %): 517 [M]+H (100). Found, %: C 74.35; H 7.81; N 5.40. C32H40N2O4.
Calculated, %: C 74.39; H 7.80; N 5.42.

Data of the study α-Gly inhibition in vitro, kinetic, docking studies and ADMET
profiling of compound 45. as well as studies of anti-antioxidant, antimicrobial and cytotoxic
activities, can be found in the Supplementary Material (Section S1).

4. Conclusions

The screening of a series of 50 semisynthetic derivatives of levopimaric acid revealed
that, in contrast to the majority of previously reported diterpene α-GLy inhibitors, a lead
diterpene indole with an alkyne substituent 45 was identified as a competitive inhibitor.
As a consequence, one might hope for better translatability to animal and clinical settings,
since the active site of yeast α-GLy and intestinal mammalian maltase–glucoamylase are
conserved, while allosteric sites are likely to be different. In addition, compound 45 is
anticipated to have low intestinal absorption that benefits high concentration of the drug
in the target area and helps to avoid systemic exposure. Additional experiments are
warranted to confirm antihyperglycemic properties of compound 45 in vivo. In the event
of the efficacy and safety being confirmed, novel glucosidase inhibitors open a promising
venue to antidiabetic agents able not only to ameliorate postprandial hyperglycemia, but
also reduce secretory load on pancreatic beta-cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232113535/s1. Ref [63–71] are cited in Supplementary Mate-
rials.
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Abstract: Sacubitril/valsartan (S/V) is a pharmaceutical strategy that increases natriuretic peptide
levels by inhibiting neprilysin and regulating the renin-angiotensin-aldosterone pathway, blocking
AT1 receptors. The data for this innovative medication are mainly based on the PARADIGM-HF
study, which included heart failure with reduced ejection fraction (HFrEF)-diagnosed patients and
indicated a major improvement in morbidity and mortality when S/V is administrated compared
to enalapril. A large part of the observed favorable results is related to significant reverse cardiac
remodeling confirmed in two prospective trials, PROVE-HF and EVALUATE-HF. Furthermore,
according to a subgroup analysis from the PARAGON-HF research, S/V shows benefits in HFrEF
and in many subjects having preserved ejection fraction (HFpEF), which indicated a decrease in
HF hospitalizations among those with a left ventricular ejection fraction (LVEF) < 57%. This review
examines the proven benefits of S/V and highlights continuing research in treating individuals with
varied HF characteristics. The article analyses published data regarding both the safeness and efficacy
of S/V in patients with HF, including decreases in mortality and hospitalization, increased quality
of life, and reversible heart remodeling. These benefits led to the HF guidelines recommendations
updating and inclusion of S/V combinations a key component of HFrEF treatment.

Keywords: sacubitril/valsartan; mortality; morbidity; heart failure; ejection fraction

1. Introduction

Heart failure (HF) is a prevalent disease these days, having a variety of etiologies. This
syndrome involves the ventricle’s structure and function and affects patients’ quality of
life, which means that work capacity, effort tolerance, sleep and psychosocial profile are
altered. Even though HF is debilitating, and deadly, continuous research has developed
more effective therapies. HF is the final stage of most types of heart disease. As a result,
established risk factors play a crucial role in developing HF. High blood pressure, metabolic
syndrome, low physical activity, dyslipidemia, and smoking [1,2] have all been tied to
incident HF, either through coronary disease [3] or through conditions associated with HF,
such as type 2 diabetes mellitus (T2DM) [4], chronic kidney disease [5] or overweight [6],
which are widely known to be implicated in the genesis of HF via multiple pathways. HF
describes symptoms and signs caused by cardiac abnormalities. HF most used terminology
is the left ventricular ejection fraction (LVEF). HF with preserved ejection fraction (HFpEF)
is described as HF with normal LVEF (≥50%) and HF with reduced LVEF (≤40%) as HF
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with reduced ejection fraction (HFrEF). Subjects that are HF-diagnosed, also having an
LVEF of 40 to 49%, are known to have mildly reduced ejection fraction (HFmrEF) [7–9].

Decompensated heart failure (DHF) can be defined as an exacerbation of a chronic HF
or an acute condition [10]. DHF usually appears in patients pre-diagnosed with HF and is
characterized by signs and symptoms that are not tolerable and imply rapid therapeutic
intervention [11]. However, DHF can arise de novo when it is triggered, among other causes,
by complications of acute myocardial infarction (e.g., rupture of the chordae tendinae, acute
mitral regurgitation, etc.), pulmonary embolism, and arrhythmias. This type of DHF is also
known as acute heart failure (AHF).

The persistent burden of HF has lately been highlighted by data on cardiovascular
mortality in the United States [12,13]. HF is significantly more common in older age
groups, with a prevalence of 4.3% among 65–70 year-olds, and is expected to rise rapidly
until 2030 when the incidence of HF might reach 8.5%. HF is usually included in elderly
cardiovascular syndromes, which have a built-in burden of multiple chronic conditions
and frailty, considerably exacerbating the disease’s personal and social costs. In addition,
people of color with HF, especially women, have a disproportionately high impairment
rate [14].

The New York Heart Association categorizes the relationship between dyspnea symp-
toms and physical activity: class I: no symptoms; class II: minor symptoms when engaged
in regular physical activity; class III: patients still have no symptoms at rest but occur at
a lower-than-normal activity; and class IV: extreme breathlessness even when patients
are resting.

Drug therapy is gradually introduced according to the symptoms and stages of HF.
Stage A (high risk, no symptoms) focuses on treating risk factors and comorbidities. Stages
B (structural heart disease, symptoms missing) and C (structural heart disease, positive
symptoms) require drug therapy. If bundle branch block is present, it should be considered
cardiac resynchronization; if acute myocardial infarction is a problem, revascularization
(PCI and CABG) must be performed. Finally, refractory symptoms require intervention
in stage D: VAD (ventricular assisted device) and transplantation. Since neurohormonal
involvement in HF has been recognized, there has been increased attention to the renin-
angiotensin-aldosterone pathway (RAAS) and sympathetic activation. Thus, by suppress-
ing the two, a decrease in mortality and rehospitalizations was demonstrated; moreover,
some beta-blockers (BB) (carvedilol, nebivolol, prolonged-release metoprolol, bisoprolol)
have also been shown to improve left ventricular function. Drug classes such as min-
eralocorticoid receptor antagonists (MRAs), angiotensin-converting enzyme inhibitors
(ACEI)/angiotensin receptor blockers (ARBs) showed improved prognosis when com-
bined [15–18].

Since the 2000s, a new range of drugs has been introduced in HF therapy [19–22],
some of them having a spectacular evolution in terms of formulation [23]. A relatively
new drug class that has made its presence felt in cardiology is co-transporter 2 (SGLT2)
inhibitors, which has been proven as being effective in treating HFrEF, even if patients
do not have DM; thus, doctors are encouraged to add this class of drugs (if they are not
contraindicated or intolerated) to the treatment plan, among a beta-blocker ACEI, MRA,
and an Angiotensin Receptor-Neprilysin Inhibitor (ARNI), to diminish the cardiovascular
death risk or exacerbating HF. ARNI is known as combination of sacubitril and valsartan.

Sacubitril and valsartan (S/V) formed this new drug class—ARNI, because ACEI and
sacubitril combined produced significant angioedema. Neprilysin is an endopeptidase that
degrades natriuretic peptides (NPs) and other endogenous vasoactive peptides. Sacubitril
inhibits neprilysin, which raises the quantities of these peptides, and counteracts the oppo-
site effect of neurohormonal overactivation [24]. The clinical efficacy of ARNI in HFrEF was
proven in the prospective comparison of ARNI with ACEI to determine impact on global
mortality and morbidity in HF (PARADIGM-HF) trial published in 2014 [25]. Experimental
investigations have shown that inhibiting the RAAS and neprilysin simultaneously can
reduce neurohormonal activation [26]. ACEI alone was inferior to ARNI in decreasing the
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hospitalization and the risk of death, in patients diagnosed with HFrEF in a double-blind
large RCT [27].

MiRNAs are small molecules that can be identified at the blood level and are potential
biomarkers to monitor in cardiovascular pathology, more precisely in heart failure [28].
These molecules are involved in cardiac adaptation processes. Some mechanisms involved
in damaging the heart are fibrosis, hypertrophy, and apoptosis. These alterations at the
cardiac level correspond to changes at the molecular level, so it is possible that in the future
these genes will also be used as therapeutic targets. Published data [29] showed that ARNI
increases the level of miRNA-18 and miRNA-145, which offers some protection against
myocardial remodeling and oxidative stress at the cardiomyocyte level. Increased levels
of miRNA-181 are associated with myocardial hypertrophy and fibrosis. ARNI has been
shown to reduce the level of miRNA-181 [29].

In patients who have a poor therapeutic effect of cardiac resynchronization therapy
with defibrillator (CRTd) and a worse prognosis, ARNI leads to significant improvement
in clinical symptoms, cardiac pump, and reduction in NYHA class [29]. These effects
ARNI-induced in CRTd patients lead to reduction in hospitalizations [29]. Notably, these
effects are due to the regression of reverse cardiac remodeling via the modulation of
microRNAs expression [29]. Indeed, the microRNAs are implied in the control of cardiac
adaptive processes in CRTd patients [28], ARNI already being a common practice for HFrEF
patients [25,30–32].

This study would like to present the modern therapeutic options, adapted according to
the pathophysiological mechanism of the diseases, in HFrEF and HFpEF, and to emphasize
the role of sacubitril/valsartan in heart failure therapy based on the data provided by
the large trials. The review also aims to raise awareness to the medical public, starting
from the general practitioner to the cardiologist, about the benefits of inclusion of S/V in
the complex management of HF that led to its inclusion in the cardiology guidelines for
heart failure.

2. The Pathophysiology of Heart Failure

Cardiac dysfunction, both structural and functional, causes decreased cardiac output
and increased intracardiac pressures, which dictate the signs and symptoms of HF [7].
Cardiac injury, including myocyte cell loss, myocardial deformity, fibrosis, LV gradual
dilation, and changes in ventricular shape, leads to cardiac remodeling, an imbalance
in the demand/supply of oxygen from the heart, and altered contractility. In addition,
arrhythmias also cause loss of heart pump function and systolic dysfunction [33]. Moreover,
vasoconstrictor, pro-thrombotic and pro-inflammatory factors also contribute to cardiac
injury, by altering diastole (both atrial and ventricular), so relaxation and filling of the
cavities are no longer possible [34].

Considering only the ejection fraction, HF was divided into two major categories:
HFpEF and HFrEF, which helped to make the diagnosis more accessible to establish the
therapeutic course as quickly as possible, having an essential predictive value. Besides the
two categories which consider EF < 40% and > 50%, a third category should be mentioned
(that covers the gray area of 40–50%), namely HFmrEF. When more than one variable is
considered, research has shown that myocardial dysfunction can be global, both systolic
and diastolic, and that fibrosis, cardiomyocyte cell loss, oxidative stress, and coronary heart
disease contribute at the onset of HF too. Moreover, the negative involvement of the RAAS
in varying degrees in both types of HF has been shown, but the NPs counteracts the effects
of RAAS by vasodilation, decreased wall thickness and inflammation of the heart, but also
by its action on the nervous system [35]. Figure 1 demonstrates the relationship between
the mechanisms described and HFrEF occurrence.
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quately. Most of the time, HFpEF is associated with other chronic diseases, which can lead 
to its aggravation, and implicitly to an increase in the hospitalization rate. Non-cardiomy-
ocytes are made up of about 60% endothelial cells, and endothelial dysfunction, which 
can be recognized early in cardiovascular disease, being less common in HFrEF vs. 
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Evidence-based therapy improves symptoms and prognosis in HFrEF, and less in
HFpEF. These variations underscore the importance of understanding the pathophysiologi-
cal differences between HFrEF and HFpEF, which may influence therapeutic targets. The
rising incidence and high mortality rates are standard features of both. It has been noticed
that differences in giant spring titin, fibrosis, endothelial malfunction, and inflammation, as
well as cardiomyocyte hypertrophy and apoptosis, vary in HF pathology. Cardiomyocyte
hypertrophy, intercellular fibrosis, abnormal cardiomyocyte relaxation, and inflammation
are all characteristics of HFpEF, resulting in the LV’s inability to relax adequately. Most of
the time, HFpEF is associated with other chronic diseases, which can lead to its aggravation,
and implicitly to an increase in the hospitalization rate. Non-cardiomyocytes are made
up of about 60% endothelial cells, and endothelial dysfunction, which can be recognized
early in cardiovascular disease, being less common in HFrEF vs. HFpEF. Several adaptive
mechanisms can cause endothelial dysfunction in response to low cardiac output, such as
vasoconstriction, nitric oxide imbalance, enhanced oxidative stress, neurohormonal activa-
tion and energy bioavailability [36]. Figure 2 illustrates the pathophysiology of HFpEF.
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3. Diagnosis of Heart Failure and Types of Heart Failure

The HF presence is suggested by various signs and symptoms such as shortness
of breath, cough, disrupted sleep, exercise intolerance, edema, and fatigue; in addition,
displacement apex shock and increased jugular venous pressure may also be present. How-
ever, these variables are not always sufficient for the definite diagnosis of HF, because they
can appear in other disorders as well (i.e., kidney failure, chronic obstructive pulmonary
disease (COPD), and obesity) [7].

Thus, in addition to clinical evaluation and routine laboratory tests, specific laboratory
tests are sometimes required—brain natriuretic peptides (BNP) and N-terminal proBNP
(70% sensitivity, 99% specificity, respectively, 99% sensitivity, 85% specificity) [37]. The
two cardiac biomarkers, BNP and proBNP, are secreted mainly by the ventricles but also
by the atria. In the treatment of HF, BNP and NT-proBNP are known as having clinical
importance in prognostic/diagnostic indicators. For example, BNP levels < 100 pg/mL had
90% predictive negative value during the diagnosis of HF in patients with acute dyspnea.
In comparison, values > 500 pg/mL have >80% predictive positive value [38]. LVEF is a
widely used phenotypic criterion for HF diagnosis. Both HFrEF (EF ≤ 40%) and HFpEF
(EF ≥50%) are primary HF subtypes with distinct pathophysiology, etiology, and therapy
outcomes. In addition, the proportions of the two phenotypes with specific risk factors
differ. HFpEF, for example, is defined by female gender and advanced age [39–43].

Comorbidities, numerous risk factors, and pre-existing illnesses contribute to HF,
harming heart’s function and structure. The first choice of HF medications aimed to im-
prove quality of life by reducing morbidity and death in HFrEF while reducing symptoms
and slowing disease progression. However, to date, no HF therapy has been reported
to reverse (constantly and permanently) the evolution of structural and functional de-
generation of the heart [7,44]. Despite breakthroughs in treatment, the prognosis in HF
remains poor. Patients with HFpEF exhibit symptoms and signs of HF, and proof of cardiac
dysfunction as a source of symptoms [2]. HFpEF has the same clinical symptoms as typical
HF, including HFrEF [45]. HFpEF refers to those having HF signs/symptoms of HF, or
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cardiac abnormalities (LV diastolic dysfunction/increased left ventricular filling pressures,
and/or elevated NPs, as well as an LVEF above 50%) [46,47].

4. Pharmacologic Therapy for Heart Failure
4.1. Treatment in HFrEF

The decrease in cardiac output causes an inadequate circulating volume that will be
ameliorated, at the onset of HF, by the compensatory mechanisms through neurohormonal
involvement: sympathetic activation, RAAS, and release of antidiuretic (ADH). Chronic
activation of these mechanisms will cause vasoconstriction and fluid retention, depletion of
catecholamines, and a weak response to the action of circulating catecholamines, contribut-
ing to myocardial hypertrophy and cardiac remodeling, which are present in HF [48–50].
ACEI impacts significantly the neurohormonal state of HF subjects by interfering with the
RAAS by limiting angiotensin I (ATI) to convert to angiotensin II (ATII), causing vascular
relaxation, decreased vasoconstriction and vascular resistance [51–54].

Low levels of ATII promote the elimination of Na from the body, decreased vasocon-
striction and blood pressure (BP). These effects are due to decreased sympathetic activity,
ADH production and aldosterone. Low preload and afterload results from low venous
and arterial pressure lead to improved ventricular filling and better blood ejection. ACEI
can help prevent ventricular remodeling by limiting cardiac hypertrophy and myocardial
fibrosis and reducing cardiomyocyte death by acting at the cellular level. ACEI have been
demonstrated to have positive benefits in chronic HF [55–58].

In patients with HFrEF, ACEI enhance symptoms, life quality, and physical function.
When compared to placebo, ACEI reduced death by 23% and HFrEF-related mortality
or hospitalization by 35%, according to an analysis of 32 randomized clinical studies in
people with HFrEF. ACEI improve survival and lower the risk of HF and coronary events
in patients with a reduced LVEF, but no HF [59–61].

Angiotensin receptor blockers (ARBs) suppress the RAAS by blocking angiotensin II
from binding to its receptor, preventing constriction of the blood vessels and aldosterone
release; ARBs do not inhibit kininase, which lowers cough compared to ACE inhibitors.
Therefore, ARBs should be used to minimize morbidity and fatality in those patients
which cannot be administered ACEI (considering their side effects) [62], or in patients in
whom ARNI is not feasible, according to the 2022 ACCF/AHA/HFSA guidelines [63].
Furthermore, due to the danger of cross-reaction, ARBs should be administrated with
caution in the case of the subjects having in their medical history of angioedema induced
by ACEI [64].

According to the guidelines, in patients having HFrEF NYHA class II/III, ARB medi-
cation should be replaced with an ARNI [65]. The Candesartan in Heart Failure (CHARM
Alternative) study compared candesartan to placebo and found that candesartan improved
cardiovascular outcomes compared to placebo, including cardiovascular death or hospital
readmission. In comparison to 40% of placebo patients, only 33% of candesartan patients
died of cardiovascular cause or were hospitalized for HF [66].

RAAS inhibitors have been shown to have cardioprotective effects. In the study
published by Marfella et al. in 2022, the effect of RAAS blockers was analyzed in heart
transplant patients with/without T2DM. When the research started, no significant differ-
ences were observed in terms of myocardial fibrosis, but at one year of follow-up, there
were differences between patients who did not have T2DM and those who were diagnosed
with T2DM, and more than that, differences were observed in patients who had a more
rigorous glycemic control. It should be clarified that all patients followed a similar therapy
with ACEI or ARB. The study evaluated the involvement of Ang 1–7 and Ang 1–9 molecules
responsible for the antifibrotic effects at the cardiac myocyte level and observed that their
levels are higher in patients without T2DM and in patients with better glycemic control [67].

Beta-blockers bind to beta-adrenoceptors and prevent adrenaline and noradrenaline
from binding to these receptors, reducing the SNS’s functions. Fundamental studies have
shown that giving a BB to symptomatic patients with decreased LVEF reduces mortality
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and morbidity. In the SENIORS, MERIT-HF, COPERNICUS, and Cardiac Insufficiency
Bisoprolol Study (CIBIS)-II trials, this was proved with nebivolol, carvedilol, bisoprolol,
and controlled-release metoprolol [68–71].

Because of detrimental inotropic effects, it is not indicated that BB be started dur-
ing an HF exacerbation; instead, this class is recommended when the patient is volume-
stable [22,72]. Only certain BBs reduce mortality and rehospitalizations because BBs do
not show a class effect. The effects of bisoprolol and metoprolol CR/XL were compared to
placebo and resulted that there has been a reduction of all generating causes of mortality,
hospitalizations, and even NYHA functional status [71,73].

Mineralocorticoid receptor antagonists work by inhibiting the mineralocorticoid re-
ceptor, which counteracts the effects of aldosterone since MRAs provide diuretic properties
and can contribute to a fluid balance. The main beneficial effects are observed in decreasing
mortality, respectively, the number and duration of hospitalizations due to HF (explainable
by both decreasing the risk of hypokalemia, prevention of myocardial/renal fibrosis caused
by excess aldosterone, etc.) [74–76]. Spironolactone side effects (e.g., gynecomastia) are
caused by the affinity of spironolactone for glucocorticoid, progesterone, and androgen
receptors. Eplerenone does not determine gynecomastia, so it is a better choice, but a higher
dose is needed, because of the lower affinity [77–79].

Sodium-glucose cotransporter-2 inhibitors (SGLT2i) consider a newer class of drugs,
with antidiabetic effect, that improve natriuresis and osmotic diuresis, while increasing the
excretion of glucose in the urine to reduce blood glucose levels.

The Dapagliflozin and Prevention of Adverse-outcomes in Heart Failure Trial (DAPA-
HF) randomized trial with dapagliflozin was designed in the HFrEF group, even if patients
did not have DM [80].

When compared to placebo, the study main purpose was to see how adding 10 mg of
dapagliflozin to the optimal treatment for HFrEF affects the primary endpoint’s occurrence,
aggravation of HF (decompensated HF) and cardiovascular mortality. The dapagliflozin-
treated group exceeded the placebo-treated group in every parameter tested throughout the
course of an average 18-month follow-up. In addition, concerning the first exacerbating HF
event and death from cardiac or other causes, the group using dapagliflozin (as treatment)
had a reduced risk. Empagliflozin improves physical performance and life quality, while
lowering the risk of HF hospitalization in the Empagliflozin Outcome Trial in Patients with
Chronic Heart Failure with Reduced Ejection Fraction (EMPEROR-Reduced study) [81].

In HFrEF patients, the two approaches joined (inhibition of NP breakdown and
blockage of the RAA) proving to be the most effective together [82]. In real-life and
contemporary research, ARNI has established itself as a first-line drug in the treatment
of HFrEF. Its favorable effect on cardiac remodeling has also been confirmed. The major
objective of the Rationale and Methods of a Prospective Study of Biomarkers, Symptom
Improvement, and Ventricular Remodeling During Sacubitril/Valsartan Therapy for Heart
Failure (PROVE-HF) trial was to find a relationship between changes of cardiac remodeling
and NT-proBNP concentration values [83]. In the PRIME trial (Pharmacological Reduction
of Functional, Ischemic Mitral Regurgitation), another study found that valsartan alone
was inferior to ARNI in standard therapy, in reverse remodeling and downsizing functional
mitral regurgitation (FMR) in a group of participants diagnosed with HF with an EF ≈
25–50%, symptomatic (NYHA II-III) and significant FMR lasting more than 6 months. After
12 months, in the group treated with ARNI, a reduction in EROA (effective regurgitant
orifice area) was noticed to be more significant than in the group treated with valsartan; this
was the main indicator of FMR improvement. Reducing the effective regurgitant orifice area
determined a reduction in the end systolic/diastolic volume of the LV, in both groups, S/V,
respectively, valsartan. The S/V group outperformed the valsartan group in regurgitant
volume (mean difference, 7.3 mL). Additionally, the S/V group had a substantially higher
decline in diastolic LV function−E/e′. These data support S/V role in cardiac reverse
remodeling [84].
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New information concerning the mechanisms of this drug class in HFrEF was revealed
after researchers analyzed the effect on inflammation, functional ability, and peripheral
vascular activity. A group of patients with HFrEF (LVEF~28%) were administered S/V and
investigated prospectively. Patients were evaluated at the beginning of treatment, then
monthly for up to three months, and a decrease in pro-inflammatory markers, improvement
in functional capacity and peripheral vascular activity were observed [85].

4.2. Treatment in HFpEF

The development and progression of HFpEF are linked to abnormal activation of
the RAAS. In addition, the RAAS reduced LV diastolic performance (increasing myocar-
dial/arterial stiffness) and caused LV hypertrophy [86,87]. As a result, multiple randomized
clinical trials have assessed the RAAS blockade’s prognostic value (CHARM-preserved,
PEPCHF, I-PRESERVED). Unfortunately, the results were not as optimistic as expected:
candesartan and perindopril reduced hospitalization rates due to HF and symptoms, but
irbesartan did not reduce hospitalizations and patients’ quality of life did not improve in
the long term [88–91]. Due to their effectiveness in HFrEF, attempts have been made to
initiate BB in treating HFpEF. Given that there is also a ventricular filling defect in HFpEF
due to adrenergic stimulation, BB may be helpful in decreasing the adrenergic response
and HR and improving exercise tolerance [92,93].

Aldosterone has implications for the development of myocardial fibrosis that will
cause adverse effects on the heart muscle. MRAs act on aldosterone receptors and are useful
in treating HF regardless of the left ventricular ejection fraction. The ALDO-HF study
proved the usefulness of this class in HFpEF from a cardiac point of view but not showing
improvements in symptoms or in the life’s quality [94]. The TOPCAT-HF trial studied the
effects of spironolactone compared to placebo, but the results were not encouraging. In the
group treated with spironolactone, the unwanted effects did not take long to appear, so
hyperkalemia and renal failure were present to a higher degree. However, this trial opens
the way for other studies regarding HFpEF therapy, depending on the etiology [95].

ARNI combines RAAS blockade and endogenous natriuretic peptide pathway up-
regulation. In HFrEF, S/V is an emerging and game-changing disease-modifying drug.
Inhibition of neprilysin increases endogenous natriuretic/vasoactive peptides, such as
cGMP, which are reduced in HFpEF and linked to myocardial stiffness. In a phase II study
of patients with HFpEF, S/V was linked to LA reverse remodeling, a more considerable
reduction in NP levels, and symptoms improvement [96,97]. Patients with HFpEF may
benefit from this discovery. To determine the efficacy of S/V in HFpEF, the Prospective
Comparison of ARNI with ARB Global Outcomes in HF with Preserved Ejection Fraction
(PARAGON-HF) trial was conducted. Subjects having LVEF > 45% and NYHA II-IV were
included in the study. The study’s findings were not as statistically significant as expected,
but it was found that S/V is more effective among women [98–100].

5. Sacubitril/Valsartan Therapy
5.1. Sacubitril/Valsartan in HFrEF—Evidence of Efficacy in Clinical Trials

In the last three decades, HF treatment has experienced an unparalleled evolution,
based on evidence, with an increase in the quality of living and the survival of patients
suffering from HF. International guidelines support this progress, especially the ESC Guide.
Compared to the guide published in 2016, the 2021 guide focuses on patient involvement
in managing the treatment of their disease, of course with a multidisciplinary team. Along
with conventional therapy (ACEI, MRAs, beta-blockers), ARNI and SGLT2i are added
to the therapeutic regimen of subjects with HFrEF. These medication classes have both
independent and additive therapeutic effects [46,101].

In the PARADIGM-HF, patients with HFrEF and NYHA class II, III, or IV HF have
been randomly selected to be administered either S/V or enalapril, in addition to standard
therapy. The study aimed to identify the variations in mortality rates from CV causes. The
study ended earlier in agreement with predetermined rules because the threshold for an
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overwhelming advantage with S/V had been crossed. A total of 17% of patients treated with
S/V and 19.8% with enalapril died, but S/V reduced the rehospitalization rate due to HF
by 21% and improved symptoms. Hypotension and angioedema were more pronounced in
the ARNI group, but fewer patients developed coughs, electrolyte imbalances, and kidney
damage [25]. A blinded independent committee conducted and adjudicated a meticulous
and highly extensive investigation of the mode of death subsequent to the first release of
PARADIGM-HF. The mortality causes were divided into non-CV or CV deaths. In CV
deaths, it was observed that S/V reduced the death rate by 20% compared to the control
group treated with enalapril [102].

In the PIONEER-HF trial, subjects suffering from HFrEF hospitalized due to IC de-
compensation were randomized into two groups: one was treated with ARNI and another
with enalapril. Shortly afterward, a more considerable reduction in NT-proBNP levels was
observed in the group treated with ARNI. The decrease in NT proBNP, which indicates neu-
rohormonal activation and hemodynamic stress, was linked to a decrease in high-sensitivity
cardiac troponin, indicating myocardial damage. Compared to enalapril, S/V subjects were
unlikely to be re-hospitalized for HF at eight weeks. This trial was the first to show that
starting S/V in the hospital was tolerable and safe [103].

The goal of the TITRATION trial was to offer information on how to start and up
titrate S/V in people with chronic HFrEF. TITRATION included patients who had never
been treated before or had varying levels of ACEI/ARB pre-treatment [33,42]. Patients
were divided into two groups: one for concentrated titration, where the dose was increased
in three weeks, and one for conservative titration, where the dose was increased in six
weeks. By measuring the patient’s tolerance to treatment, therapeutic success was obtained
in both groups analyzed. Patients who have not received any ACEI/ARBs previously can
tolerate S/V if introduced gradually, according to the TITRATION trial. It was observed
that if the higher dose is not tolerated in the beginning, a down titration can be beneficial;
this technique can allow the physicians to reach the target dose in time. The TITRATION
trial reveals that S/V can be titrated in most of the subjects in three weeks, excluding the
patients naïve to ACEI/ARBs therapy [104].

PRIME study aimed to show that S/V has a favorable effect on remodeling in HFrEF
patients. In the PRIME study patients suffer from chronic functional mitral regurgitation
due to left ventricular malfunction and reduced EF. These subjects received guideline-
directed medical therapy in a double-blind experiment. Valsartan or S/V were given to the
patients. The S/V group developed a decrease in EROA, thus proving that the drug has a
better effect on heart remodeling than the valsartan group; additionally, an improvement
in the regurgitant volume was noticed. Some other noticeable results show that the S/V
group had a higher decrease in LV end-diastolic volume index, but on partial mitral leaflet
closure area, other measures of the LV, or changes in blood pressure, it was not a remarkable
difference. PRIME is considered a modest trial being the first to demonstrate the reverse
remodeling impact of S/V in people with HFrEF, associated with suffering from FMR [84].

In the PARADIGM-HF study, a lower NT-proBNP level was linked to a better result in
patients using S/V. The PROVE-HF wanted to investigate this further because NT-proBNP
lowering during guideline-directed healing therapy has already been associated with
cardiac remodeling reversal. PROVE-HF was open-label research in which 794 individuals
suffering from chronic HFrEF were distributed to S/V and had their echocardiogram
carried out before starting treatment, six months later, and 1 year later. At each study visit,
the concentration of NT-proBNP was assessed. Following the completion of all research
procedures, at a core laboratory, echocardiograms were blindly analyzed temporally and
clinically. After starting S/V, the researchers found a significant 37 percent reduction in
NT-proBNP and reverse cardiac remodeling intimately tied to it. At the starting point, the
LVEF was ~28%, but after 12 months of treatment, it increased by 9.4%, with a significant
improvement in other patients. Additionally, more variables were modified: diastolic
function, measured by E/e′ proportion, improved, and the mass index of LV and volumes
of LV and LA reduced. These results are maintained in patients who were newly diagnosed
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with HF or those who had not previously been treated with ACE inhibitors or ARBs or
patients who did not achieve the target dose of S/V. The PROVE-HF research adds to
the growing body of evidence supporting reversible cardiac remodeling and the drop of
NT-proBNP levels when ARNI is administered [105].

Whether aortic impedance can contribute (from the pathophysiologic point of view) in
patients diagnosed with HFrEF and treated with ARNI was one of the questions answered
in the EVALUATE-HF trial. Patients were divided into two groups: one that received
S/V and the other one, enalapril. It resulted that the S/V group showed a decreased
aortic impedance, while the valsartan’s group was increased; still, the dissimilarity was not
eloquent. Compared to the enalapril group, the S/V group exhibited considerably lessened
NT-proBNP levels and a significant reduction in numerous echocardiographic parameters
(LVED, SVI, LAVI mitral E/e′ index). An exploratory secondary goal was to show a substan-
tial increase in the general summary score for the 12-module Kansas City Cardiomyopathy
Questionnaire (KCCQ). Despite three months of S/V medication, these findings demon-
strate a clear remodeling benefit compared to usual care. The EVALUATE-HF research
found that, while no considerable improvement was observed when administering S/V in
aortic impedance, in contrast with enalapril, it did show more substantial cardiac reverse
remodeling and improved quality of life [106].

A summary of the results obtained from the above presented clinical trials is presented
in the Table 1.

Table 1. Clinical trials main information.

Trial Acronym [Ref],
Setting

Study Design
Patients’ no./Inclusion Criteria

Period
Results

PARADIGM-HF [25],
ambulatory preceded

S/V (target dose 97/103 mg × 2/day) vs.
enalapril; a multicenter, prospective,

randomized clinical trial
8442/NYHA II–IV (EF ≤ 40%)

follow-up of 27 months

• CVD mortality ↓20%
• HF hospitalization ↓21%

TITRATION [104],
ambulatory

S/V clinical trial, multicenter,
prospective, randomized/

498/NYHA II–IV (EF ≤ 35%)/
16-week study period

• 76% of patients achieved and maintained S/V without
modifying the dose

• 77.8% of patients reached the appropriate S/V dosage,
• 84.3% with a prolonged titration
• Safety was equal

PRIME HF [84],
ambulatory

S/V vs. valsartan in a multicenter,
prospective, randomized clinical study

118/HFrEF (EF < 50%)
12-month study period

• reduction in EROA
• significant changes in regurgitant volume and LVEDV
• no significant changes in LVESV and inadequate mitral

leaflet closure area.

EVALUATE-HF
[106], ambulatory

S/V vs. enalapril in a multicenter,
prospective, randomized clinical trial

464/ HFrEF (EF ≤ 40%) S/V or enalapril
were assigned at random.

12-week study period

• difference in aortic characteristic impedance—not
substantial

• changes in LAVI, LVEDV, LVESV, mitral E/e′ ratio
• EF increased by 1.9% in S/V group

PROVE-HF [105],
ambulatory

S/V clinical trial, multicenter,
prospective, open label
794/HFrEF (EF ≤ 40%)
12-month study period

• reduction in NT-proBNP
• changes in LVEDV, LVESV, LAVI and E/e′ ration
• reversal cardiac remodeling
• low NT-proBNP, not attain target dose, new-onset HF, or

not taking an ACEI/ARB at the time of
enrolling—similar outcomes.
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Table 1. Cont.

Trial Acronym [Ref],
Setting

Study Design
Patients’ no./Inclusion Criteria

Period
Results

PIONEER-HF [107],
in-hospital

S/V was compared to enalapril in a
multicenter, prospective, randomized

clinical trial
881/NYHA II–IV (EF ≤ 40%)

8-week study period

• 47% against a 25% drop in NT-proBNP
• S/V is safe in AHF or new-onset HF
• recurrent HF hospitalizations—reduced
• no significant difference between the two groups

regarding renal function, hypotension, and
hyperkalemia

TRANSITION [108],
in-hospital

A multicenter, prospective, randomized
clinical trial 1.002/HFrEF

(EF ≤ 40%)

• patients who reached the target dose of S/V was similar
• S/V safe and well-tolerated in patients with AHF and

new-onset HF

AHF, acute heart failure; EF, ejection fraction; HF, heart failure; HFrEF, HF with reduced ejection fraction; LVEDV,
left ventricle end-diastolic volume; LVESV, left ventricle end-systolic volume; NYHA, New York Heart Association;
S/V, sacubitril/valsartan; LAVI, left atrial volume index; ↓ reducing.

Associations between S/V post-discharge adherence (PDC) and clinical outcomes after
readmissions for HFrEF revealed that 32.9% patients who received ARNI therapy were
compliant when discharged (PDC ≥ 80%), but 67.1% were not compliant to the treatment
(PDC < 80%). Between groups, baseline attributes were evenly distributed. Subjects with
PDC ≥ 80% presented considerably decreased adjusted risk of all-cause readmission to
hospital and mortality after 90 days and one year compared to patients with PDC < 80%. At
one year, patients saw a significant reduction in rehospitalization for every five-percentage
point rise in PDC. Finally, the trial proved that compliance to the therapy with S/V, 90
days after discharge was related to diminished rehospitalization rates and death in patients
hospitalized for HFrEF and discharged on S/V. In HFrEF, more work is needed to increase
adherence to S/V and other guideline-directed medical therapy [109].

5.2. Sacubitril/Valsartan in the Treatment of HFpEF

The researchers assigned HF patients with LVEF > 45%, NYHA II-IV, high NP values,
and structural heart disease to receive target doses of S/V and valsartan (97/203 mg ×
2/day, respectively 160 mg × 2/day). Renal function, safety, functional class, KCCQ score,
CV death, and HF hospitalizations were monitored. The results favor S/V except for
hospitalizations and CV deaths, where there was no statistically significant difference [98].

A randomized, parallel-group, double-blind clinical experiment included subjects
with HF, LVEF > 40%, high NT-proBNP concentrations, structural heart disease, and bad
quality of life registered from 396 facilities in 32 countries. The aim of the research was to
compare the results of S/V on NT-proBNP levels, 6-min walk test (6MWT) and life quality
in subjects suffering from chronic HF and LVEF greater than 40% to background medication-
based individualized comparators. The trial was completed by 87.1% of patients. At the
baseline, the levels of NT-proBNP were comparative in both groups (786 pg/mL—S/V
group, respectively, 760 pg/mL—comparative group). After 12 weeks, the group that
received S/V had a considerable reduction in NT-proBNP levels compared to the other
group. A big difference was not noticed regarding the 6MWT after 24 weeks (at the baseline
9.7 m and at the end 12.2 m) nor in NYHA class and KCCQ score (12.3 vs. 11.8, respectively
23.6% vs. 24.0% of patients). S/V treatment determined a more notable decrease in plasma
NT-proBNP peptide concentrations compared to standard RAAS inhibitor treatment or
placebo. However, it did not significantly enhance the 6MWT in subjects suffering from HF
and a LVEF > 40% [110].

A systematic review on four randomized controlled studies of S/V for HFpEF patients
showed a reduced rate of HF hospitalization in HFpEF patients when compared to the
control group. S/V did not exhibit any clear benefits in cardiovascular mortality, mortality
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of all causes, or improvement in the NYHA class. Even though S/V was connected to
an increased risk of symptomatic hypotension, there were no signs of deteriorating renal
function or hyperkalemia. Except for the hospitalization rate, in which the S/V treatment
group favored HFpEF patients, the study found no differences between the two groups
compared to valsartan or personalized medical therapy [111].

Previous research has validated S/V’s efficacy in treating HFrEF. However, the role
of S/V in HFpEF is still an area of research. S/V is a combination therapy that includes
sacubitril and valsartan and functions as neprilysin inhibitor (ARNI) and a first-generation
angiotensin receptor blocker. Using animal models, the effect of S/V was evaluated in a high
sodium diet that causes HFpEF and vascular damage, in addition to the primary mechanism.
Thus, a considerable amount of salt (68 mg/kg) was administered intragastrically before
S/V treatment. According to the findings of functional tests, it has been observed that
a high sodium diet leads to lesions in the heart and vascular system. These effects were
reversed by S/V administration; in addition, S/V had an antifibrotic impact by decreasing
the amount of type 1 and type 3 collagen and decreasing the MMP3/SMAD3 ratio. The
most plausible explanation for the favorable effects on HFpEF is the action of S/V on the
TGF1/SMAD3 signaling pathway. Following this experiment, S/V proved its therapeutic
potential in HFpEF, reversing the effects of HFpEF induced by a high sodium diet. However,
this study had some drawbacks: to corroborate the findings, the study did not identify the
agonists or antagonists of the TGF-/Smad signaling pathway; instead, it merely examined
the biochemical effects of a high-salt diet and S/V. HFpEF is still controversial in high
salt-induced rat models even after thorough reports by the team of Y Sakata/M Hori. For
the thorough verification of these data, in vitro experiments are also necessary [112]. S/V
has been given a pioneering expanded indication by the FDA, making it the first medicine
in the US to be approved for chronic HF that is not defined by ejection fraction.

5.3. Sacubitril/Valsartan in Advanced Heart Failure

According to estimates, 1% to 10% of people with heart failure have advanced heart
failure [113]. However, the prevalence is growing due to the rising number of people
with heart failure and improved survival and treatment [114]. Advanced heart failure is
characterized by low ejection fraction (LVEF ≤ 30%), right ventricle failure, congenital or
valve abnormalities that are not operable, high values of the cardiac biomarkers and low to
very low quality of life of the patients (e.g., NYHA III/IV, inability to fulfill 300 m without
symptoms). Therefore, this stage of HF can be classified as stage D according to ACC/AHA
classification. In addition, advanced HF involves repeated interventions by the medical
staff and more aggressive therapy to manage the severe overlapping symptoms [46,115].
Researchers analyzed the medical records of all severe HF patients who were assessed
at their center for heart transplant therapy. They looked at individuals who had started
ARNI medication and had their hemodynamics checked before and after six months. At six
months after initiating ARNI medication, the first noticed result was pulmonary pressures
and filling pressures variety. Systolic pulmonary artery pressure (32 mm Hg vs. 25 mm
Hg) in addition to average pulmonary artery pressure (20 mm Hg vs. 17 mm Hg) were
significantly lower six months after commencing ARNI. Because of improvement, 23%
patients were removed from the heart transplant list, while four new patients were added
to the list. After almost two years, three patients were treated with a left ventricular assist
device, while six patients had their hearts transplanted. S/V was found to be safe and
effective in lowering filling pressures and pulmonary pressures in subjects suffering from
advanced HF [116]. Advanced HF in patients with reduced EF NYHA IV was not an
inclusion criterion in the large clinical trials PARADIGM-HF and PIONEER-HF, so in these
patients, the effectiveness of S/V in their treatment could not be confirmed. To assess the
efficacy and impacts of S/V, the randomized clinical trial LIFE (LCZ696 In Hospitalized
Advanced Heart Failure) reached an answer [117]. Therefore, the LIFE trial tried to objectify
the efficacy and effects of S/V through the changes made to NT-proBNP levels from the
beginning of the study to 24 weeks of therapy. The study included 335 patients with

110



Int. J. Mol. Sci. 2022, 23, 11336

this pathology who were administered S/V or valsartan (target dose—200 mg × 2/day,
respectively, 160 mg × 2/day). The trial showed that there are no significant differences
between the two groups [118]. Moreover, in patients whose tolerability was not verified
to one of the ACEI/ARB classes before initiating S/V, it was proven that 50% of patients
would have an intolerance to S/V. Therefore, this study concludes that the benefit of S/V
in patients with HFrEF in an advanced stage must be weighed against the risk [117].

6. Ongoing Research with Sacubitril/Valsartan in the Treatment of Heart Failure

The first study (PARAGLIDE-HF) is a multicenter, randomized, and double-blinded
clinical trial that is expected to enroll 450 participants. Following hospitalization for
acute decompensated HF, this study will assess the effects of S/V compared to valsartan
monotherapy on clinical outcomes, safety, tolerability and NT-proBNP levels in decompen-
sated HFpEF patients that were stabilized, and the treatment with S/V will be instituted at
the time or in 30 days after patient stabilization [119].

A total of 50 people will be enrolled in the second study. It will look at the effects of S/V
on the autonomic cardiac nerve system in HF patients by measuring HR variability [120].

The third study will assess the effects of S/V vs. valsartan on cardiac oxygen demand
and cardiac work efficiency in 60 participants with NYHA II-III HFrEF after six weeks of
therapy [121].

The fourth trial will enroll 48 patients and will examine S/V vs. placebo in terms of
neurohormonal activation and physical function in people presenting right ventricular
dysfunction (moderate/severe) and those that have present NYHA II-III symptoms [122].

The researchers will enroll 100 patients in the fifth study, which will be a phase 3
randomized controlled trial to see if S/V can reverse heart hypertrophy and fibrosis [123].

The SHORT trial, the sixth study, is a randomized experiment on HF patients with
LVEF < 35%. Its goal is to see if a quicker protocol translates to faster optimization and a
higher degree of optimization than the current standard protocol [124].

A multicenter prospective randomized study will assess the effect of in-hospital
initiation of S/V on the NT-proBNP concentrations in patients admitted due to AHF
(PREMIER) and is estimated to include 400 participants [125].

7. Current Guidelines Recommendations

Recent ACC AHA 2022 HF recommendations indicate the use of ARNI as first line
therapy to lessen morbidity and fatality in subjects suffering from HFrEF and those that
present NYHA class II/III symptoms. Subjects with HFrEF, NYHA II-III that are under
treatment with ACEI/ARBs should be switched to ARNI due to favorable morbidity and
mortality results. ARNI is indicated as a de novo medication in subjects suffering from AHF
and chronic symptomatic HFrEF, given the improved prognosis, decreased NTproBNP
value, and cardiac remodeling [44].

From the perspective of mortality and morbidity, none of therapies described in this
review have been shown efficient in HFpEF; it is crucial to understand the mechanisms
underlying this condition. However, the PARAGON-HF study revealed a lower readmis-
sions rate in those patients with HF and LVEF < 57%, and a systematic review that included
PARADIGM-HF and PARAGON-HF trials showed a decrease in CV mortality and HF
hospitalization in patients that had an LVEF lower than the normal interval [46]. FDA
granted S/V, an indication to treat patients with HFpEF. Management of HF according to
latest guideline recommendations is illustrated in the Figure 3.
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8. Conclusions

S/V is a breakthrough drug in HF therapy. Compelling benefits of ARNI therapy
in HFrEF were demonstrated in PARADIGM HF with a reduction in CV mortality and
hospital admission for HF, and a decrease in all-cause mortality. Sudden cardiac death
was reduced by 22%, as were all-cause and HF readmissions and AHF. S/V reduced
symptoms and physical constraints linked to HF, as assessed by the KCCQ, and this
advantage expanded to almost all areas of the score when examined individually. There
is an expanding body of evidence supporting S/V’s role in cardiac reverse remodeling
process correlated with a significant reduction of NT-proBNP level in EVALUATE HF and
PROVE HF. The PRIME study demonstrates for the first time the result of S/V treatment on
reverse remodeling in HFrEF subjects with functional mitral regurgitation. S/V decreased
the rate of cardiovascular mortality and readmissions in subjects suffering from HFpEF in
PARAGON-HF, though the results are not statistically significant. In addition, advantages
for life quality and renal function have been reported, but also from a clinical perspective.
S/V treatment reduced the symptoms of HFpEF produced by a high-salt diet, most likely
by decreasing fibrosis, highlighting S/V’s therapeutic promise for HFpEF. For patients
admitted to hospital for HFrEF and discharged on S/V, increased adherence to therapy
was connected to considerably lower readmission rates and death.
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Abstract: Retinal ischemia/reperfusion (I/R) injury can cause severe vision impairment. Retinal I/R
injury is associated with pathological increases in reactive oxygen species and inflammation, resulting
in retinal neuronal cell death. To date, effective therapies have not been developed. Nicotinamide
mononucleotide (NMN), a key nicotinamide adenine dinucleotide (NAD+) intermediate, has been
shown to exert neuroprotection for retinal diseases. However, it remains unclear whether NMN can
prevent retinal I/R injury. Thus, we aimed to determine whether NMN therapy is useful for retinal
I/R injury-induced retinal degeneration. One day after NMN intraperitoneal (IP) injection, adult
mice were subjected to retinal I/R injury. Then, the mice were injected with NMN once every day for
three days. Electroretinography and immunohistochemistry were used to measure retinal functional
alterations and retinal inflammation, respectively. The protective effect of NMN administration was
further examined using a retinal cell line, 661W, under CoCl2-induced oxidative stress conditions.
NMN IP injection significantly suppressed retinal functional damage, as well as inflammation. NMN
treatment showed protective effects against oxidative stress-induced cell death. The antioxidant
pathway (Nrf2 and Hmox-1) was activated by NMN treatment. In conclusion, NMN could be a
promising preventive neuroprotective drug for ischemic retinopathy.

Keywords: nicotinamide mononucleotide; retinal ischemia/reperfusion; oxidative stress; neuropro-
tection; inflammation

1. Introduction

Retinal ischemia/reperfusion (I/R) injury is involved in various retinal ischemic
diseases, including diabetic retinopathy, glaucoma, and vascular ischemic retinopathy.
Retinal I/R injury can cause pathological events, such as the induction of reactive oxygen
species and retinal inflammation, ultimately leading to retinal neuronal cell death [1–3]. As
effective therapeutics have not yet been found or developed for retinal I/R injury, research
on searching for promising neuroprotective drugs to prevent and/or suppress retinal I/R
injury has been attempted at the preclinical stage [4,5].

Nicotinamide mononucleotide (NMN) is one of the major intermediates of nicoti-
namide adenine dinucleotide (NAD+), a crucial co-enzyme for various cellular redox
metabolisms, including cellular proliferation, DNA repair, and cell death/survival [6,7]. In
this aspect, boosting NAD+ biosynthesis has been nominated as beneficial for age-related
metabolic disorders and diseases, including obesity, insulin resistance, and diabetes [8].
When it comes to the eye, recent studies have demonstrated that NMN administration could
protect against photoreceptor cell damage in rodent models of light-induced retinopathy or
retinal detachment [9,10]. However, little is known about the preventive role of NMN for
retinal I/R injury in mice.
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Thus, in the present study, we aimed to determine whether NMN treatment could
exert retinal protection in a mouse model of retinal I/R injury induced by acute transient
elevation of intraocular pressure. Furthermore, we attempted to investigate how NMN
treatment could show therapeutic effects using a retinal 661W in vitro system.

2. Results
2.1. NMN Treatment Prevents Retinal Dysfunction in a Mouse Model of Retinal I/R Injury
Induced by Acute Elevation of Intraocular Pressure

To examine whether NMN treatment could prevent retinal dysfunction in a mouse
model of retinal I/R injury, NMN was intraperitoneally injected into the mice one day
before retinal I/R injury (Figure 1A). After injury, NMN was continuously intraperitoneally
injected into the mice every day according to our experimental scheme. The dose of
NMN was determined based on previous studies that evaluated various effects of NMN
treatment [9–12]. We found that the amplitude of b-wave significantly decreased five days
after retinal I/R injury, and its reduction was lessened by NMN treatment (Figure 1B).
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Figure 1. Retinal functional changes by nicotinamide mononucleotide (NMN) treatment in mice.
(A) The schematic illustration shows whole experimental plans for NMN injection, retinal is-
chemia/reperfusion (I/R) injury, and the termination day of the whole experiment. i.p., intraperi-
toneal; D, day; ERG, electroretinography. (B) Representative waveforms (50 cd·s/m2) of ERG (n = 5–6
per group) demonstrated that the ERG amplitudes decreased 5 days after retinal I/R injury. NMN
injection suppressed reductions in the ERG amplitude (especially b-wave), flashed with various
intensities (0.5, 2, 10, or 50 cd·s/m2). * p < 0.05, *** p < 0.001, # p < 0.05, and ## p < 0.01. ns, not
significant. The data were analyzed using one-way ANOVA followed by a Bonferroni post-hoc test.
The data are drawn as the mean ± standard deviation.

2.2. NMN Treatment Reduces Retinal Inflammation in a Mouse Model of Retinal I/R Injury
Induced by Acute Elevation of Intraocular Pressure

Previously, we found pathologic increases in isolectin GS-IB4 (IB4)-positive inflam-
matory cells in the retina five days after retinal I/R injury [13]. Therefore, we examined
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whether the likelihood of its occurrence could be lessened by NMN treatment (Figure 2A,B).
In our current system, the number of IB4-positive inflammatory cells in the ischemic retina
was markedly reduced by NMN treatment.
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Figure 2. General modulation of retinal inflammation by nicotinamide mononucleotide (NMN)
treatment in mice. (A,B) Representative pictures and quantitative analyses (n = 5–6 per group)
demonstrated that the number of retinal I/R injury-induced IB4 positive inflammatory cells in the
retina was reduced by NMN injection 5 days after injury. Scale bar: 50 µm. White boxes, enlarged
pictures; Stars (*) in enlarged pictures, IB4 positive inflammatory cells. ** p < 0.01 and # p < 0.05.
One-way ANOVA followed by a Bonferroni post-hoc test was used for the data analysis. Bar graphs
are shown as the mean ± standard deviation. IB4, isolectin GS-IB4 from Griffonia simplicifolia.

2.3. NMN Treatment Exerts Neuroprotection in Retinal 661W Cells under CoCl2-Induced
Oxidative Stress Conditions

To further determine whether NMN treatment could show protective effects in retinal
neuronal cells, we applied an in vitro system to our current study (Figure 3). 661W cells, a
mouse-derived photoreceptor cell line possessing features of retinal ganglion precursor-like
cells, were used, as they are generally used as one of the in vitro models for studying
retinal degeneration [14–16]. Previously, we found that CoCl2-induced oxidative stress
could cause 661W cell death [17]. In our current system, we also found 661W cell death
by CoCl2-induced oxidative stress, analyzed with TUNEL assay (Figure 3A,B). NMN
treatment significantly reduced oxidative stress-induced 661W cell death. This outcome
was further confirmed with MTT assay (Figure 3C).

2.4. NMN Treatment Upregulates the Antioxidant Genes in Retinal 661W Cells under
CoCl2-Induced Oxidative Stress Conditions

NMN treatment has been shown to increase antioxidant genes such as Nrf2 and
Hmox-1 in various cell types [9–11,18,19]. Thus, we applied its concept to our current
system (Figure 4). Under the same conditions of CoCl2-induced oxidative stress above, we
found that the expression of Nrf2 and Hmox-1 mRNA was markedly increased by NMN
treatment in 661W cells (Figure 4A,B).
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Figure 3. Neuroprotection in vitro by nicotinamide mononucleotide (NMN) treatment. (A,B) Rep-
resentative pictures and quantitative analyses (n = 5 per group) demonstrated that the amount of
oxidative stress-induced 661W cell death stained by TUNEL assay was reduced by 1 mM NMN
treatment after 24 h of 400 µM of CoCl2 incubation. Scale bar: 100 µm. DAPI (blue); TUNEL (green);
Stars (*) in pictures, TUNEL positive cells. *** p < 0.001 and ### p < 0.001. One-way ANOVA followed
by a Bonferroni post-hoc test was used for the data analysis. Graphs are depicted as the mean ± stan-
dard deviation. (C) Quantitative analyses (n = 9 per group) demonstrated that MTT-based 661W cell
viability increased by 1 mM NMN treatment after 10 h of 400 µM of CoCl2 incubation. *** p < 0.001
and ### p < 0.001. One-way ANOVA followed by a Bonferroni post-hoc test was used for the data
analysis. Bar graphs are shown as the mean ± standard deviation. PC, positive control (250 µM
of H2O2).
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Figure 4. Antioxidant gene regulation by nicotinamide mononucleotide (NMN) treatment.
(A,B) Quantitative analyses (n = 5 per group) demonstrated that NMN treatment (6 h) increases
mRNA expression in the antioxidant genes (Nrf2 and Hmox-1) in 661W cells under 400 µM CoCl2-
induced oxidative stress conditions. ## p < 0.01 and ### p < 0.001. ns, not significant. The data
were analyzed using one-way ANOVA followed by a Bonferroni post-hoc test and drawn as the
mean ± standard deviation.
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3. Discussion

The current study demonstrated that retinal neuronal cells could be damaged by
retinal I/R injury, and consecutive NMN treatment could show preventive effects against
such injury. The therapeutic effects of NMN were further examined using the 661W cell line.
Oxidative stress-induced 661W cell death was markedly decreased by NMN treatment,
with increases in antioxidant gene expression (Nrf2 and Hmox-1). Although NMN therapy
has gradually been reported to be beneficial for eye diseases [20,21], as far as we know,
this report is the first to expand the role of NMN in a mouse model of retinal I/R injury
induced by acute increases in intraocular pressure.

NMN is a key intermediate of NAD+, an important metabolic redox co-enzyme
in most eukaryotic cells. NMN supplements could be involved in various biological
processes such as aging, cell growth, cell death and protection, and DNA repair [22,23]. To
date, the therapeutic outcomes of treating NMN or targeting its related NAD+ pathways
have been unraveled in various experimental models of metabolic diseases and disorders,
including diabetes, obesity, ischemia/reperfusion injury, heart failure, vascular dysfunction,
hemorrhage, cognitive dysfunction, kidney injury, and alcoholic liver disease [22–26]. This
indicates that NMN and its related NAD+ pathways might be crucial for regulating multiple
cellular functions in the body.

Based on our current data, retinal I/R-induced retinal dysfunction and oxidative stress-
induced cell death were reduced by NMN treatment. Other groups have reported similar
effects. Chen et al. demonstrated that NMN supplementation reduces photoreceptor
cell loss in the early phase of retinal detachment [10]. They further found that NMN
treatment exerts neuroprotection in 661W cells under tBuOOH-induced oxidative stress
conditions (tBuOOH; one of the most widely used inducers of oxidative stress [27–29]).
Lin et al. showed that NMN treatment protects against retinal dysfunction in mice lacking
nicotinamide phosphoribosyltransferase (Nampt; a rate-limiting enzyme in the NAD+

salvage biosynthesis pathway [30,31]) and mice with light-induced retinopathy [9]. They
further found that NAMPT inhibitor FK866-induced cell death was decreased by NMN
treatment in 661W cells. In this regard, our current results are consistent with those of other
previous reports, which implies that NMN could have therapeutic effects against retinal
cell damage.

Previous reports from us and others have suggested that reductions in pathologic
retinal inflammatory cells could be beneficial for retinal neuronal protection in a murine
model of retinal I/R injury [13,32,33]. The therapeutic strategy of modulating pathologic
inflammatory cells for neuroprotection can be seen in brain injury, rather than just retinal
I/R injury [34–36]. Our current system detected reductions in pathologic retinal inflamma-
tory cells in the NMN-treated retinas. Chen et al. also found that NMN supplementation
could suppress retinal inflammation in retinal detachment [10]. Wei et al. demonstrated
that NMN treatment could suppress neuroinflammation to exert neuroprotection in in-
tracerebral hemorrhage [18]. Although the way in which NMN treatment is involved
in modulating inflammation requires further investigation, its effect might contribute to
retinal protection against retinal I/R injury.

NMN is widely known to be associated with antioxidants to protect cells against
free radicals [37]. Based on previous reports, the antioxidant function of NMN has been
linked to the Nrf2/Hmox-1;Ho-1 antioxidant signaling pathway [9–11,18,19,38]. Pu et al.
demonstrated that NMN treatment could increase cell viability and restore tight junctions
in human corneal epithelial cells through the Nrf2/Hmox-1 pathway [19]. Luo et al. showed
that NMN administration could restore redox homeostasis in a murine model of oxidative
stress-induced liver injury through the Nrf2 pathway [39]. Wei et al. showed that NMN
treatment could attenuate brain damage induced by intracerebral hemorrhage through
the Nrf2/Hmox-1 pathway [18]. Chen et al. demonstrated that NMN treatment could
increase HO-1 protein expression in 661W cells under tBuOOH-induced oxidative stress
conditions [10]. Taken together, our current data also support the notion that the therapeutic
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role of NMN could be involved in the Nrf2/Hmox-1 antioxidant signaling pathway in
various eukaryotic cells.

In summary, we applied the promising NMN therapy to retinal I/R injury in the
current study. We further found that NMN treatment could protect against oxidative
stress-induced retinal cell death and could upregulate the antioxidant pathway (Nrf2 and
Hmox-1) in retinal cells. Although more studies (such as unraveling the clear mode of action
of NMN treatment in ischemic eyes, including the retina, choroid, and retinal pigment
epithelium) are needed, we suggest a promising NMN therapy for ischemic retinopathy
based on our short current summary.

4. Materials and Methods
4.1. Animal and Retinal Ischemia/Reperfusion (I/R) Injury

The mouse experimental processes of the Ethics Committee on Animal Research of
Keio University School of Medicine (#16017), the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research, and the International Standards of Animal Care and
Use, Animal Research: Reporting in Vivo Experiments were followed. Adult male mice
(C57BL/6, 6–8 weeks old) were bought from CLEA Japan (Tokyo, Japan). After mouse
randomization, retinal I/R injury was induced in their eyes, as described in our previous
paper [13]. Briefly, anterior chamber cannulation was performed using a 35-gauge needle,
and high intraocular pressure was maintained by PBS solution for 40 min. After injury, the
mice were recovered with hot pads to maintain their body temperature and then moved
back to their cages for further experiments.

4.2. Electroretinography (ERG)

General scotopic ERG was performed as described in our previous retinal I/R injury
study [13]. After 24 h of dark adaptation, the mice were placed on a Ganzfeld dome
table under dimly lit conditions. After pupil dilation followed by anesthesia (midazolam,
medetomidine, and butorphanol tartrate, called MMB [40]), active ERG electrodes, con-
nected to a PuREC acquisition system (MAYO, Inazawa, Japan), were softly contacted
with the mouse cornea. Then, the general scotopic ERG amplitudes (a- and b-waves) were
obtained at standard flash intensities.

4.3. Immunohistochemistry (IHC)

IHC was performed as described in our previous retinal I/R injury study [13]. Briefly,
after paraformaldehyde (4% PFA) fixation for more than 3 h, the mouse eyeballs were
moved to a Petri dish with cold PBS. After the retinas were collected from the eyeballs, the
retinal samples were flat-mounted using micro-scissors and incubated in IB4 solution for
24 h. After washing with cold PBS several times, the retinal samples were mounted and
examined by an LSM710 fluorescent microscope (Carl Zeiss, Jena, Germany).

4.4. Cell Culture

Retinal 661W cells were generally cultured in DMEM (Cat #08456-36, Nacalai Tesque,
Kyoto, Japan) media with 10% FBS and 1% streptomycin–penicillin as described in our
previous papers [41,42]. The cell culture was maintained under atmospheric conditions
containing 5% CO2 at 37 ◦C.

4.5. Terminal Deoxynucleotidyl Transferase dUTP Nick end Labeling (TUNEL) and MTT Assays

A TUNEL assay was conducted as described in our previous papers [13,43]. We basi-
cally followed the manufacturer’s manual instructions (in situ Apoptosis Detection Kit, Cat
#MK500, Takara Bio, Japan). PFA (4%)-fixed 661W cells were subjected to permeabilization
using a permeabilization buffer supplied from the assay kit for 5 min on ice. A labeling
reaction mixture with TdT enzymes was added to the cells for 1 h. Then, the DAPI solution
was incubated for 1 min to stain the nuclei. The samples were mounted and investigated
using an LSM710 fluorescent microscope (Carl Zeiss, Jena, Germany).
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An MTT assay was also performed as described in our previous report [41]. The MTT
solution (Cat #M2128, Sigma, St. Louis, MO, USA) was given to each well for 2 h. After
removing the supernatant, DMSO was added to each well. Then, color absorbance was
measured and determined using a microplate reader (Synergy HT Multi-Mode, Winooski,
VT, USA).

4.6. Quantitative PCR (qPCR)

All steps for quantitative PCR (qPCR) were described in our previous reports [42,44].
Briefly, RNA extraction, cDNA synthesis, and qPCR were performed with each kit (Qiagen,
Velno, Netherlands; TOYOBO, Osaka, Japan; Applied Biosystems, Waltham, MA, USA,
respectively). The primer information used in our current study is outlined in Table 1. The
general ∆∆CT calculation method was applied for our qPCR analysis.

Table 1. Primer list.

Name Direction Sequence (5′→3′) Accession Number

Hprt Forward TCAGTCAACGGGGGACATAAA
NM_013556.2Reverse GGGGCTGTACTGCTTAACCAG

Hmox-1
Forward CACTCTGGAGATGACACCTGAG

NM_010442.2Reverse GTGTTCCTCTGTCAGCATCACC

Nrf2 Forward TAGATGACCATGAGTCGCTTGC
NM_010902.4Reverse GCCAAACTTGCTCCATGTCC

4.7. Statistical Analysis

All values in our current data were depicted as the mean ± standard deviation.
Statistical significance was determined using one-way ANOVA followed by a Bonferroni
post-hoc test. Statistical significance was considered when the p-value < 0.05.
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Abstract: Sphingolipids are important biological mediators both in health and disease. We inves-
tigated the vascular effects of enhanced sphingomyelinase (SMase) activity in a mouse model of
type 2 diabetes mellitus (T2DM) to gain an understanding of the signaling pathways involved.
Myography was used to measure changes in the tone of the thoracic aorta after administration of
0.2 U/mL neutral SMase in the presence or absence of the thromboxane prostanoid (TP) receptor
antagonist SQ 29,548 and the nitric oxide synthase (NOS) inhibitor L-NAME. In precontracted aortic
segments of non-diabetic mice, SMase induced transient contraction and subsequent weak relaxation,
whereas vessels of diabetic (Leprdb/Leprdb, referred to as db/db) mice showed marked relaxation.
In the presence of the TP receptor antagonist, SMase induced enhanced relaxation in both groups,
which was 3-fold stronger in the vessels of db/db mice as compared to controls and could not be
abolished by ceramidase or sphingosine-kinase inhibitors. Co-administration of the NOS inhibitor
L-NAME abolished vasorelaxation in both groups. Our results indicate dual vasoactive effects of
SMase: TP-mediated vasoconstriction and NO-mediated vasorelaxation. Surprisingly, in spite of
the general endothelial dysfunction in T2DM, the endothelial NOS-mediated vasorelaxant effect of
SMase was markedly enhanced.

Keywords: sphingolipids; sphingomyelinase; vasorelaxation; endothelial nitric oxide synthase;
type 2 diabetes; thromboxane prostanoid receptor

1. Introduction

Sphingolipids, derived from sphingomyelin metabolism, have been implicated as im-
portant mediators in the physiology and pathophysiology of the cardiovascular
system [1–6]. Sphingomyelinase (SMase) catalyzes the conversion of sphingomyelin to
ceramide, which is the precursor of other sphingolipid mediators, including ceramide-1-
phosphate (C1P), sphingosine (Sph), and sphingosine-1-phosphate (S1P) [7]. The majority
of S1P-induced biological effects are mediated by G-protein-coupled receptors (GPCRs),
termed S1P1–5 [8]. Other sphingolipid mediators may exert biological effects by directly
interacting with membrane or intracellular protein targets, independently of the activation
of S1P receptors [5,9–11].

Based on the optimal pH for their catalytic activity, SMase isoforms can be divided
into three groups: alkaline, acidic, and neutral [12]. The expression and known functions of
alkaline SMases are mostly restricted to the gastrointestinal system, whereas acidic and
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neutral SMases are more widely expressed and involved in physiological and pathophysio-
logical reactions in many systems, including the cardiovascular system. In the vasculature,
SMases are implicated in the regulation of vascular tone and permeability as well as in
causing atherosclerotic lesions and vascular wall remodeling [13]. Interestingly, neutral
SMase has been reported to induce a wide range of changes in the vascular tone, depending
on the species, vessel type, and experimental conditions (Table 1). Taken into account the
large number of biologically active mediators (including ceramides, C1P, Sph, and S1P)
that can be generated both extra- and intracellularly upon triggering the sphingolipid
biosynthesis by neutral SMase, the diversity of vascular effects is not unexpected.

Table 1. Reported vasoactive effects of neutral SMase.

Species Vessel Vasoactive Effects Proposed Mechanism Refs.

Yorkshire pig Coronary artery

Transient endothelium-
dependent contraction
followed by endothelium-
dependent relaxation

Vasoconstriction: prostanoid(s)
Vasorelaxation: NO [14]

Sprague-
Dawley rat Thoracic aorta Endothelium-independent

relaxation Inhibition of protein kinase C (PKC) [15,16]

Wistar rat Thoracic aorta Partly endothelium-independent
relaxation

Endothelium-mediated components are
independent of NO or prostanoids
Non-endothelial components are
independent of PKC

[17]

Mongrel dog Basilar artery Endothelium-independent
contraction Activation of VDCC and PKC [18]

Wistar rat
Pial venule
(60–70 µm in
diameter)

Constriction and spasm Activation of VDCC, PKC, and MAP
kinase [19]

Wistar rat Thoracic aorta Endothelium-independent
relaxation

Inhibition of both Ca2+-dependent and Ca2+-
independent (RhoA-/Rho kinase-mediated)
contractile pathways

[20]

Cow Coronary artery Endothelium-dependent
relaxation

Ca2+-independent eNOS activation,
involving phosphorylation on serine 1179
and dissociation of eNOS from plasma
membrane caveolae

[21]

Wistar rat Pulmonary artery Endothelium-independent
contraction Activation of VDCC, PKCζ, and Rho kinase [22]

Wistar-Kyoto (WKY) and
Spontaneously
hypertensive rat (SHR)

Carotid artery

SHR: strong endothelium-
dependent contraction
WKY: weak endothelium-
dependent contraction

Vasoconstriction is mediated by PLA2- and
COX2-mediated TXA2 release and attenuated
by NO

[23–25]

NO, nitric oxide; PKC, protein kinase C; VDCC, voltage-gated calcium channel; MAP, mitogen activated protein;
eNOS, endothelial NO synthase; PLA2, phospholipase A2; TXA2, thromboxane A2; COX, cyclooxygenase.

SMase enzymes are reportedly upregulated in certain cardiovascular and metabolic
disorders, such as type 2 diabetes mellitus (T2DM) [13,26,27]. Sphingolipids have been
implicated as important regulators of inflammatory processes in diabetes [28]. Stress condi-
tions initiate changes in sphingolipid metabolism [29], and sphingolipids have emerged
as key mediators of stress responses [30,31]. Extracellular stressors induce sphingolipid
synthesis and turnover, thereby ‘remodeling’ sphingolipid profiles and their topological
distribution within cells [32]. Emerging evidence not only demonstrates profound changes
in sphingolipid pools and distribution under conditions of overnutrition [33–35], but also
implicates sphingolipids in mediating cell-signaling responses that precipitate pathology
associated with obesity [36]. In spite of the marked alterations in the metabolism and
actions of sphingolipids in diabetes and recent observations indicating that ceramide may
contribute to the development of diabetic endothelial dysfunction [37], relatively little is
known about the effects of sphingolipids on vascular functions in T2DM. In the present
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study, we analyzed the effects of SMase on vascular tone under diabetic conditions in order
to elucidate the signaling mechanisms involved.

2. Results

First, we verified the general metabolic and vascular phenotypes of the T2DM mice
tested in the present study. Db/db mice reportedly develop obesity with elevated blood
glucose levels and insulin resistance [38–40]. Accordingly, the body weight increased al-
most 2-fold (Figure 1A), whereas blood glucose levels increased 3-fold (Figure 1B) in db/db
mice as compared to non-diabetic control littermates. Furthermore, the serum phosphoryl-
choline level was also significantly increased in the diabetic group (Figure 1C), which is
consistent with the reported enhancement of SMase activity in type 2 diabetes [13,26,27].
According to literature data, acetylcholine (ACh)-evoked vasorelaxation of the aorta
prepared from db/db mice is completely NOS-dependent [41], thus ACh was used to
characterize the endothelial function. The vessels of db/db animals showed marked
endothelial dysfunction, as indicated by the impairment of the dose-response relation-
ship of ACh-induced vasorelaxation after precontraction with 10 µmol/L PE (Figure 1D).
The Emax value decreased to 50.8 ± 2.0% in diabetic vessels as compared to controls
(65.8 ± 3.9%). However, there was no significant difference in the EC50 values
(34.7 ± 16.0 nM vs. 55.7 ± 15.7 nM), indicating unchanged potency in spite of the re-
duced efficacy of endogenous NO upon stimulation of endothelial NOS (eNOS) by ACh. In
contrast, reactivity of the vascular smooth muscle to NO remained unaltered, as neither the
Emax (105.2 ± 1.8% vs. 103.3 ± 2.2%) nor the EC50 (10.7 ± 1.3 nM vs. 14.1 ± 2.0 nM) values
of sodium nitroprusside (SNP)-induced vasorelaxation differed in vessels of db/db animals
as compared to controls (Figure 1E). Taken together, these results confirm the T2DM-like
metabolic and vascular phenotypes in db/db mice and suggest the in vivo enhancement of
SMase activity as well.
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 Figure 1. Manifestation of the metabolic and vascular phenotypes of T2DM in db/db mice. Body
weight (A), as well as non-fasting blood glucose (B) and serum phosphorylcholine levels (C), increased
in db/db mice as compared to controls (** p < 0.01, *** p < 0.001 vs. control group; Student’s unpaired
t-test, n = 13–22). ACh-induced relaxation diminished (D), while the reactivity of the vascular smooth
muscle to sodium nitroprusside (SNP) remained unaltered (E) in vessels of db/db mice as compared
to controls (mean ± SEM, *** p < 0.001 vs. control; dose-response curve fitted to n = 12–24).

Next, we determined the effect of nSMase on the active tone of control and db/db
vessels (Figure 2A). After 10 µmol/L phenylephrine (PE)-induced precontraction, 0.2 U/mL
nSMase elicited additional contraction in control vessels that reached its maximum at

131



Int. J. Mol. Sci. 2023, 24, 8375

7.2 min before relaxing back to the pre-SMase level by the end of the 20-min observation
period. In contrast, nSMase in db/db vessels elicited completely different responses. After
a marked initial relaxation elicited by 0.2 U/mL nSMase during the first 5 min, the tone of
the db/db vessels remained in a relaxed state below the level of the initial tension. From
the shape of the tension curve, it appeared that in addition to the overriding relaxation,
there was a delayed and transient constriction response with a time course similar to that
observed in control vessels, but it was unable to overcome the robust dilatation. Evaluation
of the AUC (Figure 2B) and the maximal changes in the vascular tone (Figure 2C) also
supported the conclusion that there is a marked difference in the vascular effects of nSMase
between control and db/db mice: contraction dominates in the former, whereas the latter
is characterized by reduction of the vascular tone.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 4 of 13 
 

 

Figure 1. Manifestation of the metabolic and vascular phenotypes of T2DM in db/db mice. Body 
weight (A), as well as non-fasting blood glucose (B) and serum phosphorylcholine levels (C), in-
creased in db/db mice as compared to controls (** p < 0.01, *** p < 0.001 vs. control group; Student’s 
unpaired t-test, n = 13–22). ACh-induced relaxation diminished (D), while the reactivity of the vas-
cular smooth muscle to sodium nitroprusside (SNP) remained unaltered (E) in vessels of db/db mice 
as compared to controls (mean ± SEM, *** p < 0.001 vs. control; dose-response curve fitted to n = 12–
24). 

Next, we determined the effect of nSMase on the active tone of control and db/db 
vessels (Figure 2A). After 10 μmol/L phenylephrine (PE)-induced precontraction, 0.2 
U/mL nSMase elicited additional contraction in control vessels that reached its maximum 
at 7.2 min before relaxing back to the pre-SMase level by the end of the 20-min observation 
period. In contrast, nSMase in db/db vessels elicited completely different responses. After 
a marked initial relaxation elicited by 0.2 U/mL nSMase during the first 5 min, the tone of 
the db/db vessels remained in a relaxed state below the level of the initial tension. From 
the shape of the tension curve, it appeared that in addition to the overriding relaxation, 
there was a delayed and transient constriction response with a time course similar to that 
observed in control vessels, but it was unable to overcome the robust dilatation. Evalua-
tion of the AUC (Figure 2B) and the maximal changes in the vascular tone (Figure 2C) also 
supported the conclusion that there is a marked difference in the vascular effects of 
nSMase between control and db/db mice: contraction dominates in the former, whereas 
the latter is characterized by reduction of the vascular tone. 

 
Figure 2. Effects of nSMase on the vascular tone. Application of 0.2 U/mL nSMase evoked a complex 
vascular effect with dominant contraction in control vessels and a more pronounced relaxation in 
vessels of db/db mice. Black and red lines on panel (A) represent average changes in tension of PE-
precontracted vessels in control and db/db mice, respectively (dotted lines represent SEM). Both 
area under curve values (B) and maximal tension changes (C) were significantly different in vessels 
from db/db animals as compared to controls (mean ± SEM, Student’s unpaired t-test, **** p < 0.0001 
vs. control; n = 51–49). 

Our next aim was to differentiate the constrictor and relaxant components of the vas-
cular tension changes in response to nSMase. In porcine coronary arteries [14] and in the 
carotid arteries of spontaneously hypertensive rats [23–25], prostanoids acting on TP re-
ceptors have been implicated in mediating the vasoconstrictor effect of SMase. Therefore, 
we hypothesized that thromboxane prostanoid (TP) receptors also mediate the nSMase-
induced vasoconstriction in our murine aorta model. To test this hypothesis, the TP recep-
tor antagonist SQ 29,548 was administered to the organ chambers 30 min prior to admin-
istration of nSMase. Blockade of TP receptors not only abolished the vasoconstriction but 
also converted it to a transient vasorelaxation in control vessels (Figure 3A). The maximum 
relaxation was reached at 5.5 min after the administration of nSMase, and the vascular 
tone returned to baseline after 10 min. TP receptor inhibition also markedly changed the 
vascular response to nSMase in the db/db group: the vasorelaxation was enhanced to more 
than 70% and reached its maximum at 6.5 min. After its peak, the relaxation decreased, 

Figure 2. Effects of nSMase on the vascular tone. Application of 0.2 U/mL nSMase evoked a complex
vascular effect with dominant contraction in control vessels and a more pronounced relaxation in
vessels of db/db mice. Black and red lines on panel (A) represent average changes in tension of
PE-precontracted vessels in control and db/db mice, respectively (dotted lines represent SEM). Both
area under curve values (B) and maximal tension changes (C) were significantly different in vessels
from db/db animals as compared to controls (mean ± SEM, Student’s unpaired t-test, **** p < 0.0001
vs. control; n = 51–49).

Our next aim was to differentiate the constrictor and relaxant components of the
vascular tension changes in response to nSMase. In porcine coronary arteries [14] and in
the carotid arteries of spontaneously hypertensive rats [23–25], prostanoids acting on TP
receptors have been implicated in mediating the vasoconstrictor effect of SMase. Therefore,
we hypothesized that thromboxane prostanoid (TP) receptors also mediate the nSMase-
induced vasoconstriction in our murine aorta model. To test this hypothesis, the TP
receptor antagonist SQ 29,548 was administered to the organ chambers 30 min prior to
administration of nSMase. Blockade of TP receptors not only abolished the vasoconstriction
but also converted it to a transient vasorelaxation in control vessels (Figure 3A). The
maximum relaxation was reached at 5.5 min after the administration of nSMase, and the
vascular tone returned to baseline after 10 min. TP receptor inhibition also markedly
changed the vascular response to nSMase in the db/db group: the vasorelaxation was
enhanced to more than 70% and reached its maximum at 6.5 min. After its peak, the
relaxation decreased, but the vascular tone failed to return to the pre-SMase level even after
20 min. Both the AUC (Figure 3B) and the peak vasorelaxation (Figure 3C) values showed
marked differences between the two experimental groups, indicating that the strongly
enhanced and prolonged vasorelaxant capacity is responsible for the differences between
the vasoactive effects of nSMase in db/db and control vessels. This finding was very
surprising in light of the diminished ACh-induced vasorelaxation that we had observed
in db/db animals (Figure 1D) and was not consistent with the large body of literature
indicating diminished endothelium-dependent vasorelaxation in T2DM.
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Figure 3. Effects of TP receptor blockade on nSMase-induced changes in the vascular tone. After
inhibition of the TP receptor by 1 µM SQ 29,548, 0.2 U/mL nSMase relaxed both db/db and control
vessels, with a significantly higher relaxation in the db/db group (A). Black and red lines in panel A
represent average tension changes in PE-precontracted vessels of control and db/db mice, respectively,
whereas dotted lines represent SEM. Both area under curve values (B) and maximal tension changes
(C) were significantly different in vessels from db/db animals as compared to controls (mean ± SEM,
Student’s unpaired t-test, *** p < 0.001 vs. control; **** p < 0.0001 vs. control; n = 20).

Next, we aimed to analyze the mechanism of the enhanced nSMase-induced vasorelax-
ation in the vessels of db/db mice. Theoretically, it could be due to the enhancement
of eNOS-mediated vasorelaxation or to the onset of an NO-independent mechanism.
To clarify this question, the vessels were incubated with the NOS inhibitor L-NAME
(100 µM) in addition to the TP receptor blocker SQ 29,548 (1 µM) for 30 min prior to
0.2 U/mL nSMase administration. L-NAME at a concentration of 100 µM abolished the
vasorelaxation observed in the presence of 1 µM SQ 29,548 both in control and in db/db
vessels (Figure 4A). There were no significant differences between the two groups either
in the AUC (Figure 4B) or in the maximal change of tension values (Figure 4C). These
results indicate that the same secondary signaling pathways—namely TP receptors and
eNOS—mediate the vasoactive effects of nSMase in health and in T2DM.
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Figure 4. Effects of combined TP receptor and NOS blockade on nSMase-induced changes in vascular
tone. After incubation of the vessels with 1 µM SQ 29,548 and 100 µM L-NAME for 30 min, 0.2 U/mL
nSMase could no longer evoke a tension change in the thoracic aorta of control or db/db mice (A).
Black and red lines in panel A represent average tension changes in PE-precontracted vessels of
control and db/db mice, respectively (dotted lines represent SEM). Area under curve values (B)
and maximal tension changes (C) were not different in vessels from db/db animals as compared to
controls (mean ± SEM, n = 9–17).

Finally, we aimed to investigate the possible involvement of downstream sphingolipid
metabolites in the vasorelaxing effect of nSMase observed in db/db mice. Thus, aortic
segments isolated from db/db were treated with either the ceramidase inhibitor D-erythro
MAPP (10 µM) or SKI-II (1 µM), a sphingosine kinase inhibitor. In order to examine the
vasorelaxant effects exclusively, vessels were pre-treated with 1 µM SQ 29,568. Neither
MAPP nor SKI-II could affect the vasorelaxation evoked by 0.2 U/mL nSMase (Figure 5A).
In addition, evaluation of AUC (Figure 5B) and maximal vasorelaxing responses (Figure 5C)
showed no significant differences in MAPP or SKI-II-treated vessels compared to vehicle
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treated ones. These results suggest that the effect of nSMase is not mediated by sphingosine
or sphingosine-1-phosphate.
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Figure 5. Effects of ceramidase and sphingosine-kinase inhibitors on nSMase-induced vascular
tone changes in db/db mice. After incubating with 1 µM SQ 29,548 for 30 min, db/db vessels
were treated with 10 µM D-erythro MAPP or 1 µM SKI-II. Neither MAPP nor SKI-II could affect
the vasorelaxation induced by 0.2 U/mL nSMase (A). Black, red, and blue lines in panel A rep-
resent average tension changes in PE-precontracted vessels of vehicles, MAPP, and SKI-II treated
vessels, respectively (dotted lines represent SEM). Area under curve values (B) and maximal tension
changes (C) were not different in MAPP- or SKI-II-treated vessels as compared to vehicle controls
(mean ± SEM, n = 4–5).

3. Discussion

Findings of the present study indicate that nSMase-induced changes in vascular
tension involve both vasoconstriction and vasorelaxation in murine vessels. Our results
suggest that the former is mediated by the release of prostanoids and activation of TP
receptors, whereas the latter is mediated by eNOS. Surprisingly, nSMase-induced eNOS-
mediated vasorelaxation is markedly enhanced in the vessels of db/db mice in spite of
the endothelial dysfunction indicated by the diminished vasorelaxation evoked by ACh.
Therefore, nSMase appears to be able to induce enhanced NO release from endothelial cells
in T2DM.

Vasoconstriction in response to SMase has been reported in a number of studies,
although the mechanisms mediating this effect appear to be highly variable depending
on the experimental conditions, including species, vascular region, and integrity of the
endothelium (see Table 1). Release of prostanoids and consequent activation of TP receptors
have been proposed in porcine coronary arteries [14] as well as in the carotid arteries of
spontaneously hypertensive rats [23–25]. In our study, nSMase-induced contraction was
found to be TP receptor-dependent in both control and db/db mice, indicating that nSMase
stimulates the release of TXA2 from the aortic rings.

There might be at least three different sources for the SMase-induced arachidonic acid
formation necessary for TXA2 production [42]. One such possibility is that diacylglycerol
(DAG) would accumulate while sphingomyelin synthase converted the newly generated
ceramide back to sphingomyelin, and DAG lipases would provide arachidonic acid for
the production of TXA2 [43]. Another mechanism might relate to the observation that
C1P can allosterically activate phospholipase A2 (PLA2) [44], which leads to arachidonic
acid formation [45]. It might be important in this context that the gene encoding ceramide
kinase (CERK) is upregulated in T2DM [46]. Finally, S1P has been reported recently to
regulate prostanoid production in a S1P receptor-dependent manner [47]. It should be
noted that mechanisms other than prostanoid release might also mediate the vasoconstrictor
effect of SMase, i.e., modulation of different ion channels or initiating the Rho signaling
pathway [18,19,22,48].

Vasorelaxation in response to nSMase appears to be endothelial NO-dependent, as
L-NAME completely abolished the decrease in vascular tone in both control and db/db
vessels. Without L-NAME, relaxation was dramatically increased in db/db-derived vascu-
lar rings. This is unexpected because endothelial dysfunction with consequential decreased
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vasorelaxant capacity is considered to be a hallmark of T2DM-like conditions. A potential
explanation may be related to the altered structure of the plasma membrane in T2DM [49].
Normally, sphingomyelin (SM) represents about 10–20% of the lipids in the plasma mem-
brane, mostly residing in the outer leaflet. However, most of these are found in the caveolae,
and SMase is thought to be a regulator of lipid microdomains [50,51]. Pilarczyk and col-
leagues provided evidence that in db/db mice, the endothelial lining of the aorta contains
10-fold larger lipid raft areas enriched in SM as compared to controls [49]. This arrange-
ment might be related to the decreased NO-release in T2DM, as eNOS is inhibited by
caveolin-1 [52], which is considered to be an important regulator of eNOS [53–55]. In our
experimental setting, nSMase-induced degradation of sphingomyelin could interfere with
this caveolar structure and induce the detachment of eNOS from caveolin-1, leading to
high amounts of NO released from the endothelium of db/db vascular rings. This hypoth-
esis is supported by the observations of Mogami et al. [21], indicating that SMase causes
endothelium-dependent vasorelaxation through Ca2+-independent endothelial NO pro-
duction in bovine aortic valves and coronary arteries. They also reported SMase-induced
translocation of endothelial NOS from plasma membrane caveolae to the intracellular re-
gion. Furthermore, protein expression levels of caveolin-1 were reported to be significantly
higher in the aorta of db/db mice, and this was thought to be related to the impaired
aortic relaxation of C57BL/KsJ mice [56]. In order to find out if downstream sphingolipid
mediators such as sphingosine or sphingosine-1-phosphate contribute to the enhanced
vasorelaxation seen in db/db aortic segments, we also investigated whether inhibition
of ceramidase or sphingosine-kinase could interfere with the vasorelaxation. Neither
D-erythro-MAPP nor SKI-II could diminish the nSMase-induced vasorelaxation in db/db
vessels; therefore, it is unlikely that the release of these mediators participates in the effect.
This finding strengthens our hypothesis that the enhanced relaxation in db/db vessels is
mediated by a direct effect of nSMase on the membrane structure. On the other hand, we
cannot rule out that the ceramide-related pathway might be involved in the SMase-induced
contractions as well [18,23], as we did not address this question in our experiments. Finally,
the potentially increased NO-sensitivity of guanylate cyclase (sGC) [57], which could be re-
lated to the dysfunctional NO-release observed in T2DM, should also be considered, as this
would sensitize sGC to NO and result in enhanced NO-mediated vasorelaxation. However,
this mechanism can be excluded in our present experiments, as the SNP dose-response
curve remained unchanged in db/db vessels (Figure 1E), indicating that the sensitivity of
the vascular smooth muscle to NO was not upregulated.

Sphingolipid metabolism is markedly altered in T2DM and related
conditions [58–62], and the observed changes in endothelial lipid rafts [49] might be a con-
sequence of the disrupted plasma membrane lipid metabolism. On the other hand, T2DM
has several characteristics that resemble a chronic inflammatory disease [63]. Cytokines that
accumulate in chronic inflammation, such as tumor necrosis factor alpha (TNF-α) and inter-
leukin 1 beta (IL-1β), can also induce marked changes in sphingolipid metabolism [6,64,65].
Our observation that serum phosphorylcholine levels were increased in the db/db group
might be a strong indicator of the altered in vivo sphingolipid metabolism in our ani-
mal model and agrees with the literature; however, it cannot be excluded that enzymes
other than nSMase also contribute to this increase (e.g., other SMases, choline-kinase,
phospholipase C, ENPP, etc.).

As a limitation of our study, it has to be mentioned that the characteristics of the patho-
physiological conditions in the db/db mouse model differ from those of human T2DM
in some aspects [66]. For example, db/db mice do not necessarily develop hypertension
and may have high levels of high-density lipoprotein and a reduced tendency toward
atherosclerosis [67]. Therefore, due to the more severe endothelial dysfunction, the en-
hancement of nSMase-induced eNOS-mediated vasorelaxation may be limited in humans
with T2DM. A further limitation of our study is that we tested only one single dose of
bacterial nSMase. This 0.2 U/mL dose of exogenously administered bacterial nSMase rep-
resents the upper range used in the literature [14–18,20–23], as our aim was to evaluate the
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consequences of a robust activation of sphingomyelinase degradation. Further studies may
aim to elucidate the exact dose-response relationship for SMase-induced vasorelaxation
and vasoconstriction in db/db mice or other T2DM-related conditions, which may also
help to clarify the exact molecular mechanisms involved. Though bacterial and different
mammalian nSMase orthologues share low overall homology, the ‘catalytic core’ residues
are strongly conserved [68]. Therefore, it is likely that the addition of bacterial nSMase
mimics the overactivation of mammalian nSMase and leads to similar cellular effects—in
our case, the release of thromboxane and NO [69,70].

4. Materials and Methods

All procedures were carried out according to the guidelines of the Hungarian Law of
Animal Protection (40/2013). The procedures were approved by the National Scientific Ethical
Committee of Animal Experimentation (PE/EA/924-7/2021, accepted: 7 September 2021).

4.1. Animals and General Procedures

The BKS db diabetic mouse strain (JAX stock #000642) was obtained from the Jackson
Laboratory (Bar Harbor, ME, USA) and has been maintained in our animal facility by
mating repulsion double heterozygotes (Dock7m +/+ Leprdb). Littermate adult male diabetic
(Leprdb/Leprdb, referred to as db/db) and misty (Dock7m/Dock7m, referred to as control) mice
were selected for experiments. All mice investigated in this research were male and aged
between 90 and 180 days. Animals were weighed, and blood samples were collected by
cardiac puncture followed by transcardial perfusion with 10 mL of heparinized (10 IU/mL)
Krebs solution under deep ether anesthesia, as described previously [71]. Nonfasting
blood glucose was measured by a Dcont IDEÁL biosensor-type blood glucose meter
(77 Elektronika Kft.; Budapest, Hungary). In some experiments, additional blood samples
were collected, allowed to clot for 30 min at room temperature, and centrifuged at 2000× g
for 15 min at 4 ◦C. Serum was snap frozen for a later phosphorylcholine assay, which was
based on the method described by Hojjati and Jiang [72] using a commercially available kit
(item No. 10009928, Cayman Chemical; Ann Arbor, MI, USA).

4.2. Myography

The thoracic aorta was removed and cleaned of fat and connective tissue under a
dissection microscope (M3Z, Wild Heerbrugg AG; Gais, Switzerland) and immersed in a
Krebs solution of the following composition (mmol/L): 119 NaCl, 4.7 KCl, 1.2 KH2PO4,
2.5 CaCl2·2 H2O, 1.2 MgSO4·7 H2O, 20 NaHCO3, 0.03 EDTA, and 10 glucose at room
temperature and pH 7.4. Vessels were cut into ~3 mm-long segments and mounted on
stainless steel vessel holders (200 µm in diameter) in a conventional myograph setup
(610 M multiwire myograph system; Danish Myo Technology A/S; Aarhus, Denmark).
Special care was taken to preserve the endothelium.

The wells of the myographs were filled with an 8 mL Krebs solution aerated with
carbogen. The vessels were allowed a 30-min resting period, during which the bath
solution was warmed to 37 ◦C and the passive tension was adjusted to 15 mN, which was
determined to be optimal in a previous study [71]. Subsequently, the tissues were exposed
to a 124 mmol/L K+ Krebs solution (made by isomolar replacement of Na+ by K+) for 1 min,
followed by several washes with normal Krebs solution. Reactivity of the smooth muscle
was tested by a contraction evoked by 10 µmol/L PE, and reactivity of the endothelium
was tested by following the PE-evoked contraction with administration of 0.1 µmol/L
ACh. After repeated washing, during which the vascular tension returned to the resting
level, the segments were exposed to a 124 mmol/L K+ Krebs solution for 3 min in order to
elicit a reference maximal contraction. Subsequently, after a 30-min washout, increasing
concentrations of PE (0.1 nmol/L to 10 µmol/L) and ACh (1 nmol/L to 10 µmol/L) were
administered to determine the reactivity of the smooth muscle and the endothelium,
respectively. Following a 30-min resting period, the vessels were precontracted to 70–90%
of the reference contraction by an appropriate concentration of PE, and after contraction
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had stabilized, the effects of 0.2 U/mL nSMase (SMase from B. cereus, Sigma-Aldrich;
St. Louis, MO, USA) were investigated for 20 min. Bacterial SMase functions at neutral
pH and is reportedly a useful tool for mimicking the biological effects of activation of
cellular SMase [73,74]. In some experiments, the selective TP receptor antagonist SQ 29,548
(1 µM) with or without the nitric oxide synthase (NOS) inhibitor L-NAME (100 µM) was
applied to the baths 30 min prior to administration of nSMase. In order to block ceramidase
or sphingosine-kinase enzymes, D-erythro MAPP (10 µM) or SKI-II (1 µM) were used,
respectively. Finally, to test the sensitivity of the smooth muscle to NO, SNP (0.1 nmol/L to
10 µmol/L) was administered after a stable precontraction elicited by 1 µmol/L PE.

4.3. Data Analysis

An MP100 system and AcqKnowledge 3.72 software from Biopac System Inc. (Goleta,
CA, USA) were used to record and analyze changes in the vascular tone. All data are
presented as mean ± SE, and “n” indicates the number of vascular segments tested in
myography experiments or the number of animals tested in the case of body weight, blood
glucose, and serum phosphorylcholine levels. Maximal changes in the vascular tone were
calculated as a percentage of precontraction. To evaluate the temporal pattern of nSMase-
induced vasoactive responses, individual curves were constructed and averaged, showing
the changes in vascular tone for 20 min after the application of nSMase. Area under the
curve (AUC) values were calculated from individual experiments for quantification of the
overall vasoactive effect. The statistical analysis was performed using the GraphPad Prism
software v.6.07 from GraphPad Software Inc. (La Jolla, CA, USA). Student’s unpaired t-test
was applied when comparing two variables, and a p value of less than 0.05 was considered
to be statistically significant. The effects of cumulative doses of PE and ACh were evaluated
by dose-response curve fitting for the determination of Emax and EC50 values. All data
presented in this study are available in the Supplementary Material File (Figures S1–S5).

4.4. Reagents

All reagents in this study, including nSMase, were purchased from Sigma-Aldrich
(St. Louis, MO, USA), except SQ 29,548, which was from Santa Cruz Biotechnology
(Dallas, TX, USA).

5. Conclusions

Administration of nSMase induces TP receptor-mediated vasoconstriction and eNOS-
mediated vasorelaxation in murine vessels. In spite of endothelial dysfunction in db/db
mice, the vasorelaxant effect of nSMase is markedly augmented. SMase-mediated disrup-
tion of SM in endothelial lipid rafts might represent a possible mechanism responsible
for enhanced NO generation in T2DM. An intriguing interpretation of our finding is that
the retraction of eNOS in sphingomyelin-rich microdomains of the endothelial plasma
membrane could contribute significantly to the development of vascular dysfunction
in T2DM.
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