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Preface to ”Cardiovascular and Metabolic Disease:
New Treatment and Future Directions”

Cardiovascular diseases (CVDs) are the leading cause of death worldwide. In 2019, it has been

estimated that 17.9 million people died from CVDs (32% of all global deaths). Of these deaths, 85%

were due to heart attack and stroke. These data are usually powered by the coexistence of metabolic

diseases, in particular diabetes. In fact, about 422 million people worldwide have diabetes, the

majority living in low- and middle-income countries, and 1.5 million deaths are directly attributed

to diabetes each year. It is vital to detect CVDs and metabolic disease as early as possible, as

most cases can be prevented by addressing behavioral risk factors, such as tobacco use, unhealthy

diet and obesity, physical inactivity, and harmful use of alcohol. Moreover, we are the main actors

and observers of the innovations in every field of CVDs and metabolic disease treatment, from the

pharmacological approach, with the advent of sodium glucose cotransporter 2 inhibitors for both

heart failure and diabetes, to the improvement of new less-invasive and invasive techniques, such

as immediate revascularization in both heart and brain infarction and new methods of mechanical

cardiac support and multi-organ transplantation for the most advanced forms of heart failure. Given

the complexity of this topic and its impact on clinical practice and public health, Biomedicines is

launching a Special Issue entitled “Cardiovascular and Metabolic Disease: New Treatments and

Future Directions” with the aim of gathering accurate and up-to-date scientific information on all

aspects of new and upcoming treatment opportunities for CVDs and metabolic diseases.

The published articles not only report on the pathophysiological mechanisms underpinning

this association, but also describe the results of latest clinical research about cardiovascular and

metabolic diseases and offer a comprehensive overview of the recent advances in understanding

pharmacological interventions to prevent cardiovascular events.

Alfredo Caturano and Raffaele Galiero

Editors

ix
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Ldlr-Deficient Mice with an Atherosclerosis-Resistant
Background Develop Severe Hyperglycemia and Type 2
Diabetes on a Western-Type Diet
Weibin Shi 1,* , Jing Li 1, Kelly Bao 1, Mei-Hua Chen 1 and Zhenqi Liu 2

1 Department of Radiology and Medical Imaging, University of Virginia, Charlottesville, VA 22908, USA;
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Abstract: Apoe-/- and Ldlr-/- mice are two animal models extensively used for atherosclerosis research.
We previously reported that Apoe-/- mice on certain genetic backgrounds, including C3H/HeJ (C3H),
develop type 2 diabetes when fed a Western diet. We sought to characterize diabetes-related traits in
C3H-Ldlr-/- mice through comparing with C3H-Apoe-/- mice. On a chow diet, Ldlr-/- mice had lower
plasma total and non-HDL cholesterol levels but higher HDL levels than Apoe-/- mice. Fasting plasma
glucose was much lower in Ldlr-/- than Apoe-/- mice (male: 122.5 ± 5.9 vs. 229.4 ± 17.5 mg/dL;
female: 144.1 ± 12.4 vs. 232.7 ± 6.4 mg/dL). When fed a Western diet, Ldlr-/- and Apoe-/- mice
developed severe hypercholesterolemia and also hyperglycemia with fasting plasma glucose levels
exceeding 250 mg/dL. Both knockouts had similar non-HDL cholesterol and triglyceride levels, and
their fasting glucose levels were also similar. Male Ldlr-/- mice exhibited greater glucose tolerance
and insulin sensitivity compared to their Apoe-/- counterpart. Female mice showed similar glucose
tolerance and insulin sensitivity though Ldlr-/- mice had higher non-fasting glucose levels. Male
Ldlr-/- and Apoe-/- mice developed moderate obesity on the Western diet, but female mice did not.
These results indicate that the Western diet and ensuing hyperlipidemia lead to the development of
type 2 diabetes, irrespective of underlying genetic causes.

Keywords: low-density lipoprotein receptor; apolipoprotein E; hyperglycemia; type 2 diabetes;
Western diet

1. Introduction

Diabetes is a chronic health condition featured by fasting hyperglycemia (elevations in
blood sugar). Type 2 diabetes (T2D) is the major form of diabetes accounting for 90–95% of
all diabetes and constitutes one of the major public health problems in the U.S. and globally.
Thirty-five million (13.5%) Americans aged 18 years or older are believed to have T2D [1].
Globally, 463 million adults are estimated to be living with T2D [2]. Additionally, 92 million
American adults (37.6%) have prediabetes [1], a condition that carries the risk of contracting
T2D. Diabetic patients experience increased rates of macrovascular complications, including
more than twice the rates of coronary artery disease and stroke [3,4], and microvascular
retinopathy and chronic kidney disease [5,6].

Dyslipidemia, which comprises elevated triglyceride and LDL cholesterol levels and
reduced HDL cholesterol levels, often occurs together with hyperglycemia as integral
components of T2D and the metabolic syndrome, with the latter also including abdominal
obesity and hypertension. Accumulating evidence suggests that dyslipidemia may play a
causal role in the pathogenesis of T2D. Prospective studies show that individuals with high
triglyceride and LDL cholesterol levels have an increased risk of developing T2D [7–10].
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Strong correlations between plasma lipid and glucose levels have been observed in seg-
regating F2 populations derived from Apoe-/- mouse strains [11–13]. The strong evidence
supporting a causal role for dyslipidemia in diabetes comes from genetic studies of rare
mutations in ABCA1 [14], LIPE [15], LPL [16], and LRP6 [17], showing that these lipid genes
are also linked to hyperglycemia or diabetes. However, contradictory findings concerning
the relationship between dyslipidemia and diabetes are also noted: Hyperlipidemic pa-
tients receiving lipid-lowering therapy with PCSK9 inhibitory antibodies or statins show
an increased incidence of new-onset diabetes [18–20]. Patients with heterozygous familial
hypercholesterolemia caused by mutations in LDLR, APOB, APOE, and PCSK9 are less
vulnerable to diabetes [21,22].

Apoe-/- and Ldlr-/- mice are two widely used rodent models of dyslipidemia and
atherosclerosis. On a chow diet, Apoe-/- mice have total plasma cholesterol levels of 300 to
500 mg/dL mainly from elevations of VLDL and chylomicron remnants, and Ldlr-/- mice
have cholesterol levels of 200 to 300 mg/mL due to an accumulation of LDL [23–26]. When
fed a Western diet, both Apoe-/- and Ldlr-/- mice develop severe hypercholesterolemia,
with total cholesterol levels of ~1000 mg/dL [23,25,26]. We found that Apoe-/- mice on
certain genetic backgrounds such as C57BL/6 (B6), C3H/HeJ (C3H), and SWR/J develop
significant hyperglycemia and T2D with fasting plasma glucose exceeding 250 mg/dL
when fed a Western-type diet [27,28]. Thus, we reasoned that Ldlr-/- mice would develop
hyperglycemia and diabetes on a Western diet due to the ensuing severe dyslipidemia.
To test this hypothesis, we characterized diabetes-related phenotypes in Ldlr-/- mice by
comparing with Apoe-/- mice.

2. Materials and Methods
2.1. Mice

C3H-Apoe-/- mice and C3H-Ldlr-/- mice at N10 or more backcrossed generations were
generated in our laboratory using the classical congenic breeding strategy [28]. Mice of
both sexes were weaned at 3 weeks of age onto a chow diet containing 19% protein, 5%
fat, 5% crude fiber, and 58% of the calories from carbohydrates (Teklad LM-485, Envigo,
Indianapolis, IN, USA). At 6 weeks of age, one group was switched onto a Western diet
containing 21% fat, 34.1% sucrose, 0.15% cholesterol, and 19.5% casein by weight (TD
88137, Envigo) and maintained on the diet for 12 weeks. The other group remained on a
rodent chow diet throughout the entire experimental period. The animals were housed in
a pathogen-free facility with a 12 h light–12 h dark cycle, consistent temperature (22 ◦C),
and 50% humidity. Animal care and experimentation were carried out according to the
current National Institutes of Health guidelines and approved by the University of Virginia
Animal Care and Use Committee (Protocol # 3109). The reporting in this study follows the
recommendations in the ARRIVE guidelines.

2.2. Measurements of Plasma Lipids, Glucose and Insulin

Mice were bled twice: once before and once at the end of the Western diet feeding. The
animals were fasted overnight before retro-orbital blood was collected under isoflurane
anesthesia. Plasma levels of total cholesterol, HDL cholesterol, and triglyceride were
measured using cholesterol reagent from Stanbio Laboratory, HDL precipitating reagent
from FUJIFILM Wako Diagnostics, and triglyceride reagent from Thermo DMA (Louisville,
CO, USA) as reported in [11]. Plasma was diluted 3x with H2O for measurement of total
cholesterol concentrations in mice fed the Western diet. Plasma glucose concentrations
were determined using a Sigma assay kit (Cat. # GAHK20) as reported in [11]. Plasma was
diluted 3x for mice fed the Western diet but not diluted for chow-fed mice. Plasma insulin
concentrations were measured with an ultra-sensitive ELISA kit from Crystal Chem INC
(Elk Grove Village, IL; Cat. # 90080) according to the manufacturer’s instructions.
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2.3. Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)

GTT and ITT were performed as we described [27,28]. Briefly, overnight-fasted mice
were injected intraperitoneally (IP) with 1 mg of glucose in 0.9% saline per gram of body
weight in a volume of <0.3 mL. Blood glucose levels were measured with an UltraTouch
glucometer using blood taken from cut tail tip at 0, 10, 20, 30, 60, 90, and 120 min after
injection. ITT was performed under a non-fasting condition by IP injection with 0.75 U
insulin in 0.9% saline per kg of body weight. Blood glucose was measured as above at 0, 15,
30, 45, and 60 min after insulin injection.

2.4. Statistical Analysis

Values were expressed as means ± SE, with n indicating the number of animals. The
distributions of trait values were assessed for normality by examining skewness, kurtosis,
and Q–Q plot as reported in [29]. Student’s t test and ANOVA (Analysis of Variance) were
used for determining statistical significance between two or more groups. When the p-value
for ANOVA was statistically significant, Dunnett’s correction was applied. Differences
were considered statistically significant at p < 0.05.

3. Results
3.1. Fasting Plasma Lipid Levels

Both C3H-Apoe-/- and C3H-Ldlr-/- mice developed spontaneous hypercholesterolemia
on a chow diet, and it was more severe in the former (Figure 1). Total cholesterol lev-
els of C3H-Ldlr-/- mice were significantly lower than those of C3H-Apoe-/- mice (male:
285.8 ± 10.1 vs. 344.1 ± 24.6 mg/dL; female: 302.4 ± 14.6 vs. 419.2 ± 11.8 mg/dL;
p ≤ 0.013; n = 11 to 29). On the Western diet, both genotypes developed severe hyperc-
holesterolemia. The total cholesterol level was significantly lower in male C3H-Ldlr-/- mice
than in the C3H-Apoe-/- counterparts (719.1 ± 46.2 vs. 917.0 ± 43.1 mg/dL; p = 0.035; n = 4
to 12). Female C3H-Ldlr-/- mice did not differ significantly in total cholesterol level from
the C3H-Apoe-/- counterparts (904.2 ± 41.3 vs. 1075.3 ±106.5 mg/dL; p = 0.09; n = 6 to 11).
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Male C3H-Ldlr-/- mice had significantly higher HDL cholesterol levels than the C3H-
Apoe-/- counterparts on both chow (99.1 ± 5.6 vs. 57.0 ± 2.1 mg/dL; p = 0.0023; n = 11 to 29) 
and Western diets (94.7 ± 5.4 vs. 50.1 ± 4.3 mg/dL; p = 0.00057; n = 4 to 12) (Figure 2). 
Though statistically insignificant, female C3H-Ldlr-/- mice also had higher HDL cholesterol 

Figure 1. Fasting plasma levels of total cholesterol in male and female C3H-Apoe-/- and C3H-Ldlr-/-

mice when fed a chow (left panel) or Western diet (right panel). Results are means ± SE of 4 to
29 mice per group. * p < 0.05 vs. Apoe-/- mice.

Male C3H-Ldlr-/- mice had significantly higher HDL cholesterol levels than the C3H-Apoe-/-

counterparts on both chow (99.1 ± 5.6 vs. 57.0 ± 2.1 mg/dL; p = 0.0023; n = 11 to 29) and
Western diets (94.7 ± 5.4 vs. 50.1 ± 4.3 mg/dL; p = 0.00057; n = 4 to 12) (Figure 2). Though
statistically insignificant, female C3H-Ldlr-/- mice also had higher HDL cholesterol levels than
female C3H-Apoe-/- mice on either chow (76.9 ± 2.1 vs. 53.0 ± 7.1 mg/dL; p = 0.058; n = 11 to
29) or the Western diet (44.5 ± 6.6 vs. 31.6 ± 2.1 mg/dL; p = 0.10; n = 6 to 11).
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C3H-Apoe-/- and C3H-Ldlr-/- mice fed a chow (A,B) or Western diet (C,D). Results are means ± SE of
4 to 29 mice per group. * p < 0.05 vs. Apoe-/- mice; + p < 0.05 vs. chow diet.

Non-HDL cholesterol levels of Ldlr-/- mice were significantly lower than those of the
Apoe-/- counterparts on the chow diet for both males (119.2 ± 8.7 vs. 420.1 ± 50.1 mg/dL;
p = 0.0096; n = 4 to 18) and females (102.5 ± 8.7 vs. 303.6 ± 24.4 mg/dL; p = 0.0002;
n = 4–9) (Figure 2A,B). On the Western diet, non-HDL levels were dramatically elevated in
Ldlr-/- and Apoe-/- mice of both sexes, exceeding 800 mg/dL (Figure 2C,D). No significant
difference was found between the two knockouts (p > 0.2).

C3H-Ldlr-/- and C3H-Apoe-/- mice had similar plasma triglyceride levels except
for males on the chow diet, with the former being significantly lower (100.1 ± 4.2 vs.
150.4 ± 15.3 mg/dL; p = 0.00018; n = 4 to 29).

3.2. Fasting Plasma Glucose Levels

On the chow diet, both male and female C3H-Ldlr-/- mice had 40~50% lower fasting
glucose levels than the C3H-Apoe-/- counterparts (male: 122.5 ± 5.9 vs. 229.4 ± 17.5 mg/dL;
p = 2.0 × 10−8; female: 144.1 ± 12.4 vs. 232.7 ± 6.4 mg/dL; p = 1.6 × 10−6; n = 11 to
29) (Figure 3). On the Western diet, both C3H-Ldlr-/- and C3H-Apoe-/- mice developed
significant hyperglycemia, with fasting glucose levels exceeding 250 mg/dL. Male C3H-
Ldlr-/- mice had a lower plasma glucose level (304.7 ± 21.8 vs. 398.1 ± 46.4 mg/dL;
p = 0.061; n = 4 to 13), while female C3H-Ldlr-/- mice had a higher plasma glucose level
when compared to the C3H-Apoe-/- counterparts (381.7 ± 25.4 vs. 297.4 ± 31.1 mg/dL;
p = 0.06; n = 4 to 7). Compared to the chow diet, the Western diet significantly elevated
plasma glucose levels of C3H-Ldlr-/- and C3H-Apoe-/- mice (p ≤ 0.0055).
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Figure 3. Fasting plasma glucose levels of male and female C3H-Apoe-/- and C3H-Ldlr-/- mice fed a
chow or Western diet. Results are means ± SE of 4 to 29 mice per group. * p < 0.05 vs. Apoe-/- mice
and + p < 0.05 vs. chow diet.

3.3. Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)

Intraperitoneal GTT and ITT were performed on both male and female C3H-Ldlr-/-

and C3H-Apoe-/- mice fed the Western diet. In response to injected glucose, blood glucose
levels rose quickly to the peak at the 20th min for male C3H-Ldlr-/- mice and the 30th
min for male Apoe-/- mice (Figure 4). Then, glucose levels fell gradually and returned
to pre-injection levels by the 120th min. Compared to C3H-Apoe-/- counterparts, male
C3H-Ldlr-/- mice displayed significant glucose tolerance (p < 0.001; n = 4 to 17), having
lower glucose levels at the 10th, 20th, and 30th min. For female mice, blood glucose levels
quickly reached the peak at the 10th min and then fell gradually. There was no significant
difference in glucose tolerance between female C3H-Ldlr-/- and C3H-Apoe-/- mice (p = 0.25;
n = 4 to 17).

In response to injected insulin, male C3H-Ldlr-/- mice showed a gradual fall in blood
glucose levels till the 30th min, which remained low till the 45th min and recovered at
the 60th min (Figure 5A). In contrast, male C3H-Apoe-/- mice showed an increase in blood
glucose levels at the 15th min though glucose levels were comparable to the levels of
C3H-Ldlr-/- mice from the 30th to 60th min (16% reduction from the basal) (Figure 5C).
Female C3H-Ldlr-/- mice showed a more obvious fall in blood glucose levels than female
C3H-Apoe-/- mice (47% vs. 18% decrease from the basal level) (Figure 5B,D). In addition,
the basal non-fasting blood glucose level (at 0 min) was significantly higher in female
C3H-Ldlr-/- mice than in the C3H-Apoe-/- counterparts (165.4 ± 13.7 vs. 118.5 ± 5.4 mg/dL;
p = 0.006; n = 4 to 20).

3.4. Plasma insulin Concentration

Fasting plasma insulin levels were measured for female C3H-Ldlr-/- and C3H-Apoe-/-

mice fed the Western diet. C3H-Ldlr-/- mice had higher insulin levels than the C3H-Apoe-/-

mice (0.622 ± 0.121 vs. 0.487 ± 0.074 ng/mL), although the difference was not statistically
significant (p = 0.33; n = 7 to 13) (Figure 6).

5



Biomedicines 2022, 10, 1429Biomedicines 2022, 10, x FOR PEER REVIEW 6 of 13 
 

 
Figure 4. Glucose tolerance test (GTT) (A,B) and calculated area under the curve (C,D) for male and 
female C3H-Apoe-/- and C3H-Ldlr-/- mice fed a Western diet. Overnight-fasted mice were intraperito-
neally injected with 1 g glucose per kg body weight. Blood glucose concentrations were determined 
with a glucometer using blood taken from cut tail tips at the indicated time points. Values are means 
± SE of 4 to 17 mice per group. * p < 0.05 vs. Apoe-/- mice. 

In response to injected insulin, male C3H-Ldlr-/- mice showed a gradual fall in blood 
glucose levels till the 30th min, which remained low till the 45th min and recovered at the 
60th min (Figure 5A). In contrast, male C3H-Apoe-/- mice showed an increase in blood glu-
cose levels at the 15th min though glucose levels were comparable to the levels of C3H-
Ldlr-/- mice from the 30th to 60th min (16% reduction from the basal) (Figure 5C). Female 
C3H-Ldlr-/- mice showed a more obvious fall in blood glucose levels than female C3H-
Apoe-/- mice (47% vs. 18% decrease from the basal level) (Figure 5B,D). In addition, the 
basal non-fasting blood glucose level (at 0 min) was significantly higher in female C3H-
Ldlr-/- mice than in the C3H-Apoe-/- counterparts (165.4 ± 13.7 vs. 118.5 ± 5.4 mg/dL; p = 
0.006; n = 4 to 20). 
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intraperitoneally injected with 1 g glucose per kg body weight. Blood glucose concentrations were
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are means ± SE of 4 to 17 mice per group. * p < 0.05 vs. Apoe-/- mice.
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Figure 6. Plasma insulin levels of female C3H-Apoe-/- and C3H-Ldlr-/- mice fed a Western diet. Blood
samples were collected after mice were fasted overnight. Values are means ± SE of 7 or 13 mice
per group.

3.5. Body Weight

At 3 months of age on the chow diet, either male or female C3H-Ldlr-/- mice had a
body weight similar to that of the C3H-Apoe-/- mice (male: 23.1 ± 0.9 vs. 23.2 ± 0.7 g;
female: 17.2 ± 0.3 vs. 18.1 ± 0.5 g) (Figure 7). After being fed the Western diet for 12 weeks,
C3H-Ldlr-/- and C3H-Apoe-/- mice also had a similar body weight (male: 33.2 ± 0.8 vs.
35.0 ± 0.8 g; female: 23.1 ± 1.2 vs. 23.8 ± 0.8 g). Males had significantly heavier body
weight than females for both the C3H-Ldlr-/- and C3H-Apoe-/- mice fed either chow or a
Western diet (p < 0.05; n = 4 to 26).
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4. Discussion

In this study, we characterized type 2 diabetes-associated phenotypes in C3H-Ldlr-/-

mice through a comparison with C3H-Apoe-/- mice, which develop type 2 diabetes on a
Western diet [28]. Our results here indicate that Western diet consumption and ensuing
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hyperlipidemia lead to the development of type 2 diabetes in hyperlipidemic mice, irrespec-
tive of underlying genetic causes. On a chow diet, plasma total and non-HDL cholesterol
levels were significantly lower in C3H-Ldlr-/- mice than in C3H-Apoe-/- mice and so were
the fasting glucose levels. When fed a Western diet, C3H-Ldlr-/- mice developed just as
severe hyperlipidemia as C3H-Apoe-/- mice, and the magnitude of hyperglycemia was
similar. Male C3H-Ldlr-/- mice were more tolerant to glucose loading and more sensitive to
insulin than male C3H-Apoe-/- mice, while female C3H-Ldlr-/- mice were just as tolerant
to glucose and sensitive to insulin as female C3H-Apoe-/- mice. Moreover, male but not
female C3H-Ldlr-/- and C3H-Apoe-/- mice developed moderate obesity on the Western diet.

A major finding of this study is that C3H-Ldlr-/- mice developed type 2 diabetes with
fasting plasma glucose levels ranging from 300 to 400 mg/dL after 12 weeks of a Western
diet. Diabetes is defined by fasting hyperglycemia. In humans, fasting blood glucose
levels of ≥126 mg/dL are considered diabetic. For mice, plasma instead of whole blood
is often used for glucose measurements. Fasting plasma glucose exceeding 250 mg/dL is
considered diabetic for mice [30]. Thus, both male and female C3H-Ldlr-/- mice developed
diabetes on the Western diet. Compared to the C3H-Apoe-/- males, the C3H-Ldlr-/- males
had lower total and non-HDL cholesterol and higher HDL cholesterol levels, and their
plasma glucose levels were also lower. Similarly, C3H-Ldlr-/- and C3H-Apoe-/- females had
comparable total, non-HDL, and HDL cholesterol levels, and their fasting glucose levels
were comparable. These results hint at the significance of lipid profiles in determining
blood glucose homeostasis.

Schreyer et al. [31] observed a time-dependent increase in fasting glucose levels of
B6-Ldlr-/- mice but not in B6-Apoe-/- mice within 16 weeks on a diabetogenic diet containing
35.5% fat, 36.6% carbohydrates, and no cholesterol, although the increase did not meet the
threshold of 250 mg/dL for the diagnosis of diabetes. Phillips et al. [32] found that only the
Western diet but not a diabetogenic diet containing 13% fat and 67% carbohydrates raised
blood glucose level of B6-Apoe-/- mice.

C3H-Ldlr-/- mice developed milder hypercholesterolemia on the chow diet than C3H-
Apoe-/- mice, having lower total and non-HDL cholesterol levels but higher HDL cholesterol
levels. These results are in line with what has been found with the two knockouts on the
C57BL/6 background [33]. Lipid profiles vary by strains [28], but the distinctions between
Ldlr-/- and Apoe-/- mice in total and HDL and non-HDL cholesterol levels remain on
the C3H background. What is more distinct are the fasting glucose levels, which were
much lower in the C3H-Ldlr-/- mice than in the C3H-Apoe-/- mice of both sexes. Differential
fasting glucose levels of the two knockouts were in parallel with their differing lipid profiles,
with lower non-HDL and higher HDL cholesterol levels being linked with lower fasting
glucose levels. Consistently, in multiple F2 cohorts derived from Apoe-/- mouse strains,
plasma glucose levels are positively correlated with non-HDL cholesterol levels [11–13]
and inversely correlated with HDL levels [13].

Although both male and female C3H-Ldlr-/- and C3H-Apoe-/- mice developed sig-
nificant hyperglycemia on the Western diet, only C3H-Apoe-/- males exhibited noticeable
glucose intolerance. Indeed, male C3H-Apoe-/- mice showed an increase in blood glucose
concentration after intraperitoneal glucose injection. As there was little fall in blood glucose
concentration after insulin injection, these mice developed strong insulin resistance on
the Western diet. Thus, insulin resistance should be responsible in part for the glucose
intolerance and hyperglycemia observed in male Apoe-/- mice. Obesity and hyperlipi-
demia were two obvious factors contributing to the development of insulin resistance.
Both C3H-Ldlr-/- and C3H-Apoe-/- males fed the Western diet developed moderate obesity
as evidenced by substantial increases in body weight when compared to age-matched
chow-fed mice (33.2 ± 0.8 vs. 24.1 ± 1.0 g for C3H-Ldlr-/- mice, 35.0 ± 0.8 vs. 26.2 ± 1.2 g
for C3H-Apoe-/- mice). However, the finding that the two knockouts had similar body
weight but male Ldlr-/- mice did not develop obvious insulin resistance suggests that other
factors than obesity also contributed to glucose intolerance and insulin resistance of male
C3H-Apoe-/- mice. The consumption of a high-fat diet leads to hyperlipidemia, which is
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a major driver of oxidative stress and systemic chronic inflammation [34,35]. Besides its
role in lipid metabolism, ApoE has antioxidant effects and suppresses inflammation in the
body [36]. Apoe-/- mice show enhanced responses to oxidative stress and inflammatory
stimuli compared to Ldlr-/- mice [37,38]. The present finding that female C3H-Apoe-/- mice
also exhibited an increased insulin resistance relative to the Ldlr-/- counterparts supports
the speculation on enhanced oxidative stress and inflammatory responses in Apoe-/- mice.

Unlike their male counterparts and most other mouse models of type 2 diabetes
that develop significant obesity [39], female C3H-Ldlr-/- and C3H-Apoe-/- mice had no
overweight or obesity. Despite the absence of obesity, female C3H-Ldlr-/- and C3H-Apoe-/-

mice developed just as severe hyperglycemia as their male counterparts. In humans,
although most type 2 diabetic patients are obese or overweight, a fraction of patients have
normal body weight [40]. On the Western diet, the two female knockouts had similar
lipid profiles, including total, HDL, non-HDL cholesterol, and triglyceride. Interestingly,
they also had comparable fasting plasma glucose and insulin levels. This coincidence
supports the significance of lipid profiles in the development of type 2 diabetes. There
are quantitative but not qualitative differences in plasma insulin levels between male and
female hyperlipidemic mice fed a Western diet [41]. For more than 100 inbred strains
examined, male mice have higher plasma insulin levels than female mice. Previous studies
showed that a high-fat diet had little or no influence on plasma glucose levels of wild-type
B6 mice [42,43], probably due to the moderateness in the increase in plasma lipid levels.
This speculation appears applicable to wild-type C3H mice in that they only developed
modest hyperlipidemia (plasma cholesterol level: 181 ± 14 mg/dL) and showed a modest
increase in fasting glucose levels on the Western diet (148 ± 14 vs. 106 ± 11 mg/dL)
(Supplementary Materials).

In humans, APOE and LDLR polymorphisms have been associated with obesity [44].
We previously observed a deficit in growth and weight gain during postnatal development
of Apoe-/- mice as compared to wild-type mice [45]. Male Apoe-/- mice showed resistance
to Western diet-induced obesity [46]. Ldlr-/- mice also showed a decreased susceptibility
to Western diet-induced obesity due to an increased thermogenesis [47]. Here we also
observed that male Ldlr-/- mice had a smaller body weight in comparison to male Apoe-/-

mice on the Western diet.

5. Conclusions

Ldlr deficiency results in increased levels of ApoB-100 containing LDL due to both
increased hepatic lipoprotein production and impaired clearance [48,49], while ApoE defi-
ciency leads to the accumulation of ApoB48 containing chylomicron or VLDL remnants due
to a delayed clearance into hepatocytes by the LDL receptor, LDL receptor-related protein 1,
and cell surface heparan sulphate proteoglycans [50]. Despite different lipoprotein profiles,
Ldlr-/- mice and Apoe-/- mice developed diet-induced type 2 diabetes that is independent
of obesity. This finding provides direct evidence for the significance of a Western-type diet
and its induced hyperlipidemia in the etiology of type 2 diabetes. The current observations
are not specific to C3H mice because Ldlr-/- mice with the B6;129 genetic background
also developed hyperglycemia on the Western diet, which was alleviated after mice were
switched to a low-fat diet [51]. We previously observed that the Western diet-induced
increases in plasma glucose and triglyceride levels of Apoe-/- mice are time-dependent
within the 12-week feeding period [52,53], while the current study only examined one time
point on the Western diet. Another limitation is that wild-type C3H mice were not included
in this study. In addition, sample sizes in some experiments were small despite the fact
that the two knockouts were inbred and tended to have small intragroup variation in the
phenotypes tested. Nevertheless, there is no doubt that the two mouse models are useful
for investigating type 2 diabetes that is related or unrelated to obesity.
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Abstract: Diabetes is the ninth leading cause of death, with an estimated 1.5 million deaths world-
wide. Type 2 diabetes (T2D) results from the body’s ineffective use of insulin and is largely the result
of excess body weight and physical inactivity. T2D increases the risk of cardiovascular diseases,
retinopathy, and kidney failure by two-to three-fold. Hyperglycemia, as a hallmark of diabetes, acts
as a potent stimulator of inflammatory condition by activating endothelial cells and by dysregulating
monocyte activation. G-protein couple receptors (GPCRs) can both exacerbate and promote inflam-
matory resolution. Genome-wide association studies (GWAS) indicate that GPCRs are differentially
regulated in inflammatory and vessel cells from diabetic patients. However, most of these GPCRs are
orphan receptors, for which the mechanism of action in diabetes is unknown. Our data indicated
that orphan GPCR26 is downregulated in the PBMC isolated from T2D patients. In contrast, GPR26
was initially upregulated in human monocytes and PBMC treated with high glucose (HG) levels and
then decreased upon chronic and prolonged HG exposure. GPR26 levels were decreased in T2D
patients treated with insulin compared to non-insulin treated patients. Moreover, GPR26 inversely
correlated with the BMI and the HbA1c of diabetic compared to non-diabetic patients. Knockdown of
GPR26 enhanced monocyte ROS production, MAPK signaling, pro-inflammatory activation, mono-
cyte adhesion to ECs, and enhanced the activity of Caspase 3, a pro-apoptotic molecule. The same
mechanisms were activated by HG and exacerbated when GPR26 was knocked down. Hence, our
data indicated that GPR26 is initially activated to protect monocytes from HG and is inhibited under
chronic hyperglycemic conditions.

Keywords: diabetes mellitus; GPCRs; GPR26; monocytes; peripheral blood cells; hyperglycemia

1. Introduction

Diabetes mellitus (DM) is a chronic, metabolic disease characterized by elevated levels
of blood glucose (hyperglycaemia). Type 2 diabetes (T2D) is the most common type of
diabetes, accounting for approximately 90% of all cases of DM [1]. Hyperglycaemia, a
hallmark in T2D, affects the metabolic homeostasis of several organs, like kidney, pancreas,
and eyes, and induces vascular cell dysfunction and associated vascular diseases, including
cardiovascular diseases (CVD), diabetic nephropathy, and neuropathies [2,3].

Inflammation plays a crucial role in the pathogenesis of T2D and its complications.
Vascular cells, especially immune cells, such as lymphocytes and monocytes, are involved
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in the development of vascular inflammation, and promote endothelial activation and
monocyte adhesion to the endothelium, sustaining diabetic vascular complications [2,4,5].
Despite data on the involvement of neutrophils and blood monocytes in diabetic patients
still being contradictory, increased glucose uptake by monocytes from diabetic patients in-
duces monocyte activation and enhances abnormal leukocyte–endothelial interaction [6,7].
Moreover, monocytes from diabetic patients are characterized by a moderate decrease in the
activity of enzymes involved in the modulation of monocyte metabolism and inflammatory
activation [8]. Mechanistically, high glucose (HG) levels, deriving from diabetes-associated
chronic hyperglycaemia, induce inflammation via a variety of mechanisms, including
ROS accumulation, pro-inflammatory MAPK cascade signalling, and NF-κB activation [9],
which promotes the transcription of pro-inflammatory cytokines and adhesion molecules
and related monocyte activation [6,10,11]. Moreover, HG can regulate monocyte apoptosis,
although the role of this programmed cell death in diabetic patients is still controver-
sial [12,13].

Cellular receptors are fine-tuned regulators of cell response to environmental changes
via translating extracellular signals into intracellular activation cascades. The failure of
a physiological process, such as the receptor-derived physiological processes in mono-
cytes, dysregulates their function and mediates monocyte pro-inflammatory activation [3].
G-protein-coupled receptors (GPCRs) are the largest family of cell surface receptors in the
human genome that play pivotal roles in a wide variety of physiological processes [14].
GPCRs emerged as novel receptors modulating the response of monocytes and other cells
to environmental changes, such as hyperglycaemia [15]. Indeed, GPCRs can regulate the
expression of cytokines and adhesion molecules to both exacerbate inflammation or pro-
mote its resolution [16,17]. Genome-wide association studies (GWAS) on diabetic patients
indicate that GPCRs are differentially regulated in T2D patients and can influence the
development and progression of T2D and vascular complications [17–20]. However, most
of these GPCRs are orphan receptors, for which the mechanism of action in immune cells
in diabetic patients is largely unknown [21]. Only a few studies exist on GPR119, free fatty
acid receptor 1 (FFAR1/GPR40) and 4 (FFAR4/GPR120), and the bile acid receptor GPBAR1
(TGR5) as a developer of insulin resistance and β-cell dysfunction [22], receiving particular
attention as targets for therapeutic interventions in diabetic patients [22]. Since orphan
GPCRs emerged as the most differentially regulated sub-class of GPCRs in diabetic patients,
the scientific community started to focus more on this sub-class of receptors [15,16,22].
Three orphan GPCRs have been reported so far to be involved in the development of
diabetes and cardiovascular complications: GPR135 [19], GPR55 [23,24], and GPR39 [25].
However, data are still too preliminary and mainly focused on adipocyte-related diabetic
complications [19,23–25]. Given the potential role of monocytes and orphan GPCR re-
ceptors in diabetes and associated cardiovascular complications, we investigated the role
of GPCRs on monocytes from diabetic patients. Among almost 800 GPCRs existing, we
focused on orphan GPCRs as the most important target receptor family for therapeutic
purposes in biomedicine [21].

2. Materials and Methods
2.1. Bioinformatics Analysis of GWAS Available Databases

GWAS studies on single nucleotides polymorphisms and microarrays data from blood
or peripheral blood mononuclear cells (PBMC) samples collected from diabetic patients
(T1D and T2D) (GDS3963, GDS3874) were used to identify GPCRs differentially expressed
and related to diabetes (Supplement Excel File S1). Among all identified GPCR candidates,
we excluded the T1D-related GPCRs and focused on those related to T2D. In the next
step, we focused on orphan GPCRs [18,19,21,22]. Finally, GPR26 was selected as a T2D-
related orphan GPCR. To predict functional associations between GPR26 and attributes
(e.g., genes, proteins, diseases, etc.), we performed a bioinformatics analysis using the
Harmonizome (2022 Database, Oxford) [26], JASPAR (9th release, V4.0, 2022) [27], KEGG
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(V 103.0, July 2022, Kanehisa Laboratories) [28], and STRING (V11.5, STRING Consortium
2022) databases [29].

2.2. Specimen Collection and Laboratory Investigations

Whole blood samples were obtained from 32 diabetic patients and 32 healthy donors
referred to the outpatient clinic of Tehran Heart Center, Iran. The diagnosis of T2D was
based on WHO criteria, and diabetic patients were selected based on standard criteria (fast-
ing blood glucose (FBS)), N 125 mg/dL (6.9 mmol/L), and HbA1c N 6.5% (47 mmol/mol)
(https://apps.who.int/iris/handle/10665/70523, accessed on 1 June 2022). To exclude
any intervening condition due to background diseases, all of participants were examined
for T1D, liver and kidney dysfunction, auto-immune diseases, current or prior cancers,
acute or chronic inflammatory diseases, and any other unrelated disease. In addition,
pregnant, smoking individuals and patients who were receiving immunosuppressive or
hormone-containing drugs were excluded from the study. The healthy donors showed
normal FBS and HbA1C values and did not report a T2D history, autoimmune disease,
obesity, or any other chronic disease. This group was matched to diabetic cases based on
gender, age, and ethnicity. Human PBMC were obtained from volunteers following an
oral and written informed consent. Institutional approval was obtained from the Ethics
Committees of Tarbiat Modares University (IR.MODARES.REC.1397.109). The study was
conducted in accordance with the ethical guidelines of the Helsinki declaration.

2.3. Biochemical Analysis of Blood Samples from T2D and Healthy Donors

Whole blood samples were collected from precipitants after an overnight fasting.
FBS was determined by glucose hexokinase method (Cobas Integra 400, Roche Diag-
nostics). HbA1c was quantified using an enzymatic method according to the manufac-
turer’s instructions (Cat no. DZ168A, Diazyme Laboratories, Inc., 12889 Gregg Ct. Poway,
CA 92064 USA).

2.4. PBMC Isolation from Iranian Diabetic and Healthy Volunteers

PBMCs were isolated from fresh whole blood samples by density gradient using
Ficoll Histopaque (10771, Sigma-Aldrich, St. Loius, MO, USA). In detail, 2 mL of Ficoll
Histopaque per 1 mL of blood were placed in a 50 mL conical centrifuge tube. Fifteen mL
of anticoagulated blood was diluted with an equal volume of Phosphate-buffered saline
(PBS). The diluted blood was layered over the Ficoll Hypaque solution gently. Gradients
were centrifuged at 400× g for 30 min at room temperature with no brake. Then, the PBMC
layer was collected, washed with cold PBS, and centrifuged 10 min at 400× g (4 ◦C). The
supernatant was discarded, and a wash step was repeated with PBS. PBMCs were finally
collected and used for downstream analyses.

2.5. RNA Extraction and qPCR

Total RNA was extracted from PBMCs using TRIzol Reagent (15596026, Thermofisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. One µg
of RNA was reverse-transcribed with a high-capacity cDNA reverse transcription kit
according to the manufacturer’s instruction (4368813, Thermofisher Scientific). Gene
expression was evaluated by qPCR using the GoTaq qPCR master mix (A6001, Promega,
Madison, WI, USA). All samples were tested at least in duplicate (technical replicates).
The relative gene expression analysis of GPR26 was according to the Livak method [30].
Expression levels were normalized to B2M as stable internal control gene and expressed as
2−∆Ct. Primer efficiencies for the tested genes were comparable to those for reference genes.
Primer sequences are reported in Supplement Table S1.

2.6. Cell Culture and Treatments

PBMCs for cell culture experiments were obtained from additional 12 healthy volun-
teers after giving oral and written informed consent. Human monocyte cells (THP-1, ATCC,
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Rockville, MD, USA) were cultured in a Roswell Park Memorial Institute 1640 medium
(RPMI 1640, 11530586, Gibco, Termofisher Scientific) supplemented with 2 mM L-glutamin,
1% penicillin/streptomycin, and 10% fetal bovine serum (Gibco), and incubated at 37 ◦C in
a humidified atmosphere containing 5% CO2. CTHP-1 were exposed for 24, 48, and 72 h to
media containing either 5 mM D-glucose (normal glucose, NG), or 25 mM D-glucose (high
glucose, HG) to simulate a condition closed to the diabetic hyperglycemia. PMBCs were
treated similarly for 24 and 48 h. Cell viability in each experiment was >90%, as indicated
by trypan blue staining. THP-1 and PBMC total RNA was isolated as described above.

2.7. Antisense LNA GapmeRs Cell Transfection

THP-1 were chemically transfected (Lipofectamine RNAiMAX transfection reagent,
13778075, Life Technologies (Waltham, MA, USA), Termofisher Scientific) for 24, 48, and 72 h
with LNA single-stranded antisense oligonucleotides (LNA-GapmeRs, 50 nM) designed
for highly effective, strand-specific, knockdown of GPR26 mRNA, or with scrambled
controls, alone or in combination with NG or HG. RNA isolation and cDNA synthesis were
performed as mentioned before. Efficiency of GPR26 Gapmers was validated by qPCR and
western blot. All data belong to at least three biological replicates.

2.8. Western Blot Analysis

Whole proteins were extracted from THP-1 using a RIPA lysis buffer (50 mM Tris
pH 7.4, 150 mM NaCl, 1% Igepal, 0.5% sodium deoxycholate, 0.1% SDS) containing
phosphatase and proteinase inhibitor cocktails (cOmplete Mini Tablets and PhosSTOP,
11836170001, Roche, Basel, Switzerland). The protein content was determined using the
Pierce BCA Protein Assay Kit (23227, Thermo Fisher Scientific). Twenty µg of total pro-
teins were loaded on a 4–12% precast polyacrylamide gel (NuPAGE™ 4 bis 12%, Bis-Tris,
1.0–1.5 mm, Mini-Protein-Gel, NP0321PK2, Invitrogen, Waltham, MA, USA) and electro-
transferred onto polyvinylidene difluoride (PVDF) 0.45 µm membranes according to the
manufacturer’s instructions. Proteins were incubated with antibodies indicated in the
Supplementary Table S2. The β-actin and α-tubulin proteins were used for protein quantifi-
cation and internal loading control.

2.9. Reactive Oxygen Species (ROS) Assay

To examine the possible role of GPR26 in generation of ROS, its amount was measured
using the OxiSelect Intracellular ROS Assay Kit (STA-342, Cell Biolabs, San Diego, CA, USA)
based on the manufacturer’s instructions. Briefly, THP-1 cells were transfected with GPR26
GapmeRs and exposed to NG or HG as indicated before. Then, cells were incubated with
2′, 7′-Dichlorodihydrofluorescin diacetate (DCFH-DA) during the last 30 min of treatment.
At the end of the incubation, cells were washed three times with PBS to remove any DCFH-
DA excess. Fluorescence was analyzed at 485 nm excitation/530 nm emission using a
fluorescent plate reader (Infinite® 200 PRO, Tecan, Männedorf, Switzerland). ROS levels
were expressed as DCFH-DA relative fluorescence intensity and reported as fold change of
the control.

2.10. Caspase-3 Activity Assay

THP-1 cells were cultured and transfected with GPR26 GapmeRs as mentioned above.
To determine the activity of caspase-3, cells were incubated at 37 ◦C with a luminogenic
caspase-3 substrate containing the tetrapeptide sequence DEVD (Caspase-Glo® 3/7 Assay
Systems, G8091, Promega). Luminescence is proportional to the amount of caspase activity
present. Luminescence was measured in a plate luminometer (Infinite® 200 PRO, Tecan). Six
technical replicates per condition were performed for each of the 3 biologically independent
experiments.
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2.11. Monocyte Adhesion Using Calcein-AM

THP-1 were transfected with GPR26 GapmeRs for 24, 48 and 72 h. At the end of the
experiment, cells were labeled with 5 µM/L × 106 cells calcein-AM (Calcein, AM, Zellfarb-
stoff, C1430, Invitrogen, Life Technologies) for 45 min as previously described [31], with
some modifications. Human Aortic Endothelial cells (HAoECs criopreserved, 500.000 cells,
C-12271, PromoCell, Heidelberg, Germany) were cultured on gelatin-coated 96-well black
plates. Confluent HAoEC monolayers were co-cultured with fluorescently labeled THP-1
cells for 20 min at 37 ◦C. Then, the monolayers were washed three times with PBS to remove
non-adherent cells. Fluorescence was acquired at 492 nm (excitation) and 535 nm (emis-
sion) on a plate reader (Tecan). Relative fluorescence from treated monocytes adherent to
HAoECs was normalized on that from the relative monocytes control groups. Comparisons
were made between all four groups, as indicated in the Results. Representative images were
acquired with a Thunder Imager Live Cell inverted microscope (Leica microsystem, Leica
Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) and equipped with a dual fluorescent
and brightfield camera. Images were acquired for each of the 4 technical replicates and for
all 3 biological replicates.

2.12. 3D Confocal Immunofluorescence for GPR26 Spatial Localization

THP-1 monocytes were plated on 8-well chamber slides (Ibidi) and treated as de-
scribed before. Cells were fixed using the ViewRNA Cell Plus Assay (Fix & PERM™
Zellpermeabilisierungskit, GAS003, Affymetrix, Thermofisher Scientific), and incubated
with antibodies against GPR26 (250 ng/mL dilution, NBP2-57693, R87210, Novusbio)
and β-catenin (200 ng/mL, ab16051, Abcam). Proteins were detected using appropriate
fluorescently labeled secondary antibodies feasible for 3D confocal microscopy, such as
STAR-488-conjugated anti-rabbit IgG antibody (Molecular Probes, #A11034), and Cy™3
AffiniPure Donkey Anti-Rabbit IgG (H+L) (711-165-152, Jackson Immuno Research). Cells
were embedded in Vectashield Antifade Mounting Medium with DAPI (H-1200-10, Vector
Laboratories, Burlingame, CA, USA) to counterstain nuclei.

For detailed GPR26 localization studies, three-dimensional confocal laser scanning
microscopy (CLSM) was performed with a Leica SP8 3X microscope equipped with a
63×/1.40 (Leica) oil immersion objective. Optical zoom was used where applicable. A UV
laser (405 nm) was used for excitation of DAPI. A tunable white light laser for selective
excitation of Star635P and Cy3 fluorochromes was used for the detection of GPR26 and β-
catenin, respectively. Time gating of the detected emission signals (0.8–6.0 ns) was used for
all STED channels to enhance image resolution. All data were acquired in three dimensions
and voxel size was determined according to Nyquist sampling criterion. Image reconstruc-
tions were performed using the LAS X software package v.3.0.2 (Leica) and deconvolution
was performed combining the Huygens Professional software package v.19.10 (Scientific
Volume, Hilversum, The Netherlands) using the unsupervised CLSM algorithms.

GPR26 quantification and cell localization were performed using the Imaris 8.4.2
software equipped with the imaging processing toolbox MATLAB. Spatial distribution of
automatically calculated GPR26 voxels (0.950 µm spot detection value) was defined accord-
ing to the voxel localization to the cell surface, which corresponded to the membrane surface
calculated using the spatial distribution of the β-catenin (0.289 µm smoothing, 3.46 µm
threshold). A voxel value of 0.5 µm was used as threshold to discriminate membrane
versus cytosolic GPR26. Multiple wells per experimental conditions were performed in
independent experiments. The analysis of the staining was performed in a blinded manner.

2.13. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.3.1 (GraphPad Software,
Inc., San Diego, CA, USA). Data were initially evaluated for normal distribution with the
Shapiro-Wilk test. Comparisons between two groups with normally distributed variables
were analyzed by Student’s unpaired t test. Not normally distributed variables were com-
pared by the Mann–Whitney test. Analysis of variance (ANOVA) was used to determine
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the significant differences between more than two groups. The correlation between the
expression levels of GPR26 and the clinical features of patients were assessed by Spear-
man or Pearson tests based on the normality test result. In all cases, p values < 0.05 were
considered significant.

2.14. Data and Resource Availability

The raw data are available in the Supplementary Files.

3. Results
3.1. GPCRs SNPs and Correlation with Their Expression in Diabetic Patients

Diabetes mellitus is a chronic, metabolic disease characterized by elevated blood glucose
levels, which leads to additional chronic complications, such as cardiovascular, inflam-
matory, and kidney diseases [32]. Diabetes is among the top 10 leading causes of death
worldwide, following a significant percentage increase of 70% since 2000 (WHO, https:
//www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death, accessed on
1 June 2022). In Iran, diabetes is the 6th leading cause of death, with a death rate of
27.47 per 100.000 of population (WHO 2018 and World Health Rankings, https://www.
worldlifeexpectancy.com/iran-diabetes-mellitus, accessed on 1 June 2022). Genome-wide
association studies (GWAS) provided evidence that occurrence of certain single nucleotide
polymorphisms (SNPs) in GPCRs are associated with an increased risk for diabetes and
cardiovascular complications [33]. Hence, we analysed GWAS available datasets to depict
all GPCRs with a reported SNP in diabetic patients. We identified 31 potential GPCRs
candidates (Figure 1a). GPCRs are divided into six sub-classes based on their sequence and
function. Accordingly, 15 out of 31 GPCRs were members of the Class A-rhodopsin-like
receptors, 8 were members of the Class B-secretin family, 5 were members of the Class
C-metabotropic of glutamate receptors, and 3 were members of the Frizzled or other GPCR
subclasses [34] (Figure 1a).

Next, we analyzed the expression of the selected 31 GPCRs using available GEO
datasets from blood samples isolated from T2D patients to define whether the presence
of SNPs in the GPCR sequences correlated with a different expression of selected GPCRs
in diabetic patients compared to healthy subjects. Twenty-nine out 31 GPCRs were dif-
ferentially regulated in the blood or PBMC samples (Figure 1b,c). Next, we focused on
orphan GPCRs as more attractive candidates for further studies. We end up with three
orphan GPCRs, such as GPR35, GPR158, and GPR26. However, since GPR158 expression
did not significantly change in the blood nor in the PBMC isolated from diabetic patients,
and GPR35 is also known to be modulated in T1D, we end up with the orphan GPR26
as a promising candidate for our subsequent experiments (Figure 1b,c). Indeed, GPR26
was the most promising candidate among other orphan GPCRs, for which expression was
decreased in the blood of T2D patients compared to healthy donors [33,35] (Figure 1c).
GPR26 expression was slightly decreased in PBMC samples, probably due to the origin of
the samples from young patients with an early T2D diagnosed disease.

18



Biomedicines 2022, 10, 1736
Biomedicines 2022, 10, x FOR PEER REVIEW 7 of 23 
 

 

Figure 1. GPCRs candidates from GWAS, GEO datasets, and T2D patients. (a) GPCRs showing SNPs 

associated to diabetes. Analysis of available microarray GEO datasets and relative heatmap of 31 

GPCRs differentially expressed (b) in the blood and (c) in the PBMC isolated from diabetic patients. 

(d) Expression analysis of GPR26 in diabetic patients (n = 32) in comparison to non-diabetic individ-

uals (n = 32) (*** p < 0.001). (e) GPR26 expression in patients treated with insulin (n = 11) compared 

to non-insulin treated patients (n = 21) (* p < 0.05). GPR26 mRNA expression was normalized to the 

corresponding B2M expression and expressed as power ∆Ct. (e–g) Correlation of GPR26 expression 

with (e) FBS, (f) HbA1c (%), and (g) BMI in non-diabetic and diabetic patients. Pearson correlation 

and r values are indicated. 

Figure 1. GPCRs candidates from GWAS, GEO datasets, and T2D patients. (a) GPCRs showing
SNPs associated to diabetes. Analysis of available microarray GEO datasets and relative heatmap
of 31 GPCRs differentially expressed (b) in the blood and (c) in the PBMC isolated from diabetic
patients. (d) Expression analysis of GPR26 in diabetic patients (n = 32) in comparison to non-
diabetic individuals (n = 32) (*** p < 0.001). (e) GPR26 expression in patients treated with insulin
(n = 11) compared to non-insulin treated patients (n = 21) (* p < 0.05). GPR26 mRNA expression was
normalized to the corresponding B2M expression and expressed as power ∆Ct. (e–g) Correlation
of GPR26 expression with (e) FBS, (f) HbA1c (%), and (g) BMI in non-diabetic and diabetic patients.
Pearson correlation and r values are indicated.
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To predict functional associations between orphan GPR26 and attributes, like genes
and proteins associated with diabetes and related complications, we performed a bioinfor-
matics analysis using the Harmonizome [26], JASPAR [27], KEGG [28], and STRING [29]
databases. Harmonizome database results indicated that orphan GPR26 showed 1.763
functional associations with biological entities spanning 8 categories (molecular profile,
organism, functional term, phrase or reference, disease, phenotype or trait, chemical,
structural feature, cell line, cell type or tissue, gene, protein, or microRNA) extracted from
59 datasets (Supplement Excel File S2). Analysis of functional associations predicted that or-
phan GPR26 might be involved in the regulation of cAMP catabolic processes (GO:0006198),
vesicle formation and transport (GO:0071805), and of ADP-ribosylation factor (ARF) pro-
tein signal transduction (GO:0032012), which acts as regulator of phagocytosis and of
immunity-related autophagy [36,37]. KEGG pathway analysis indicated that GPR26 might
be involved in the cAMP, cGMP-PKG, insulin pancreatic secretion, MAPK, VEGF, oxidative
phosphorylation, chemokine, mTOR, autophagy regulation, ABC transporters, T1D, and
T2D pathways (Supplement Excel File S3). Similar results were obtained using STRING,
where G-protein coupled receptors, cyclic AMP-responsive element-binding proteins, and
lysosome-related organelle complexes were predicted as functional partners of GPR26.

3.2. GPR26 Is down Regulated in the PBMC from Diabetic Patients and Negatively Correlates
with Their BMI, HbA1c, and Insulin

GPR26 expression was first investigated in the blood collected from T2D and healthy
Iranian donors. Demographic and clinical characteristics of control participants and patients
are presented in Table 1. In detail, blood samples were collected from 32 patients (19 male,
13 females) with a diagnosed T2D and from 32 healthy donors (13 males, 19 females).
None of the healthy donors were smokers or were hypertensive. Eleven diabetic patients
got insulin routinely or had a history of using insulin. The diabetic and non-diabetic
subjects did not significantly differ in gender, age, and body mass index (BMI) (Table 1).
We did not observe sex-related differences within the diabetic or healthy donors in glycated
hemoglobin (HbA1c), an index of long-term blood glucose concentrations, fasting blood
glucose (FBS), nor on BMI. FBS and HbA1c were high in diabetic patients compared
to healthy donors (Table 2). GPR26 expression was downregulated in diabetic patients
compared to healthy donors (Figure 1d). We divided the diabetic patients according to
their insulin supplementation (Table 2 and Figure 1d). In detail, 11 out of 32 T2D patients
got insulin and mainly metformin + glibenclamide, an antidiabetic tablet medication, to
lower the hyperglycemic levels and increase the insulin. The other 21 T2D patients did
not get insulin but mainly the antidiabetic Glibenclamide medication (Table 2). Analysis
of GPR26 expression in insulin versus non-insulin-treated patients indicated that GPR26
expression was decreased in patients taking insulin routinely or showing a history of using
insulin compared to antidiabetic medication tablets treated patients, although the glycemic
levels (HbA1c) were not different between the two groups (Table 3).

This data suggested that insulin-mediated alleviation of hyperglycemic adverse effects
might counteract monocyte activation and GPR26 expression. Accordingly, we evaluated
the association of GPR26 expression with the glycemic profile, the HbA1c, and the BMI.
GPR26 was not correlated with FBS (Figure 1e) but showed a significant correlation with
HbA1c (r =−0.38 p = 0.02) in diabetic patients (Figure 1f, Table 3). The association of GPR26
with the BMI was also significant in both diabetic (r = −0.41 p = 0.01) and healthy donors
(r = −0.35 p = 0.04) (Figure 1g, Table 3). Taken together, these data indicated that GPR26
is downregulated in diabetic patients and that insulin treatment might prevent GPR26
putative protective activation.
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Table 1. Demographic characteristics of the diabetic patients and healthy control.

Characteristics Diabetic
n = 32 (100%)

Non-Diabetic
n = 32 (100%) p-Value

Sex 19 males,13 females 13 males, 19 females 0.61 i

Age (years) ±55.75 ± 7.18 53.56 ± 4.85 0.15 ii

BMI (kg/m2) a 25.98 ± 1.4 25.64 ± 1.29 0.32 i

Laboratory Plasma glucose b

(mmol/L)
161.6 (73–331) 99.03 (88–130) <0.0001

HbA1c c 7.83 (5.92–11.29) 5.40 (4.76–6.3) <0.0001

Glucose-lowering medications 11 (insulin), 21 (other
medications) - -

a: Body mass index; b: Low density lipoproteins; c: Glycated hemoglobin; Data are presented as mean (SEM)
for variables with normal distribution and median (interquartile range) for those without normal distribution.
i Chi-square or Fisher’s exact test is performed to compare variables between diabetic and non-diabetic pa-
tients. ii Student’s t-test or Mann–Whitney U test is performed to compare variables between diabetic and
non-diabetic patients.

Table 2. Glucose-lowering medications used to treat diabetic patients.

Antidiabetic Medication Tablets

T2D Patients [32] Metformin Hydrochloride
and Glibenclamide Glibenclamide

Insulin 11 29 3

Non-insulin 21 3 29

Table 3. Correlation analysis between GPR26 mRNA expression and clinical characteristic of diabetic
patients and non-diabetic individuals.

Diabetic Non-Diabetic

Correlation with r p-Value r p-Value

HbA1c −0.38 0.02 0.23 0.18

FBS −0.16 0.39 0. 0.59

BMI −0.41 0.01 −0.53 0.001

3.3. Hyperglycemia Upregulated GPR26 in PBMC and THP-1 Cultured Cells

We analyzed the expression of GPR26 in human cultured monocytes treated with
different doses of glucose to simulate a hyperglycemic condition and to study GPR26
functional role. Accordingly, THP-1 cells were treated with 5 mmol/L (normal glucose, NG)
or 25 mmol/L (high glucose, HG) of glucose for 24, 48, and 72 h. Interestingly, treatment of
THP-1 with HG increased the expression of GPR26 (Figure 2a). The protein levels of GPR26
decreased over time when THP-1 cells were treated with HG, which increased GPR26
levels only at 24 and slightly at 48, but not at 72 h (Figure 2a). These data suggested that
monocytes might response to hyperglycemic conditions by enhancing GPR26 expression,
the translation of which into a protein is ineffective when cells are exposed to prolonged
and chronic doses of HG.
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Figure 2. Effect of HG on GPR26 mRNA and protein levels in human monocytes and cellular
localization. THP-1 and PBMC were treated with D-glucose 5.5 mM (normal glucose, NG) or 25 mM
D-glucose (high glucose, HG) for 24, 48, and 72 h to analyze GPR26 in THP-1 (a) at mRNA (left) and
protein (right) level. A representative Western blot (left) and relative expression of GPR26 (right).
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Densitometry plots report the fold change versus control. GPR26 intensity values were normalized to
the corresponding β-tubulin value. GPR26 mRNA expression was normalized to the corresponding
B2M expression and expressed as log10 (n = 4 independent experiments) (b) GPR26 mRNA (left)
and protein (right) levels in PBMCs isolated from healthy donors and treated as indicated for THP-1.
Densitometry plots reporting the fold change versus control. GPR26 intensity values were normalized
to the corresponding β-actin value. GPR26 mRNA expression was normalized to the corresponding
B2M expression and expressed as power ∆Ct (n = 4 independent experiments) (c) Analysis of GPR26
whole levels and cellular localization in THP-1 cells. Confocal 3D scanning images are representative
of 3 independent experiments. White arrowhead indicates GPR26 localizing at the membrane surface.
GPR26 levels were normalized to the cell surface, and on total number of cells (n = 3 ± SEM). Scale
bar: 5 µm. * p < 0.05 ** p < 0.01 versus NG, # p < 0.05 48 h versus 24 h, % p < 0.05 72 h versus 24 h.

To corroborate the data, human PBMC were isolated from healthy donors and treated
with NG or HG for 24 and 48 h. Accordingly, we found that GPR26 expression was
increased only at 24 but not at 48 h of HG exposure (Figure 2b). Accordingly, HG increased
GPR26 protein levels at 24 but not at 48 h (Figure 2b).

Next, we analyzed GPR26 cellular localization and relative levels to test whether HG
affected GPR26 exposure on the monocyte membrane surface. THP-1 were treated with
NG or HG for 24, 48, and 72 h and stained for GPR26 and β-catenin as membrane marker.
Immunofluorescence analysis 3D z-scan confocal images confirmed that HG increased
whole GPR26 levels at 24, 48 but not at 72 h (Figure 2c). The number of voxels relative to
GPR26 close to the β-catenin surface were reduced compared to that far from the surface, a
value relative to the cytoplasmic GPR26 (Figure 2c). HG increased both cytoplasmic- and
membrane-associated GPR26 levels at 24 and 48 h (Figure 2c). However, analysis of GPR26
localization at 72 h, a time point at which the GPR26 protein levels are no longer increased
by HG, indicated that HG impaired GPR26 localization on the membrane surface of THP-1
and increased GPR26 cytoplasmic levels (Figure 2c).

Taken together, these data suggested that GPR26 might be activated to counteract
the deleterious effects promoted by HG, which in turn impaired GPR26-related protective
effect by inhibiting its membrane localization on the monocytes from T2D patients.

3.4. Knockdown of GPR26 Induced ROS Generation in THP1

To study the functional role of GPR26, THP-1 cells cultured in NG or HG were trans-
fected for 24, 48, and 72 h with 50 nM of LNA single-stranded antisense oligonucleotides to
knockdown GPR26, or with scrambled controls. GPR26 knockdown was confirmed by the
analysis of GPR26 at mRNA and protein levels at all time points (Figure 3a). Transfection of
THP-1 with LNA GapmeRs suppressed HG-mediated increase of GPR26 expression at lev-
els lower than cells cultured with NG and transfected with scrambled controls (Figure 3a).
Knockdown of GPR26 was confirmed at protein levels, in NG and HG treated THP-1 cells
at 24 and 48 h (Figure 3a). No differences were visible at 72 h on GPR26 protein levels
(Figure 3a). Immunofluorescence analysis confirmed that the main effect exerted by knock-
down of GPR26 was in its cellular localization. Indeed, HG increased whole GPR26 levels
at 24 and 48 h and decreased GPR26 at 72 h (Figure 3b). Knockdown of GPR26 inhibited the
HG-mediated membrane localization and enhanced GPR26 cytoplasmic levels (Figure 3b).
Taken together, these data suggested that GPR26 might be exposed on monocyte membrane
to promote a mechanism of defense in monocytes, which is then inhibited by prolonged
and chronic exposure to HG.
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Figure 3. GPR26 levels and localization in HG-treated THP-1 transfected with GPR26 Gapmers.
THP-1 were treated with NG or HG for 24, 48, and 72 h and transfected with GPR26 (+) or scrambled
GapmeRs (−). (a) GPR26 mRNA expression was normalized to the corresponding B2M expression
and expressed as relative expression (log10) (left). Densitometry plots reporting the fold change
versus control. GPR26 intensity values were normalized to the corresponding β-actin value (right).
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(b) Confocal laser scanning microscopy images of THP-1 stained for GPR26 to analyze GPR26 whole
levels, cytoplasmic, and membrane localization levels. White arrowhead indicates GPR26 localizing
at the membrane surface. GPR26 levels were normalized to the cell surface, and then on total number
of the cells. All values are represented as mean of at least 3 independent experiments (n = 3 ± SEM).
(c) Intracellular ROS production. Data are expressed as percentage (%) of DCFH-DA fluorescence
intensity relative to control. All values are represented as mean of at least 3 independent experiments.
Scale bar: 5 µm. * p < 0.05; ** p < 0.01; *** p < 0.001 versus NG.

Accumulating evidence indicates that high levels of glucose promote dysfunctional
monocyte activation, characterized by an increased inflammatory and apoptotic activity,
partly by enhancing the production and accumulation of reactive oxygen species (ROS). To
study the role of GPR26 on HG-mediated production of ROS, GPR26 was knocked down in
THP-1 cells treated with NG or HG for 24, 48, and 72 h. Accordingly, we confirmed that HG
increased ROS levels in HG-induced THP-1 cells compared to NG throughout the entire 72 h
(Figure 3c). Knockdown of GPR26 exacerbated ROS production in a time dependent manner
(Figure 3c), and enhanced HG-mediated ROS production (Figure 3c). Taken together, these
data indicated that GPR26 played a protective role against the formation of free radical
oxygen species, the production of which is enhanced by HG through the inhibition of
GPR26 exposure on monocyte membrane and through GPR26 cytoplasmic localization.

3.5. Knockdown of GPR26 Increased ERK1/2 and p38 MAPK Activation in THP1 Cells

High levels of glucose can promote the activation of the MAPK signaling pathway,
including p38 and ERK1/2, to promote monocytes-endothelial cell adhesion [38,39]. More-
over, recent findings indicate that ERK1/2 is regulated in response to the activation of
various types of GPCRs [40,41], and that GPCRs mediate p38 MAPK activation to control
monocyte inflammatory gene expression [42,43]. To explore whether GPR26 affected p38
and ERK1/2 activation, we assessed the levels of phosphorylated ERK1/2 and p38 by
western blot, in THP-1 transfected with GPR26 GapmeRs, alone or in combination with NG
or HG. Our results indicated that knockdown of GPR26 enhanced ERK1/2 and p38 MAPK
activation in NG-cultured THP-1 at all time points (Figure 4a,b). ERK1/2 activation was
increased in HG-treated THP-1 cells at 24 and 48 h. However, ERK1/2 activation persisted
at 72 h only in HG-induced THP-1 cells where GPR26 was knocked down (Figure 4a).
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Figure 4. The effect of GPR26 knockdown alone or in combination with HG on ERK1/2 and p38
MAPK activation. THP-1 were treated and transfected for 24, 48, and 72 h with GPR26 (+) or scrambled
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GapmeRs (−), as indicated in the figures. (a) A representative Western blot of ERK1/2 and p-ERK1/2.
Densitometry plot reporting the fold change versus control. ERK1/2 and p-ERK1/2 intensity values
were normalized to the corresponding β-actin value and the ratio of p-ERK1/2 to ERK1/2 are
presented as ERK1/2 activation. (b) A representative Western blot of p38 MAPK and p-p38 MAPK.
Densitometry plot reporting the fold change versus control. p38 MAPK and p-p38 MAPK intensity
values were normalized to the corresponding β-actin value and the ratio of p-p38 MAPK to p38
MAPK are presented as P38 MAPK activation. Images report one representative experiment out of
at least 3 independent experiments. All values are represented as mean of at least 3 independent
experiments (n = 3 ± SEM). * p < 0.05 versus NG).

Knockdown of GPR26 increased p38 MAPK activation at all time points (Figure 4b).
P38 phosphorylation was promoted by HG only at 48 h, but remarkably induced at all time
points when GPR26 was knocked down (Figure 4b). Taken together, these data indicate
that GPR26 inhibits MAPK signaling pathways piloted by p38 and ERK1/2, independently
from HG.

3.6. Knockdown of GPR26 Induced NF-κB p65 Activation and Monocyte Adhesion

Treatment of human monocytes with HG promotes the phosphorylation of p38 MAPK
and ERK1/2, leading to NF-κB transactivation and related monocyte inflammatory activa-
tion [44]. GPRCs can regulate leukocyte activation and binding to the vessel wall through
the endothelial-mediated expression of chemokines [45]. Despite controversy existing on
the role of GPCRs as pro- or anti-inflammatory molecules, especially in diabetic patients,
emerging evidence suggests that GPCRs and NF-κB might be connected in the regulation
of inflammatory diseases [46].

To explore whether GPR26 affected NF-κB (p65) activation, THP-1 were transfected
with GPR26 GapmeRs alone or in combination with NG or HG incubation [47]. Our
results indicated that knockdown of GPR26 increased p65 expression at 24 and 48 h of
NG (Figure 5a). HG and GPR26 knockdown showed similar effects on p65 activation
(Figure 5a). However, p65 was enhanced at 72 h only when GPR26 was knocked down in
HG-treated cells (Figure 5a). Hence, inhibition of GPR26 in diabetic patients might sustain
hyperglycemia-mediated NF-κB activation.

Next, we examined the role of GPR26 on hyperglycemia-mediated monocyte inflam-
matory activation and adhesion to HAoECs. Accordingly, knockdown of GPR26 increased
the adhesion of THP-1 to HAoECs at 48 and 72 h of NG (Figure 5b). HG-induced THP-1
adhesion to HAoECs was increased at all time points (Figure 5b). Knockdown of GPR26
enhanced the adhesion of THP-1 treated with HG compared to their respective HG-treated
cells (Figure 5b). Moreover, knockdown of GPR26 enhanced the number of THP-1 cells
adhering to HAoECs at all time points, especially of those co-treated with HG compared
to NG (Figure 5b). Taken together, these data indicated that hyperglycemia promotes
monocyte adhesion to ECs by suppressing GPR26′s anti-inflammatory role.

26



Biomedicines 2022, 10, 1736

Biomedicines 2022, 10, x FOR PEER REVIEW 15 of 23 
 

time points when GPR26 was knocked down (Figure 4b). Taken together, these data indi-

cate that GPR26 inhibits MAPK signaling pathways piloted by p38 and ERK1/2, inde-

pendently from HG. 

3.6. Knockdown of GPR26 Induced NF-κB p65 Activation and Monocyte Adhesion 

Treatment of human monocytes with HG promotes the phosphorylation of p38 

MAPK and ERK1/2, leading to NF-κB transactivation and related monocyte inflammatory 

activation [44]. GPRCs can regulate leukocyte activation and binding to the vessel wall 

through the endothelial-mediated expression of chemokines [45]. Despite controversy ex-

isting on the role of GPCRs as pro- or anti-inflammatory molecules, especially in diabetic 

patients, emerging evidence suggests that GPCRs and NF-κB might be connected in the 

regulation of inflammatory diseases [46]. 

To explore whether GPR26 affected NF-κB (p65) activation, THP-1 were transfected 

with GPR26 GapmeRs alone or in combination with NG or HG incubation [47]. Our re-

sults indicated that knockdown of GPR26 increased p65 expression at 24 and 48 h of NG 

(Figure 5a). HG and GPR26 knockdown showed similar effects on p65 activation (Figure 

5a). However, p65 was enhanced at 72 h only when GPR26 was knocked down in HG-

treated cells (Figure 5a). Hence, inhibition of GPR26 in diabetic patients might sustain 

hyperglycemia-mediated NF-κB activation. 

 

Figure 5. The effect of GPR26 knockdown and HG on NF-kB and monocyte adhesion. THP-1 

were transfected with GPR26 gapmers (+) or scrambled GapmeRs (−) and treated with NG or HG to 

analyze NF-κβ (p65) activation and monocyte adhesion at 24, 48, and 72 h indicated in the figures. 

Panels show (a) a representative Western blot of NF-κβ. Densitometry plots reporting the fold 

change versus control. NF-κβ intensity values were normalized to the corresponding β-actin value. 

(b) Monocyte adhesion is reported as fold of change versus the basal adhesion of monocyte to HA-

oECs control (cells cultured in NG) that was set to 1. Right panels are fluorescence images of the 

monocytes, confirming that the small and bright spherical cells visible under microscope are indeed 

monocytes that were pre-labeled with Calcein AM. Images were taken using a 10X objective. All 

values are represented as mean of at least 3 independent experiments (n = 3 ± SEM). Scale bar: 50 

µm. * p < 0.05; ** p < 0.01; *** p < 0.001 versus NG. 

Next, we examined the role of GPR26 on hyperglycemia-mediated monocyte inflam-

matory activation and adhesion to HAoECs. Accordingly, knockdown of GPR26 in-

creased the adhesion of THP-1 to HAoECs at 48 and 72 h of NG (Figure 5b). HG-induced 

THP-1 adhesion to HAoECs was increased at all time points (Figure 5b). Knockdown of 

Figure 5. The effect of GPR26 knockdown and HG on NF-kB and monocyte adhesion. THP-1
were transfected with GPR26 gapmers (+) or scrambled GapmeRs (−) and treated with NG or
HG to analyze NF-κβ (p65) activation and monocyte adhesion at 24, 48, and 72 h indicated in the
figures. Panels show (a) a representative Western blot of NF-κβ. Densitometry plots reporting the
fold change versus control. NF-κβ intensity values were normalized to the corresponding β-actin
value. (b) Monocyte adhesion is reported as fold of change versus the basal adhesion of monocyte
to HAoECs control (cells cultured in NG) that was set to 1. Right panels are fluorescence images
of the monocytes, confirming that the small and bright spherical cells visible under microscope are
indeed monocytes that were pre-labeled with Calcein AM. Images were taken using a 10X objective.
All values are represented as mean of at least 3 independent experiments (n = 3 ± SEM). Scale bar:
50 µm. * p < 0.05; ** p < 0.01; *** p < 0.001 versus NG.

3.7. Knockdown of GPR26 Increased Caspase-3 Activity Promoted by HG

Several in vitro studies indicate that HG induces cell apoptosis in monocytes [48,49].
Caspase 3 plays a pivotal role in the apoptotic cell death process and therefore is widely
used as a pro-apoptotic marker. Therefore, we investigated the effect of GPR26 knockdown,
alone or in combination with HG, on THP-1 apoptosis by evaluating caspase 3 activation
(cleavage of caspase 3 and its activity). Our data indicated that knockdown of GPR26
slightly affected Caspase 3 cleavage at 48 h (Figure 6a). Caspase 3 cleavage was increased
when GPR26 was knocked down in THP-1 cells incubated with HG for 24 and 48 h, and
the effect persisted even at 72 h (Figure 6a). HG alone significantly enhanced the ratio of
cleaved caspase3 on total caspase 3 compared to NG at 24 and 48 h (Figure 6a). To confirm
the functional activation of cleaved Caspase 3, we measured caspase-3 and -7 activity using
an enzymatic assay. Our data indicated that knockdown of GPR26 increased Caspase 3/7
activity at levels comparable to that of HG at all time points (Figure 6b). Caspase 3/7
activity was significantly enhanced when GPR26 was knocked down in HG-treated cells at
all time points (Figure 6b). These results confirmed that GPR26 plays an anti-apoptotic role
and that GPR26 in monocytes might counteract HG-mediated increase of THP1 apoptosis.
Indeed, inhibition of GPR26 increased the pro-apoptotic activity of caspase 3/7 mediated
by HG after 72 h.
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Figure 6. The effect of GPR26 knockdown and HG on Caspase 3 activity. The effect of GPR26
knockdown alone or in combination with HG on caspase activation at 24, 48, and 72 h with GPR26 (+)
or scrambled GapmeRs (−), as indicated in the figures. (a) A representative Western blot of cleaved
caspase-3 and total caspase-3. Densitometry plot reporting the fold change versus control. Cleaved
caspase-3 and total caspase-3 intensity values were normalized to the corresponding β-actin value
and the ratio of cleaved caspase-3 to total caspase-3 were presented as caspase activity. (b) Caspase 3,7
activity was measured using an enzymatic assay. Data are expressed as fold of change versus control
(cells cultured in NG) that was set to 1. All values are represented as mean of at least 3 independent
experiments (n = 3 ± SEM). (* p < 0.05 ** p < 0.01, *** p < 0.001 versus NG).

3.8. GPR26 down Regulation Significantly Inhibited Autophagy

Autophagy is an important physiological process activated to maintain cellular home-
ostasis and to adapt to extracellular cues. Autophagy is closely associated with ROS gener-
ation and inflammation [50]. Indeed, HG inhibits autophagy to promote ROS-mediated in-
flammasome activation and cytokine secretion in immune cells [50]. Microtubule-associated
protein 1A/1B-light chain 3 (LC3) is a soluble protein that exists in the two forms of LC3-I
and LC3-II, the second converted from LC3-I to initiate the formation and lengthening of
the autophagosome. Measurement of LC3-II/LC3-I ratio consents the quantification of
autophagy activation levels [51]. In addition, measurement of p62, a selective substrate of
autophagy, is an additional method to measure autophagy, since it inversely correlates with
the autophagy activation [52]. Thus, to explore the role of GPR26 in regulating autophagy
in monocytes, we examined LC3-II/LC3-I ratio and p62 levels in THP-1 cells treated with
NG or HG and transfected for 24, 48, and 72 h with GPR26 Gapmers. Our results indicated
that knockdown of GPR26 decreased LC3-II/LC3-I ratio at 24 and 48 h (Figure 7a). HG
decreased LC3-II at all time points compared to NG treated cells (Figure 7a). A significant
decrease in LC3-II/LC3-I ratio was detected in THP-1, knocked down for GPR26, and
treated with HG at 24, 48, and 72 h, a time point at which only the knockdown of GPR26
in combination with HG showed a significant effect on LC3-II decrease (Figure 7a). Next,
we analyzed the levels of p62, the levels of which should inversely correlate with that of
LC3-II. Accordingly, knockdown of GPR26 increased p62 levels in THP-1 cultured in NG at
24 h and 48 h (Figure 7b). HG increased p62 levels only at 48 h (Figure 7b). Knockdown
of GPR26 enhanced p62 levels in HG-treated THP-1 at 24, 48, and 72 h, a time point at
which neither GPR26 knockdown nor HG increased p62 levels (Figure 7b). Taken together,
these data indicated that GPR26 promotes autophagy and might counteract HG-mediated
autophagy inhibition. Hence, hyperglycemia might impair GPR26 to inhibit autophagy
in monocytes.
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Figure 7. The effect of GPR26 knockdown and HG on autophagy. The effect of GPR26 knockdown
alone or in combination with HG on autophagy at 24, 48, and 72 h with GPR26 (+) or scrambled
GapmeRs (−), indicated in the figures. Panels show (a,b) a representative Western blot of LC3II,
LC3I, and p62. Densitometry plot reporting the fold change versus control. LC3II, LC3I, and p62
intensity values were normalized to the corresponding β-actin value. The ratio of LC3II, LC3I were
presented as the levels of activated autophagy. Images report one representative experiment out of
at least 3 independent experiments. All values are represented as mean of at least 3 independent
experiments (n = 3 ± SEM). * p < 0.05; versus NG.

4. Discussion

Diabetes is among the top 10 leading causes of death worldwide (WHO, https://
www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death, last accessed on
1 June 2022). T2D is one of the major public health diseases diffused in Iran, the Middle
East’s second-largest country, due to its high prevalence rate [53]. Inflammation plays a
crucial role in the pathogenesis of T2D and related complications [2,5]. The dysregulation of
immune cells is strongly linked to T2D and vascular complications. Vascular inflammation
is thought to be regulated by changes in monocyte and macrophage numbers, function,
and related imbalance of pro-inflammatory signaling cascade [5]. Hyperglycemia acts
as a strong activator of inflammatory response by activating endothelial cells and by
dysregulating monocyte activation, leading to a chronic pro-inflammatory phenotype in
monocytes and immune cells [2,5].

GPCRs play pivotal roles in a wide variety of immunological processes and are the
target of nearly a third of all clinically utilized drugs [17]. Recently, several GPCRs involved
in the development of insulin resistance and pancreatic β-cell dysfunction, such as GPR119,
GPR146, GPR40, GPR120, and TGR5, have received attention as targets for therapeutic
interventions in diabetic patients [54–56]. Although the mechanisms by which GPCRs
regulate insulin sensitivity and immunological processes are unknown, the existence of
GPCRs receptors as a very large and conserved family suggests that they might potentially
modulate the response of immune cells in pathologies such as diabetes, atherosclerosis,
and chronic inflammatory disease [17].

Accordingly, emerging studies on GPCRs, especially on orphan GPCRs, indicates their
involvement in the regulation of immune cells biology and function [57]. For example,
GPCR MRGPRX2 is expressed by monocytes to activate the intracellular pathways for an
immunomodulatory action, leading to monocyte interaction with endothelial cells [58–60].
Our data indicated that orphan GPR26 is downregulated in diabetic patients and might be
initially activated in monocytes and PBMCs to counteract the pro-inflammatory and apop-
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totic activation mediated by hyperglycemia. Chronic and prolonged exposure of monocytes
to hyperglycemia impaired GPR26 protective effects and lead to its internalization and
ineffective activation. Despite GPR26 ligand and mechanism of action needing to be further
investigated, it emerged as a promising target to develop therapeutic strategies against
inflammatory and diabetic diseases.

Analysis of GWAS studies from diabetic patients indicated that occurrence of certain
SNPs in GPCRs are associated with an increased risk for diabetes and cardiovascular com-
plications [33]. In addition, recent studies indicated that certain GPCRs are differentially
regulated in diabetic patients [17–20]. However, the majority of these GPCRs are orphan
receptors, for which the mechanism of action in diabetes and related complications is still
unknown. In this study, we used GWAS studies to identify potential GPCR candidates with
diabetes-associated SNPs and differentially expressed in diabetic samples. We selected
orphan GPR26 as a promising candidate, presenting certain SNPs and downregulated in
the blood samples from T2D patients. GPR26 is a central orphan GPCR that is most closely
related to the serotonin receptor 5-HT5A and gastrin releasing hormone BB2 receptor, sug-
gesting a possible role in the regulation of energy homeostasis and cell metabolism [61,62].
So far, the knowledge we have on GPR26 role belong to studies from Caenorabditis elegans,
where depletion of GPR26 increases fat storage, and from rodents, where GPR26 deficiency
in the hypothalamus increases genetic susceptibility to the onset of obesity, including
glucose intolerance, hyperinsulinemia, and dyslipidemia (61). However, data regarding
the role of GPR26 in diabetes and inflammatory associated complications are missing. We
analyzed the expression of orphan GPR26 in the PBMC isolated from T2D patients and
confirmed that GPR26 was downregulated. However, GPR26 expression was initially
enhanced in human monocytes (THP-1) and human PBMCs treated with HG, a surrogate
of hyperglycemia, whereas it was decreased when cells were exposed to prolonged and
chronic HG levels. Two hypotheses were generated to explain these results. First, the group
of diabetic patients was composed of insulin and non-insulin treated patients, which might
have influenced the expression of GPR26. Second, GPR26 might be initially activated to
protect monocytes against HG, whereas prolonged and chronic monocyte exposure to HG
might impair GPR26 protective role. Our data indicated that both hypotheses might be
reliable. Indeed, when diabetic patients were divided according to their insulin treatment,
we found that GPR26 expression was further downregulated in insulin patients compared
to non-insulin treated patients. This data might be due to insulin-mediated alleviation of
hyperglycemic adverse effects on monocyte activation. In line with this, we noticed that the
expression of GPR26 negatively correlated with the BMI and HbA1c percentage in diabetic
and non-diabetic subjects. In addition, GPR26 exposure on monocyte membranes was
decreased by chronic levels of HG, whereas GPR26 accumulated in the cytoplasm. Hence,
these data supported the hypothesis that GPR26 might be activated to protect monocytes
against hyperglycemia-mediated detrimental effects.

In the diabetic state, chronic or intermittent hyperglycemia promotes a phenotype
named “glucose toxicity”, which is often associated with an imbalance of the cellular redox
state, inflammation, and related apoptosis [63]. Indeed, several signaling pathways are
altered and promote the formation of ROS, as well as the secretion of pro-inflammatory cy-
tokines and cellular death (pathological autophagy and/or apoptosis). ROS plays a pivotal
roles in triggering all these diabetic complications [63]. Accordingly, we investigated the
role of GPR26 against all these HG-related complications. Our data indicated that orphan
GPR26 knockdown promoted ROS production, MAPK-related inflammatory activation,
monocyte adhesion, and apoptosis. Autophagy, commonly activated in immune cells to
regulate inflammation following oxidative injury in diabetes [64], was impaired by GPR26
knockdown. Hence, our data revealed that GPR26 tightly regulates all crucial pathways
related to monocyte cell biology and metabolism. Our data indicated that GPR26 protected
monocytes from HG-mediated increase of inflammation and ROS production.

Previous studies showed that elevated ROS production leads to p38 MAPK andERK1/2
activation, which in turn promotes NF-κB-mediated transcription of pro-inflammatory genes
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and monocyte activation [38,44]. Our data indicated that lack of GPR26 protection under
chronic hyperglycemic conditions enhanced MAPK and NF-κB activation. Hence, these
data supported our hypothesis about GPR26′s protective role against T2D.

ROS induced -p38 MAPK and ERK1/2 activation results in caspase 3 activation and
apoptotic cell death [65], despite several in vitro studies indicating that HG induces cell
apoptosis in monocytes [48,49], Contradictory data exist regarding the role of apoptosis
in monocytes from diabetic patients [12,13]. Indeed, inhibition of monocyte apoptosis
impedes wound healing in diabetic mice, but it also promotes the development of diabetic
complications in T1D patients [12,13]. Our data indicated that knockdown of GPR26
increased apoptosis and enhanced HG-mediated Caspase 3 activation, suggesting that
GPR26 plays an anti-apoptotic role against HG.

Autophagy is fundamental to maintain cell homeostasis, removal of ROS, and inflam-
mation [50]. Our results provided evidence that orphan GPR26 might play a protective
role against HG by activating autophagy. Moreover, we identified a new role for GPR26
in promoting autophagy that is independent from HG. Although we did not investigate
the mechanism in detail, HG and GPR26 might influence autophagic flux partly through
p38 MAPK.

To the best of our knowledge, this is the first work demonstrating the expression and
role of orphan GPR26 in monocytes from diabetic patients. Although additional data are
needed to prove the protective role of GPR26 against T2D in vivo, we started to depict
possible signaling pathways differentially regulated by GPR26 in THP1, independently or
not from HG.

Indeed, our study has some limitations. Expression assay of GPR26 in PBMCs of
diabetic patients was performed in limited samples, and future studies with a large number
of samples are needed to confirm our results. Moreover, analysis of GPR26 expression and
function in other cell types related to diabetes and cardiovascular complications, such as
endothelial cells that are closely related to immune cell activation in diabetic patients, could
provide more information and better clarify the role of GPR26 in T2D. Since the ligands
of GPR26 are still unknown, future studies devoted to their identification might offer the
basis for modulating the expression and activation of GPR26 in T2D patients.

5. Conclusions

The results obtained in the present study defined a new role for GPR26 in human
monocytes and PBMCs in T2D patients. Our data suggested that THP1 might initially
activate a mechanism of defense in response to hyperglycemia, which is partly mediated
by a positive feedback loop that involves GPR26 activation. The protective effect might
be impaired by chronic and intermittent hyperglycemic conditions. Treatment of T2D
patients with insulin might counteract HG-mediated pathological activation of monocytes,
a phenomenon partly reflected from a reduction in GPR26 expression. Moreover, our
data suggested that GPR26 exerts a protective role independently from HG by inhibiting
pro-inflammatory monocyte activation, ROS production, and apoptosis.
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Abstract: Background: The effects of diabetes on the cardiovascular system as well as in the kidney
are profound, which include hypertrophy and fibrosis. Diabetes also induces oxidative stress, at least
in part due to the uncoupling of nitric oxide synthase (NOS); this is a shift in NO production toward
superoxide production due to reduced levels of the NOS cofactor tetrahydrobiopterin (BH4). With
this in mind, we tested the hypothesis that BH4 supplementation may prevent the development of
diabetic cardiomyopathy and nephropathy. Methods: Diabetes was induced in Balb/c mice with
streptozotocin. Then, diabetic mice were divided into two groups: one group provided with BH4

(sapropterin) in drinking water (daily doses of 15 mg/kg/day, during eight weeks) and the other
that received only water. A third group of normoglycemic mice that received only water were used
as the control. Results: Cardiac levels of BH4 were increased in mice treated with BH4 (p = 0.0019).
Diabetes induced cardiac hypertrophy, which was prevented in the group that received BH4 (p < 0.05).
In addition, hypertrophy was evaluated as cardiomyocyte cross-sectional area. This was reduced
in diabetic mice that received BH4 (p = 0.0012). Diabetes induced cardiac interstitial fibrosis that
was reduced in mice that received BH4 treatment (p < 0.05). We also evaluated in the kidney the
impact of BH4 treatment on glomerular morphology. Diabetes induced glomerular hypertrophy
compared with normoglycemic mice and was prevented by BH4 treatment. In addition, diabetic
mice presented glomerular fibrosis, which was prevented in mice that received BH4. Conclusions:
These results suggest that chronic treatment with BH4 in mice ameliorates the cardiorenal effects of
diabetes,, probably by restoring the nitroso–redox balance. This offers a possible new alternative to
explore a BH4-based treatment for the organ damage caused by diabetes.

Keywords: nitric oxide synthase uncoupling; sapropterin; diabetic nephropathy

1. Introduction

Diabetes mellitus is one of the most common chronic diseases worldwide, and con-
tinues to increase in numbers and significance, with characteristics of an epidemic, as
modern lifestyles lead to reduced physical activity and increased obesity [1]. Diabetic
cardiomyopathy is the manifestation in the myocardium of the alterations produced by
the altered homeostasis of glucose metabolism, independent of coronary artery disease [2].
This cardiomyopathy is initially characterized by diastolic dysfunction and cardiac hy-
pertrophy, with preserved ejection fraction. As diabetes progresses, systolic dysfunction
and reduced ejection fraction develop. This process of cardiac deterioration in diabetes
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includes altered metabolism, inflammation, and oxidative stress, which result in apoptosis
and fibrosis that further deteriorate the myocardium [3–6]. In addition, altered calcium
handling was characterized in the diabetic cardiac myocytes. The reduced capacity of
the sarcoplasmic reticulum Ca2+ pump SERCA2 results in a diminished storage capacity
of Ca2+, which impairs cardiac contractility. Importantly, it also alters cardiac relaxation,
which is evidenced in the diastolic dysfunction [7].

Diabetic nephropathy is another of the main complications of diabetes. In advanced
stages, it is characterized by urinary albumin excretion [8]. It begins with a series of cellular
and molecular changes that lead to morphological alterations, first in the glomerulus, then,
in more advanced stages, in the tubules and interstitial space [8]. Glomeruli undergo
hypertrophy, with a thickening of the basal membrane and basal tubular membrane, with
a progressive accumulation of extracellular matrix components [9]. These ultrastructure
changes are responsible for the functional alterations observed in diabetic nephropathy,
such as proteinuria, hypertension, and, finally, renal failure. After hyperglycemia is chroni-
cally established, oxidative stress is one the main biochemical alterations that occur in the
kidney [10,11], leading to a proinflammatory state [11].

Current treatments for the cardiorenal complications of diabetes are based on the
control of blood glucose levels, mainly with metformin and sulfonylureas in type 2 diabetes
mellitus and insulin mainly in type 1 diabetes [12]. More recently, clinical trials evaluating
the organ target damage such as cardiac and renal complications with the use of di-peptidyl
peptidase-4 (DPP4) inhibitors, glucagon-like peptide (GLP1) receptor agonists, and sodium-
glucose co-transporter 2 (SGLT2) inhibitors have shown promising results [13–16]. At
the preclinical level, pharmacological strategies are now directly focusing on end-organ
damage processes such as fibrosis, inflammation, and oxidative stress [3].

In diabetes, several sources may contribute to the observed oxidative stress, such as
xanthine oxidoreductase, nicotinamide adenine dinucleotide phosphate (NADPH) oxidases,
mitochondria, and uncoupled nitric oxide synthases (NOS) [17]. A direct consequence of
the increased production of reactive oxygen species (ROS) is the uncoupling of nitric oxide
synthase [18]. This is due to the oxidation of tetrahydrobiopterin (BH4), an essential cofactor
for NOS activity. When NOS is uncoupled, its activity is redirected toward the production
of superoxide, instead of NO, further contributing to the oxidative process [19]. Because
BH4 oxidation may also occur in oxidative states in the kidney, this leads to endothelial NOS
uncoupling, which generates endothelial dysfunction in the kidney vasculature, including
the glomerular capillaries, and afferent and efferent arterioles [20].

We tested the hypothesis that in diabetes, tetrahydrobiopterin supplementation leads
to the recoupling of nitric oxide synthase 1 (NOS1), preventing cardiac remodeling and the
advance of diabetic nephropathy, two of the main complications of chronic diabetes.

These findings in the diabetic heart and kidney represent a potential translational
tool with therapeutic value. The proposed investigation may have a translational im-
pact and contribute to the basic knowledge of NOS uncoupling in the setting of diabetic
cardiomyopathy.

2. Methods
2.1. Experimental Model and Protocol

Diabetes was induced in Balb/c mice (n = 30, male, 30–40 g) with the intraperitoneal
injection of three doses (100, 100, and 200 mg/kg) of streptozotocin (Sigma, St. Louis,
MO, USA) in 10 mM citrate buffer, pH 4.5. The control group received an injection of
citrate. Then, diabetic mice were divided into two groups: one group provided with BH4
(sapropterin, Inpheno, InnoPharmax, Inc., Taipei City, Taiwan, Lot # 6P001) in drinking
water (daily doses of 15 mg/kg/day, during eight weeks), and the other received only water.
A third group of normoglycemic mice that received only water were used as the control.
The protocol was approved by the Bioethics Committee of Universidad de Talca (# 2015-087-
DG). Mice were kept in the animal facility of the institution, at room temperature (22 ◦C),
under a 12 h light/dark cycle.
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2.2. Sample Collection and Storage

At the end of the eight weeks, animals were induced anesthesia with ketamine
90 mg/kg and 10 mg/kg xylazine. Then, a midline incision was made and blood was
obtained from the cava vein. After blood withdrawing, the heart and kidney were extracted.

2.3. Plasma Biochemical Measurements

For plasma biochemical measurements, we used a brain natriuretic peptide (BNP)
Kit ELISA mouse (Elabscience Biotech Co., Ltd., Wuhan, China). Plasma glucose was
determined using a kit from Valtek (Santiago, Chile). Insulin was determined using an
ELISA from EMD Millipore, Billerica, MA, U.S.A.

2.4. Histological Analyses

Cardiac and renal sections were obtained for pathology analysis. For this, hearts
and kidneys were fixed in Bouin solution. Then, pieces of the organs were dissected,
dehydrated in alcohol-xylol solutions and included in Paraplast. In a microtome, 5 µm
sections were obtained and mounted in 0.1% polylysine-treated slides. After this, sections
were rehydrated and prepared for hematoxylin–eosin, Masson’s trichrome, and periodic
acid Schiff’s staining.

Glomerular pathological analysis was performed by a blinded investigator, scoring the
degree of fibrosis, glomerular hypertrophy, and mesangial expansion according to previous
reports [21–24].

2.5. TUNEL Assay

Cardiac sections were probed with a Click-iT™ TUNEL Colorimetric IHC Detection
Kit (Catalogue N◦ C10625, Thermo Fisher Scientific Inc., Carlsbad, CA, USA), for detection
of apoptotic cells, as previously described [25,26].

2.6. Confocal Microscopy

Cardiac and renal sections were prepared for confocal microscopy, as previously
described [27]. Renal sections were stained with anti-α-smooth muscle actin or F4/80
(Santa Cruz Biotechnology, Dallas, Texas, USA), followed by fluorescein isothiocyanate
conjugated (FITC) antimouse (Jackson Inmunoresearch, West Grove, PA, USA). Nuclei
were counterstained with propidium iodine (100 µM). Cardiac sections were probed for
F4/80 to detect macrophages. Images were obtained with an LSM700 confocal microscope
(Carl Zeiss, Jena, Germany).

2.7. Tetrahydrobiopterin (BH4) Quantification

Plasma and cardiac BH4 were determined as previously described [25,28] using a
differential oxidation of biopterins protocol. Briefly, samples were submitted either to
acidic or basic conditions (pH 3 or 9). Then, samples were oxidized with iodine. BH2 and
BH4 contents were quantified by HPLC using HPLC (Perkin Elmer series 200, Waltham,
MA) with fluorescence detection with excitation at 350 nm and emission at 450 nm.

2.8. Western Blot

Cardiac proteins were prepared as previously described for Western blot analysis [29].
Cardiac homogenates (30 µg) were mixed with loading buffer and summited to SDS-
PAGE in 7.5% gels. Then, proteins were electro-transferred to nitrocellulose membranes.
After blocking with Tween-buffered saline solution supplemented with 5% nonfat milk,
membranes were incubated overnight at 4 ◦C with specific antibodies antinitrotyrosine
(Badrilla, Leeds, U.K.). For NOS, SDS-PAGE was performed in nonreducing conditions of
the loading buffer, and electrophoresis was run with the chamber immersed in ice. After
electro-blotting, nitrocellulose membranes were incubated with anti-NOS1 antibody (Cell
Signaling, Danvers, MA, USA) or NOS3 (BD Biosciences, Franklin Lakes, NJ, USA).
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2.9. Statistical Analysis

Data are presented as means ± SEM, compared using ANOVA (normally distributed
data) or Kruskal–Wallis test (nonparametric data) with Tukey’s or Dunn’s post hoc tests for
comparisons between groups. A value of p < 0.05 was considered statistically significant.

3. Results

Three groups of mice were used: a group of normoglycemic mice, a group of streptozot
ocin-induced diabetic mice, and a third group of diabetic mice that received sapropterin
(BH4) in drinking water, for eight weeks. At the end of the experimental period, mice
were euthanized, and blood and organs were collected. Morphometric and blood pa-
rameters are presented in Table 1. These data confirmed the presence of hyperglycemia
and reduced insulin levels in streptozotocin-treated mice. Additionally, cardiac hypertro-
phy was appreciated. Of these parameters, only cardiac hypertrophy was prevented by
sapropterin treatment.

Table 1. Morphometric and plasmatic parameters of control, diabetic and diabetic mice treated with
tetrahydrobiopterin (BH4). BNP; brain natriuretic peptide. ANOVA followed by Tukey as post-hoc
test. * p < 0.05 vs. control, ** p < 0.005 vs. control.

Control Diabetics Diabetics + BH4 p Value

n 9 9 10
Body weight (g) 40.7 ± 1.3 36.8 ± 1.0 34.0 ± 1.3 * 0.0026
Heart weight (g) 0.157 ± 0.010 0.161 ± 0.007 0.139 ± 0.003 0.0616

Heart weight/tibia
length (g/mm) 7.57 ± 0.39 8.59 ± 0.34 * 7.39 ± 0.16 0.0495

Insulin (ng/mL) 1.09 ± 0.30 * 0.29 ± 0.12 0.21 ± 0.08 0.0037
BNP (pg/mL) 227.9 ± 25.3 ** 96.1 ±13.5 66.6 ± 12.6 0.0495

Glucose (mg/dL) 137 ± 7.7 * 316 ± 69.7 247.3 ± 29.7 0.0132

Next, we evaluated plasma levels of BH4 (Figure 1). These were reduced in diabetic
mice compared with those in normoglycemic controls, and increased toward normal in mice
treated with sapropterin (39.1 ± 5.7 control, 12.5 ± 5 diabetic mice, and 22.9 ± 8.4 pmol/L
in diabetic mice treated with BH4, p < 0.05), as well as the ratio between BH4 and its
oxidized form BH2: 3.6 ± 1 control, 1.1 ± 0.6 diabetic mice, and 12.7 ± 4.1 in diabetic mice
treated with BH4, p < 0.05 diabetic mice vs. diabetic mice + BH4. Intracardiac (intra-atrial)
levels of BH4 were significantly increased in sapropterin-treated mice (8.8 ± 2.2 control,
9.6 ± 4.7 diabetic mice, and 209.7 ± 99.9 pmol BH4 mg/protein in diabetic mice + BH4,
p = 0.0019).

Next, we evaluated the impact of sapropterin treatment on cardiac oxidative stress
(Figure 2). For this, we evaluated the levels of nitrotyrosine on intracardiac proteins by
Western blot. This assay showed a significant increase in the content of nitrated proteins in
diabetic mice compared with that of normoglycemic controls (p < 0.001), and this content
was reduced in sapropterin-treated mice. In addition, we evaluated the levels of NOS1
presented as the dimer or monomer. Under reduced levels of BH4, NOS was unable to
stabilize as a dimer and, as a consequence, was found in its monomeric form. Using
SDS-PAGE under nonreducing conditions, the forms could be appreciated by Western
blotting. This analysis showed that in our conditions, both the monomer and dimer of
NOS1 were present. The NOS1 dimer and monomer levels were similar in the control
and diabetic hearts. Nevertheless, the treatment with sapropterin increased the levels
of dimer to monomer in diabetic hearts (p < 0.05). In the case of NOS3, the presence
of the monomer was almost indistinguishable from that of the dimer. Neither of these
constitutively expressed NOS showed changes in their expression levels (p > 0.05). These
data suggested that sapropterin treatment was able to reduce intracardiac oxidative stress,
probably independent of changes in NOS1 activity.
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Figure 1. Oral administration of sapropterin restores levels of tetrahydrobiopterin (BH4). Left, plasma
levels of BH4 in control, diabetics, and diabetic mice that received sapropterin (BH4) in drinking
water. Right, intracardiac BH4 levels in control (black), diabetic mice (red), and diabetic mice that
received BH4 (green). n = 6 in each group. * p < 0.05 vs. control and diabetics.
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Figure 2. Oral administration of sapropterin reduces the intracardiac levels of oxidative stress.
(A) Western blot analysis of nitrotyrosine in cardiac protein extracts from control, diabetic mice, and
diabetic mice that received sapropterin (BH4) in drinking water. (B) Western blot for the levels of
NOS1 and NOS3 in homogenates from control, diabetics and diabetics mice that received sapropterin
(BH4) in drinking water. * p < 0.05, ***, p < 0.001. ns = not significant.
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3.1. Cardiac Remodeling

Diabetes induced cardiac hypertrophy, evaluated as the ratio of heart weight/tibia
length, which was prevented in the group that received BH4: (7.6 ± 1.03 g/mm con-
trol, 8.6 ± 0.63 g/mm diabetic mice, and 7.38 ± 0.5 g/mm diabetic mice + BH4, p < 0.05,
Table 1). In addition, hypertrophy was evaluated as cardiomyocyte cross-sectional area
(Figure 3). This area was reduced in diabetic mice that received BH4 (1190 ± 460 µm2 con-
trol, 1194 ± 389 µm2 diabetic mice, and 1106± 375 µm2 diabetic mice + BH4, p = 0.0012). In
addition, we evaluated cardiac fibrosis, which is also a hallmark of diabetic cardiomyopathy,
by Masson’s trichrome staining. Diabetes induced cardiac interstitial fibrosis, which was
reduced in mice that received BH4 treatment (2.2 ± 1.1% control, 4.12 ± 1.6% in diabetic
mice, and 2.16 ± 1.2% in diabetic mice + BH4, p < 0.05).

Biomedicines 2022, 10, x FOR PEER REVIEW 7 of 15 
 

 
Figure 3. Cardiac remodeling in diabetes is ameliorated by oral administration of BH4. Left panel, 
representative hematoxylin and eosin stained cross-sections of hearts from control, diabetic, and 
diabetic mice that received BH4. Middle panel, representative Masson´s trichrome staining for 
collagen. Right panel, bar graphs depicting cardiac hypertrophy and fibrosis in control (black), 
diabetic mice (red) ,and diabetic mice treated with BH4 (green). * p < 0.05; ** p < 0.005 vs. the other 
groups. 

3.2. Apoptosis and Inflammatory Cells 
Because there is significant cardiac damage in chronic diabetes, both apoptosis and 

the presence of inflammatory cells has been described in the diabetic myocardium. 
Apoptosis was evaluated as the presence of TUNEL-positive cells in cardiac sections 
(Figure 4A). Diabetes induced an increase in the percentage of TUNEL+ cardiomyocytes 
compared with normoglycemic hearts, but this increase was not modified in the hearts 
from sapropterin-treated mice. We also evaluated the presence of infiltrative inflam-
matory cells by immunofluorescence of F4/80, a cell surface marker that is present in 
macrophages (Figure 4B). Diabetic hearts showed an increase in the number of macro-
phages present in the myocardium compared with normoglycemic controls. This 
number was significantly decreased in the hearts of sapropterin-treated mice. 

Figure 3. Cardiac remodeling in diabetes is ameliorated by oral administration of BH4. Left panel,
representative hematoxylin and eosin stained cross-sections of hearts from control, diabetic, and
diabetic mice that received BH4. Middle panel, representative Masson´s trichrome staining for
collagen. Right panel, bar graphs depicting cardiac hypertrophy and fibrosis in control (black),
diabetic mice (red), and diabetic mice treated with BH4 (green). * p < 0.05; ** p < 0.005 vs. the other
groups. ns = not significant.

3.2. Apoptosis and Inflammatory Cells

Because there is significant cardiac damage in chronic diabetes, both apoptosis and the
presence of inflammatory cells has been described in the diabetic myocardium. Apoptosis
was evaluated as the presence of TUNEL-positive cells in cardiac sections (Figure 4A).
Diabetes induced an increase in the percentage of TUNEL+ cardiomyocytes compared with
normoglycemic hearts, but this increase was not modified in the hearts from sapropterin-
treated mice. We also evaluated the presence of infiltrative inflammatory cells by im-
munofluorescence of F4/80, a cell surface marker that is present in macrophages (Figure 4B).
Diabetic hearts showed an increase in the number of macrophages present in the my-
ocardium compared with normoglycemic controls. This number was significantly de-
creased in the hearts of sapropterin-treated mice.
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0.001 compared to the group indicated by brackets. ANOVA followed by Tukey post hoc test. 
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trol, 2.25 ± 0.29 in diabetics and 1.46 ± 0.33 score units in diabetics + BH4 (p < 0.0001). 
Next, we evaluated mesangial expansion, which was increased in diabetic mice com-
pared to controls, but was not reduced by sapropterin treatment (96.1 ± 10.7% control, 
145.7 ± 10.4% diabetics, 143.5 ± 17.6% diabetics treated with sapropterin, p < 0.05 dia-
betics vs. control). 

Figure 4. Impact of sapropterin in macrophage infiltration and cardiac apoptosis in diabetic mice.
(A), representative images of TUNEL positive cells in cardiac sections obtained from control, diabetic
and diabetic mice that received BH4. Arrows indicate TUNEL positive nuclei. (B), representative
confocal microscopy immunofluorescence images of F4/80 (green) in cardiac sections from control,
diabetic and diabetic mice treated with sapropterin (BH4). Asterisk * p < 0.05, *** p < 0.001 compared
to the group indicated by brackets. ANOVA followed by Tukey post hoc test. Scale bar indicates
30 µm. ns = not significant.

3.3. Renal Changes

Next, we evaluated the impact of sapropterin treatment on diabetic nephropathy,
evaluating glomerular morphology (Figure 5).

Diabetes induced glomerular hypertrophy compared to normoglycemic mice and
was prevented by BH4 treatment (0.79 ± 0.08 mm2 in control, 1.12 ± 0.1 in diabetic and
0.98 ± 0.15 mm2 glomerular tuft size in diabetics + BH4, p = 0.0004).

In addition, diabetic mice presented glomerular fibrosis, evaluated by Masson’s
trichrome staining, which was prevented in mice that received BH4: 1.01 ± 0.25 in control,
2.25 ± 0.29 in diabetics and 1.46 ± 0.33 score units in diabetics + BH4 (p < 0.0001). Next,
we evaluated mesangial expansion, which was increased in diabetic mice compared to
controls, but was not reduced by sapropterin treatment (96.1± 10.7% control, 145.7± 10.4%
diabetics, 143.5 ± 17.6% diabetics treated with sapropterin, p < 0.05 diabetics vs. control).

Next, we evaluated the degree of macrophage infiltration and the expression of α-
smooth muscle actin. Macrophage infiltration was evaluated by immunofluorescence
staining of the cell surface marker F4/80 (Figure 6). Renal sections of control normoglycemic
mice did not show the presence of infiltrating inflammatory cells, neither in the glomeruli
nor in the peritubular interstitium. On the contrary, F4/80-positive cells were extensively
found in the peritubular space of diabetic mice. This infiltration was dramatically reduced
in the diabetic kidneys from mice treated with sapropterin.
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In addition, we evaluated the presence of myofibroblasts as a marker of initial fi-
brosis (Figure 7). For this, renal sections were analyzed for α-smooth muscle actin 
(α-SMA). As expected, in the kidneys from normoglycemic control mice, there was no 
evidence of the presence of myofibroblasts in the peritubular space. On the contrary, the 
renal sections of diabetic mice showed the presence of these cells in the peritubular 
space mainly. Kidneys from sapropterin-treated mice showed almost no signal for 
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Figure 5. Renal morphological changes of diabetes are ameliorated by oral administration of BH4.
Left panel, representative images of hematoxylin–eosin staining in renal sections from kidneys
of control, diabetic, and diabetic mice that received BH4. Middle panel, representative Masson’s
trichrome staining for collagen IV. Right panel, periodic acid-Schiff (PAS)-stained renal sections from
kidneys of control, diabetic, and diabetic mice that received BH4. * p < 0.05; ** p < 0.01; *** p < 0.001
vs. the groups indicated by brackets. Bar indicates 50 µm. ns = not significant.

In addition, we evaluated the presence of myofibroblasts as a marker of initial fibrosis
(Figure 7). For this, renal sections were analyzed for α-smooth muscle actin (α-SMA). As
expected, in the kidneys from normoglycemic control mice, there was no evidence of the
presence of myofibroblasts in the peritubular space. On the contrary, the renal sections of
diabetic mice showed the presence of these cells in the peritubular space mainly. Kidneys
from sapropterin-treated mice showed almost no signal for α-SMA.

These results suggested that sapropterin treatment reduced macrophage infiltration
and peritubular fibrosis in the diabetic kidneys. Overall, these results suggested that
chronic treatment with BH4 in mice ameliorates the cardiorenal effects of diabetes, probably
by restoring the nitric oxide production. This offers a possible new alternative to explore a
BH4-based treatment for the organ damage of diabetes.
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Figure 6. Renal tubular macrophage infiltration is prevented by oral administration of BH4 to 
diabetic mice.  Representative confocal images of renal sections probed for F4/80 (green), a 
marker of macrophages, in normoglycemic control, diabetic, and diabetic mice treated with 
sapropterin (BH4). Middle panel, corresponding section counterstained with propidium iodide 
(P.I., red) for nuclei. Right panel, merge of both F4/80 and P.I: signals. Images were obtained at 
40× magnification. Scale bar indicates 10 µm. 

Figure 6. Renal tubular macrophage infiltration is prevented by oral administration of BH4 to
diabetic mice. Representative confocal images of renal sections probed for F4/80 (green), a marker of
macrophages, in normoglycemic control, diabetic, and diabetic mice treated with sapropterin (BH4).
Middle panel, corresponding section counterstained with propidium iodide (P.I., red) for nuclei.
Right panel, merge of both F4/80 and P.I: signals. Images were obtained at 40×magnification. Scale
bar indicates 10 µm.
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Figure 7. Renal tubular fibrosis was prevented by oral administration of BH4 to diabetic mice. 
Representative confocal images of renal sections (medulla) enriched in tubules probed for alpha 
smooth muscle actin (α-SMA, green), a marker of myofibroblast, in normoglycemic control, dia-
betic, and diabetic mice treated with sapropterin (BH4). Middle panel, corresponding section 
counterstained with propidium iodide (P.I., red) for nuclei. Right panel, merge of both α-SMA 
and P.I: signals. Images were obtained at 40× magnification. Scale bar indicates 10 µm. 

These results suggested that sapropterin treatment reduced macrophage infiltra-
tion and peritubular fibrosis in the diabetic kidneys. Overall, these results suggested 
that chronic treatment with BH4 in mice ameliorates the cardiorenal effects of diabetes, 
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Figure 7. Renal tubular fibrosis was prevented by oral administration of BH4 to diabetic mice.
Representative confocal images of renal sections (medulla) enriched in tubules probed for alpha
smooth muscle actin (α-SMA, green), a marker of myofibroblast, in normoglycemic control, diabetic,
and diabetic mice treated with sapropterin (BH4). Middle panel, corresponding section counterstained
with propidium iodide (P.I., red) for nuclei. Right panel, merge of both α-SMA and P.I: signals. Images
were obtained at 40×magnification. Scale bar indicates 10 µm.

4. Discussion

Our present results showed that oral administration of sapropterin (BH4) for one
month to diabetic mice was able to ameliorate some pathological changes in both the
heart and kidneys, two of the main organ targets of diabetes. Notably, BH4 administration
reduced cardiac hypertrophy and fibrosis, while preventing glomerular hypertrophy in the
kidney. These effects were associated with the reduction in oxidative stress, but apparently
independent of NOS1 recoupling. Previous reports have shown that eNOS uncoupling is
an important source of ROS in the diabetic kidney [30–34].
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Reduced levels of tetrahydrobiopterin were attributed to the reduced expression
of guanosine5′-triphosphate cyclohydrolase I (GTPCH), a rate-limiting enzyme in the
synthesis of BH4 [35]. Experiments where GTPCH was overexpressed then reverted the
phenotypes associated with diabetic nephropathy [32] and cardiomyopathy [36,37].

In the diabetic heart, NOS uncoupling has emerged as an important source of ROS [36–39],
in a way that appears as an important therapeutic target to prevent the development of
diabetic cardiomyopathy. Our results agree with those obtained by recent studies regard-
ing the role of NOS1 uncoupling in the heart, which indicate that BH4 supplementation
or genetic modifications that lead to the increased intracellular production of BH4 has a
beneficial impact on the left ventricular function of diabetic mice. This effect is achieved
by improving intracellular calcium handling, hence left ventricular systolic and diastolic
mechanics. Interestingly, some of the positive effects of BH4 supplementation in the diabetic
heart appear to be independent of NOS recoupling [39]. Our results are consistent with
those findings because we did not observe significant recoupling of NOS1 in the diabetic
heart after BH4 treatment, although we observed reduction in cardiac oxidative stress. It
was suggested that this protective effect may be exerted by a metabolic action of NOS1,
increasing the expression of insulin-independent glucose transporters (GLUT-1), which
improved myocardial energetics [39]. In addition, it was also shown that BH4 exerts its ben-
eficial effects in diabetic cardiomyopathy by activating peroxisome proliferator-activated
receptor-γ coactivator 1-α (PGC-1α) signaling by interacting with calcium/calmodulin-
dependent protein kinase kinase 2 (CaMKK2). These effects are also independent of NOS1
activity [40].

It was described in a model of cardiac hypertrophy by transverse aortic constriction
that BH4 supplementation inhibits macrophage infiltration in the myocardium, probably by
reducing the inflammatory signaling [41]. Interestingly, this protection is also independent
of NOS uncoupling, which is consistent with a role of BH4 in macrophages biology. The
exact mechanism through which BH4 mediates these anti-inflammatory effects remains to
be determined, but it has been reported that BH4 is important for the macrophage functions,
dependent and independent of iNOS [42,43].

We also observed a reduction in the number of macrophages present in the dia-
betic myocardium after treatment with BH4. Nevertheless, we did not evaluate the ori-
gin of these macrophages. The recent literature indicates the presence of at least four
types of macrophages in the heart, with one being the infiltrating-monocytes-derived
macrophages [44–46]. Particularly, a study using streptozotocin-induced diabetes in mice
showed that cardiac macrophages producing interleukin 1β play an important role in the
generation of arrhythmias in the diabetic heart [47]. A recent study documented that BH4
deficiency in macrophages increased the production of interleukin 1β and the inflammatory
profile of these cells [48].

In the context of the diabetic patient, it is relevant to consider both the development
of cardiomyopathy and nephropathy. Here, we showed that BH4 treatment was able to
prevent the cardiac damage associated with the initial stages of diabetic cardiomyopathy,
reducing macrophage infiltration, fibrosis, and hypertrophy, and similar effects were
observed in the kidney at the glomerular and tubular levels. Interestingly, even though
we observed a general beneficial effect of BH4 supplementation on renal morphology
in diabetic mice, BH4 mesangial expansion was not modified. This is consistent with a
previous report that suggested that BH4 may induce mesangial proliferation [49]. Plasma
BH4 concentration was postulated as a predictor of renal function in diabetic patients [50].

Fibrosis has been identified as a common factor in cardiorenal syndrome [51,52], which
is a reciprocal interaction between cardiac and renal dysfunction in several pathological
states, including diabetes [53,54]. Here we verified that fibrosis affected both organs and
was prevented by BH4 administration.

Importantly, sapropterin, a form of BH4, is available and approved for use in humans
in phenylketonuric patients [55]. This opens the possibility that this drug may be considered
for use in diabetes clinical trials.
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5. Conclusions

The results of the present study indicated that chronic oral administration of sapropterin
(BH4) in mice ameliorates the morphological changes produced by diabetes in the heart
and the kidney, probably by reducing oxidative stress, reducing inflammation, and the
fibrotic processes that occur in the myocardium and at the glomerular and peritubular
space in the kidney. This offers a possible new alternative to explore a BH4-based treatment
for the organ damage caused by diabetes.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) comprises a heterogeneous group of metabolic
liver diseases and is characterized by the presence of steatosis in at least 5% of hepatocytes. The
aim of our study was to assess the effect of the combination therapy of empagliflozin + metformin
vs. metformin monotherapy on NAFLD progression in type 2 diabetic (T2DM) patients. Sixty-three
metformin-treated T2DM patients who were SGLT2i-naïve and had an ultrasound diagnosis of NAFLD
(aged 60.95 ± 11.14 years; males, 57.1%) were included in the present analysis. Thirty-three started the
combination therapy. All patients were observed for 6 months and routinely monitored with anthro-
pometry, blood biochemistry, and FibroScan®/CAP. At the 6-month follow-up, the combination therapy
group presented a significant reduction in BMI (30.83 ± 3.5 vs. 28.48 ± 3.25), glycated hemoglobin
(8.2 (7.4–8.8)) vs. 7.2 (6.8–7.9), ALT (68.5 (41.5–88.0) vs. 45.00 (38.00, 48.00)), CAP parameter (293.5
(270.0–319.25) vs. 267.00 (259.50, 283.75)) and steatosis degree (p = 0.001) in comparison with the control
group, whose parameters remained almost stable over time. In patients affected by T2DM, the combina-
tion of empagliflozin + metformin vs. metformin monotherapy ameliorated liver steatosis, ALT levels,
body weight, and glycated hemoglobin after a 6-month follow-up.

Keywords: type 2 diabetes; non-alcoholic fatty liver disease; sodium-glucose cotransporter inhibitors;
metformin; FibroScan®; controlled attenuation parameter

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) comprises a heterogeneous group of
metabolic liver diseases, ranging from simple non-alcoholic fatty liver to non-alcoholic
steatohepatitis, and is characterized by the presence of steatosis in at least 5% of hepatocytes
(demonstrated by imaging or histology) not associated with excessive alcohol consumption
or other causes (medications or congenital disorders) [1]. NAFLD has currently reached a
prevalence of epidemic proportions, ranging from 20–30% in the general adult population
to peaks of over 70% among diabetics [2]. The pathophysiological mechanisms underlying
the close relationship between NAFLD and T2DM are multiple (mainly insulin resistance),
complex, and only partially known [3] Liver biopsy is the gold standard for NAFLD di-
agnosis, though it is highly invasive and expensive. Proton density fat fraction calculated
by magnetic resonance imaging is the most sensitive and specific non-invasive method for
detecting even the slightest degree of hepatic steatosis involving 5–10% of the parenchyma.
However, given its scarce availability and high cost, it cannot be used as a screening method.
Thus, more economic and less invasive technics have spread and are routinely used in daily
practice, such as abdomen ultrasound and the fatty liver index, which makes use of four
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clinical laboratory parameters (body mass index, waist circumference, serum triglycerides,
and serum gamma-glutamyl-transferase). FibroScan®, implemented with CAP (controlled
attenuation parameter), is another non-invasive and less expensive diagnostic tool that
is able to evaluate liver fibrosis by testing its stiffness (rigidity), expressed in kiloPascals
(kPa), and quantify the hepatic steatosis with good accuracy [1,4].

The increasing concern about this disease is strictly linked to the rise in liver com-
plications (non-alcoholic steatohepatitis, liver cirrhosis, and hepatocellular carcinoma),
increased cardiovascular complications, and overall mortality [5–7]. Moreover, there is
still uncertainty about the safety of antihyperglycemic treatments in diabetic patients with
NAFLD [1,8].

According to most recent guidelines, NAFLD’s only therapeutic option is represented
by lifestyle change to promote weight loss through diet and/or physical activity [1]. No
pharmacological therapy has been approved for NAFLD treatment. Metformin is not
only the first pharmacological line in the treatment of T2DM according to all international
scientific guidelines, but it also exerts numerous extra anti-hyperglycaemic ancillary ef-
fects, which could soon broaden its therapeutic indications [9,10]. Metformin’s benefits,
including inhibiting hepatic gluconeogenesis, modifying hepatic fatty acid metabolism,
increasing fatty acid oxidation, reducing lipogenesis, enhancing insulin sensitivity, and
increasing antioxidant properties, are well-established [11–13]. Several studies have re-
ported that these favorable effects might induce amelioration of liver histology in patients
with NAFLD/NASH [11]. In subjects with high CV risk or heart failure and renal dam-
age, the association with sodium–glucose cotransporter-2 inhibitors (SGLT2i) is strongly
suggested [14]. Although several hypotheses currently exist, the effects of SGLT2i in-
hibitors on NAFLD development and/or regression are not fully understood, and further
investigations are required [15]. Up to now, only a few observational studies and one
randomized control trial on a limited number of patients have suggested SGLT2i’s efficacy
in ameliorating liver steatosis with FibroScan®/CAP evaluation [16].

The aim of the present pilot study was to compare the effects of a combination
of empagliflozin plus metformin vs. metformin monotherapy on liver steatosis using
FibroScan®/CAP in a cohort of diabetic patients.

2. Methods and Materials
2.1. Study Population

“Impact of anti-hyperglyceMic Agents on NAFLD proGressIoN in type 2 Diabetes”
(IMAGIN) is a single-center prospective observational pilot study. SGLT2i-naïve patients
aged ≥18 years with metformin-treated T2DM, an estimated glomerular filtration rate of
≥45 mL/min/m2 calculated according to CKD-EPI, and the presence of NAFLD docu-
mented by B-mode ultrasound (mild, moderate, or severe bright liver in a patient with
no history of hemochromatosis, cystinosis, and/or glycosphingolipidosis of Gaucher type
1) were included in the study. The exclusion criteria were any other form of diabetes;
severe cardiac, liver and/or renal insufficiency; an acute cardiovascular event that occurred
in the previous 3 months, pregnancy; neoplasm without 6 months of remission; other
forms of hepatitis; any inflammatory disease; prolonged use of steroids; and daily alcohol
consumption of >20 g (for males) or >10 g (for females). A total of 127 patients with
metformin-treated T2DM who were followed at the internal medicine clinic of the Univer-
sity of Campania “Luigi Vanvitelli” were consecutively screened between March 2021 and
May 2022. Patients who were not SGLT2i-naïve (n = 7), were already undergoing combina-
tion therapy (n = 30) or insulin therapy (n = 7), had severe kidney impairment (n = 12), and
did not provide written consent (n = 8) were excluded. Thus, 63 patients were enrolled in
the present study, and follow-up was censored in October 2022. Patients were assigned to a
metformin monotherapy group or started the combination therapy of metformin + SGLT2i
according to the standards of care of the American Diabetes Association [17].

All patients provided written informed consent for data storage and analysis. The
study was conducted in accordance with the Declaration of Helsinki and was approved by
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the ethics committee of the Azienda Ospedialiera Universitaria of Università degli Studi
della Campania “Luigi Vanvitelli” (Ethics Committee Review (2021) No. 0005501).

2.2. Procedures

Anthropometric clinical data and blood samples were collected on the same date of
the FibroScan® examinations at visit 0 and follow-up (6 months). Blood samples were
collected after an 8-h overnight fast and included hemochrome, albumin, transaminases,
and glycated hemoglobin.

2.3. FibroScan®/CAP Measurements

FibroScan® Mini + 430 powered with CAP (Echosens SA, France) was used for the
present analysis. CAP and liver stiffness were measured by the same trained operator with
an M probe (3.5 MHz), which was placed on the skin in the intercostal space over the right
lobe of the liver. Liver stiffness was calculated over at least 10 valid measurements, with a
ratio of the interquartile range (IQR) to the median of the liver stiffness (IQR/Median) of
≤30%. Notably, CAP, through the SmartExam program, was continuously computed dur-
ing the entire examination until the CAP gauge reached 100%. The hepatic steatosis grade
was defined by the cut-off values of CAP according to previous reports (sensitivity 82.3%,
specificity 55.7% for the 238 dB/m cut-off). CAP < 238 dB/m denoted the absence of steato-
sis (S0), 238 ≤ CAP ≤ 259 dB/m denoted mild steatosis (grade S1), 260 ≤ CAP ≤ 291 dB/m
denoted moderate steatosis (grade S2), and CAP > 291 dB/m denoted severe steatosis
(grade S3). ∆CAP was measured by the following formula: (initial CAP—follow-up
CAP)/initial CAP. The hepatic fibrosis cut-off value was liver stiffness ≥ 7.0 kPa [18].

2.4. Study Endpoint

The primary study endpoint was to assess the effects of a combination of gliflozin plus
metformin vs. metformin monotherapy on NAFLD in our cohort of T2DM patients.

2.5. Statistical Analysis

Categorical data were expressed as numbers and percentages, whereas continuous
variables were expressed as either the median (interquartile range (IQR)) or mean ± SD,
depending on their distribution as assessed by the Shapiro–Wilk test. Population data
were divided into different groups according to the antidiabetic treatment (metformin of
metformin + SGLT2i). Between-group differences for categorical variables were assessed
by the chi-square test with the application of Yates correction where appropriate. Either
the parametric Student’s t-test or the nonparametric Mann–Whitney U test was used to
compare continuous variables, depending on their distribution. All statistical tests for the
two subgroups were two-sided and evaluated at the 0.05 level of significance. Finally, we
performed a box plot analysis to evaluate the CAP variation between the two subgroups.
All statistical analyses were performed through the RStudio® software (RStudio, Boston,
MA, USA).

3. Results

Sixty-three metformin-treated T2DM patients with an echographic diagnosis of NAFLD
(aged 60.95 ± 11.14 years; males, 57.1%) were included in the present analysis. Among
them, 33 patients continued metformin monotherapy (control group), whilst 30 patients
(47.6%) received a combination of metformin + empagliflozin (experimental group). The
case group showed a higher level of glycated hemoglobin and AST, and fewer patients were
treated with angiotensin-converting enzyme inhibitors (ACEi) and diuretics. All baseline
characteristics are reported in Tables 1 and 2. At the 6-month follow-up, the experimental
group presented a significant reduction in BMI, glycated hemoglobin, ALT, CAP parameter,
and steatosis degree in comparison with the control group (Table 2). The box plot analysis
showed that the median ∆CAP was significantly lower in patients in the experimental
group compared with those in the control group (Figure 1).
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Table 1. Baseline clinical characteristics of the study sample.

BASELINE

Parameter Overall (n = 63) Control Group (n = 33) Combination Group (n = 30) p-Value

Age, mean (SD) 60.95 (11.14) 60.09 (11.47) 61.90 (10.88) 0.524
Sex, n (%)

Male 36 (57.1) 19 (57.6) 17 (56.7)
1.000Female 27 (42.9) 14 (42.4) 13 (43.3)

Hypertension, n (%) 43 (68.3) 21 (63.6) 22 (73.3) 0.579
Smoking habit, n (%) 26 (41.3) 13 (39.4) 13 (43.3) 0.951

ACEi, n (%) 12 (19.0) 10 (30.3) 2 (6.7) 0.039
ARB, n (%) 12 (19.0) 9 (27.3) 3 (10.0) 0.155

Diuretic, n (%) 6 (9.5) 6 (18.2) - 0.043
Beta-blockers, n (%) 8 (12.7) 6 (18.2) 2 (6.7) 0.321
Alfa blockers, n (%) 1 (1.6) - 1 (3.3) 0.962
Ca antagonist, n (%) 4 (6.3) 2 (6.1) 2 (6.7) 1.000

Statin, n (%) 31 (49.2) 15 (45.5) 16 (53.3) 0.710

SD, standard deviation; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker;
Ca, calcium.

Figure 1. Box plot analysis of CAP variation in case and control groups.

Of note, no adverse events were reported by our patients during the observation phase.
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4. Discussion

Among our cohort of metformin-treated T2DM patients, the addition of an SGLT2i
proved to reduce ALT levels, body weight, CAP parameter and variation, steatosis degree,
and glycaemic control improvement.

SGLT2i exerts its action by selectively inhibiting SGLT2 in the kidneys, leading to
an insulin-independent lowering of blood glucose levels (0.6–0.8% glycated hemoglobin
reduction) through a boosted daily urinary loss of up to 100 g of glucose (200–300 kcal) and
an increased natriuretic effect due to sodium reabsorption inhibition [14,19,20].

Adipose tissue is considered a real endocrine organ capable of producing various
biochemical compounds called adipokines, which exert autocrine, paracrine, and endocrine
functions by acting on the body’s energetic metabolism [21]. One of the hormones produced
by adipose tissue is leptin, which communicates within the liver by activating the JAK-2,
STAT-3, MAPK/ERK, and PI3K/AKT/mTOR pathways [22]. At low levels, it exerts a
protective effect on hepatic steatosis due to its insulin-sensitizing effects, suppression of glu-
coneogenesis, and de novo lipogenesis, as well as its stimulation of FFA beta-oxidation [23].
However, leptin overproduction, due to increased adipose tissue, acts as a pro-inflammatory
and fibrogenic factor acting on metalloproteinases (TIMP metallopeptidase inhibitor 1 and
matrix metalloproteinase-1), stimulating TGF-β, and upregulating CD14 on liver Kupffer
cells, thus worsening liver steatosis [24–27]. SGLT2i clinical trials have reported moderate
weight loss caused by a reduction in the volume of both the abdominal visceral adipose
tissue and subcutaneous adipose tissue, thus also ameliorating metabolic syndrome. These
mechanisms lead to a reduction in insulin resistance, which has been shown to play a cen-
tral role in the reduction of other important clinical outcomes closely related to metabolic
syndrome [28–31]. In particular, endothelial dysfunction amelioration, together with the
reduction in inflammation and reactive oxygen species production as well as metabolic
changes, are involved in cardiorenal and hepatic risk reduction [28–31]. In fact, insulin
resistance is involved in both glucose and lipid metabolism and is responsible for increased
gluconeogenesis and decreased glucose consumption and re-uptake, as well as increased li-
pogenesis and decreased lipolysis with an increase in the level of triglyceride accumulation
in the liver, due to the FOXO1-mediated pathway [32,33]. Indeed, FOXO1 intensifies the
transcription of the sterol regulatory element-binding transcription factor 1c involved in
lipogenesis. At the same time, once FOXO1 is translocated out of the nucleus, it hinders the
transcription of G6P, triggering an increase in lipogenesis against glycogen production [34].

Since SGLT2i commercialization, increasing evidence has reported the efficacy of this
class of drug in several clinical scenarios, with particular emphasis on cardiovascular risk
reduction, which is enhanced in T2DM and NAFLD patients regardless of other major
risk factors. In animal models, SGLT2i proved to have efficacy in reducing liver steatosis,
fibrosis, and inflammation [15]. It has been suggested that these changes might be due
to a negative energy balance, which in turn is a result of enhanced glycosuria and a
substrate shift toward lipids that might be promoted by an increased glucagon/insulin
ratio [35]. These same effects are also responsible for both improved glycaemic control
and weight loss, as reported by several studies [35,36]. Due to this, the use of SGLT2i
has been considered for the treatment of NAFLD patients. In our study, the addition of
the SGLT2i empagliflozin to metformin induced a statistically significant reduction in the
median CAP parameter of 9% (3.9–11.1%). Similar findings were reported by a Japanese
open-label trial on 57 patients with T2DM and NAFLD randomized to 5 mg dapagliflozin
per day for 24 weeks (n = 33) or to a control group (n = 24). They reported a CAP parameter
reduction from a baseline of 315 ± 61 dB/m to 290 ± 73 dB/m at follow-up [37]. By
contrast, the only randomized control trial published, which enrolled 44 patients with
T2DM and NAFLD who were randomized to receive 50 mg/day of ipragliflozin as an
add-on treatment (n = 29) or continued metformin and pioglitazone (n = 15) for 24 weeks,
exhibited a non-significant CAP decline in the intervention group [16]. However, the
authors reported improvement in NAFLD parameters and serum ALT levels, similar to
our results, and this has been suggested to be associated with reductions in body weight
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and HbA1c levels [16,38]. Moreover, in a prospective randomized, double-blind, placebo-
controlled trial enrolling 106 patients with both NAFLD and T2DM who were assigned
to receive empagliflozin 10 mg (n = 35), pioglitazone 30 mg (n = 34), or placebo (n = 37)
for 24 weeks, only a borderline significant decrease in CAP score was observed with
empagliflozin compared with placebo (−29.6 dB/m (−39.5 to −19.6) vs. −16.4 dB/m
(−25.0 to −7.8), respectively; p = 0.05) [39].

Liver fat content amelioration associated with SGLT2is treatment has also been as-
sessed through magnetic resonance imaging. A potentially consistent reduction in liver
fat, especially when ALT levels are high, was suggested by the analysis of several datasets
collected in individuals with T2DM, including the EMPA-REG OUTCOME® trial. However,
liver fat was not directly measured in any of the studies included in these analyses, and
only one study using magnetic resonance spectroscopy showed that ALT levels reasonably
correlated with liver fat in individuals with T2DM (r = 0.66) [40]. In a recent meta-analysis
of 12 randomized controlled trials estimating the efficacy of different SGLT2is on NAFLD
and enrolling 850 overweight or obese individuals followed for 24 weeks, a decrease in
ALT levels as well as fatty liver content was reported [28]. These conclusions were also
confirmed by another larger meta-analysis, enrolling 1950 patients with T2DM with and
without NAFLD who were treated with SGLT2i for at least 8 weeks and 1900 control pa-
tients [41]. In the E-LIFT trial, 50 patients with type 2 diabetes and NAFLD were enrolled
and randomized to an empagliflozin group (standard treatment plus empagliflozin 10 mg
daily) or a control group (standard treatment without empagliflozin). After 20 weeks,
they reported a significant reduction in liver fat content according to magnetic resonance
imaging (about 4.9%) and reduced ALT levels [42].

Eight patients enrolled in our study had liver stiffness of severe grade of fibrosis
according to the FibroScan® evaluations. At follow-up, we assisted in a reduction in
patients’ median stiffness value, though this was not statistically significant. It seems
possible that this may be due to the reduced glucotoxicity secondary to better glycaemic
control and the reduced liver fat accumulation and inflammation. Moreover, it is also
possible that several patients could have been affected by undiagnosed NASH. Cumulative
evidence in both preclinical and clinical scenarios has proven SGLT2i’s efficacy in NASH
resolution. It is possible that, beyond the aforementioned mechanisms, SGLT2i could have
played a role in reducing stiffness parameters, though more studies are needed [15,43].
FIB-4 evaluation, instead, showed a numerical increase, though it was not significant. This
may be due to the mathematical formula used to calculate FIB-4. In fact, the ALT levels,
which were reduced during treatment, are reported in the denominator, thus increasing
their value. In any case, the mean value reported was not significant for fibrosis [44].

5. Limitations

Our study presents some limitations. First of all, this is a single-center pilot study
with a small sample size, thus limiting the generalization of our results. Moreover, dietary
habits, which are potential confounders, were not documented systematically during the
study. However, none of our patients reported changes in their lifestyles regarding dietary
habits or physical exercise. Finally, this prospective observational study does not allow
us to define a cause–effect relationship but only an association between metformin plus
empagliflozin combination therapy and an improvement in the assessed endpoints.

6. Conclusions

In T2DM patients, the combination of empagliflozin + metformin vs. metformin
monotherapy ameliorated liver steatosis (with amelioration of 9% of the CAP value),
ALT levels, body weight, and glycated haehemoglobinter only a 6-month follow-up. The
promising preliminary results of this pilot study need to be confirmed in a larger population
and above all by ad hoc-designed RCTs.
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Abstract: Background: adropin plays a protective role in cardiac remodeling through supporting
energy metabolism and water homeostasis and suppressing inflammation. Low circulating levels
of adropin were positively associated with the risk of cardiovascular diseases and type 2 diabetes
mellitus (T2DM). We hypothesized that sodium–glucose linked transporter 2 (SGLT2) inhibitor
dapagliflosin might represent cardiac protective effects in T2DM patients with known chronic HF
through the modulation of adropin levels. Methods: we prospectively enrolled 417 patients with
T2DM and HF from an entire cohort of 612 T2DM patients. All eligible patients were treated
with the recommended guided HF therapy according to their HF phenotypes, including SGLT2
inhibitor dapagliflozin 10 mg, daily, orally. Anthropometry, clinical data, echocardiography/Doppler
examinations, and measurements of biomarkers were performed at the baseline and over a 6-month
interval of SGLT2 inhibitor administration. Results: in the entire group, dapagliflozin led to an
increase in adropin levels by up to 26.6% over 6 months. In the female subgroup, the relative growth
(∆%) of adropin concentrations was sufficiently higher (∆% = 35.6%) than that in the male subgroup
(∆% = 22.7%). A multivariate linear regression analysis of the entire group showed that the relative
changes (∆) in the left ventricular (LV) ejection fraction (LVEF), left atrial volume index (LAVI), and
E/e’ were significantly associated with increased adropin levels. In the female subgroup, but not in
the male subgroup, ∆LVEF (p = 0.046), ∆LAVI (p = 0.001), and ∆E/e’ (p = 0.001) were independent
predictive values for adropin changes. Conclusion: the levels of adropin seem to be a predictor for
the favorable modification of hemodynamic performances during SGLT2 inhibition, independent
ofN-terminal brain natriuretic pro-peptide levels.

Keywords: type 2 diabetes mellitus; heart failure; hemodynamics; dapagliflosin; adropin;
natriuretic peptide

1. Introduction

During the last decades, the prevalence of type 2 diabetes mellitus (T2DM) has con-
tinued to increase [1]. According to an evaluation by WHO statistics experts, more than
422 million adults globally had DM in 2014, and this number is expected to rise 3-fold
by 2035, which makes the global burden of this disease extremely challenging [1,2]. In
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light of this fact, several complications of T2DM, such as heart failure (HF) and cardiovas-
cular diseases (CVD), have steadily arisen in the general population [3,4]. In fact, T2DM
is a powerful risk factor in any phenotype of HF for all-cause and cardiovascular (CV)
mortality [5,6]. Moreover, the increase in HF with a preserved ejection fraction (HFpEF)
worldwide mainly relates to the increase in the prevalence of T2DM and other metabolic
conditions, including abdominal obesity and CVD [7]. Despite a tendency of new cases
of HF with reduced ejection fractions (HFrEF) to decline in the majority of developed
countries due to the wide implementation of novel diagnostics and treatment standards,
the global prevalence of HF seems to have increased as result of the impact of conventional
CV factors, such as T2DM as well as gender- and age-related causes [8].

It has been considered that the main underlying pathogenetic mechanisms of the
development of diabetes-related vascular complications and adverse cardiac remodeling
leading to HF exhibit strict resemblance [9]. Impaired myokine production, along with mi-
crovascular and inflammatory activation due to myocardium and skeletal muscle-adipose
tissue axis dysfunction, mediates the accumulation of collagen in the extracellular matrix
of the myocardium, accelerating atherosclerosis and worsening endothelial function, oxida-
tive stress, and mitochondrial dysfunction, leading to adverse cardiac remodeling, reduced
angiogenesis, altered coronary reserve, skeletal muscle weakness, and myopathy [10,11].
All these play a pivotal role in the development of HF in T2DM and the response to con-
ventional therapies [10,11]. Previous studies have shown that, being produced by skeletal
muscles as well as the myocardium and adipose tissue, myokines can provide potentially
far-reaching effects on non-muscle tissues, including vascular and kidney tissue [12]. In-
deed, the autocrine, paracrine, and endocrine actions of myokines include the regulation of
energy expenditure, insulin sensitivity, the oxidation of free fatty acid, adipocyte browning,
glycogenolysis, glycogenesis, water and electrolyte homeostasis, and bone metabolism [13].
Many myokines (adropin, apelin, isirin) are organ-protective molecules that stimulate
autophagy, reduce inflammation, inhibit endoplasmic reticulum stress, and improve repara-
tion, whereas others (myostatin) induce maladaptive mechanisms in the myocardium and
skeletal muscles [14,15]. Recently, several clinical studies confirmed the predictive values
of irisin and apelin in HF patients with T2DM [16–18]. Less known, the role of dynamic
changes in adropin in HF patients with T2DM in connection to cardiac function depends
on gender, because the accumulation of adipose tissue and skeletal muscle mass differs
between male and female populations.

Adropin is a unique multi-functional circulating protein that is encoded by the energy-
homeostasis-associated gene (Enho) and produced by the myocardium, skeletal muscles,
liver, adipocites, as well as the brain, lung, kidney medulla, and circulating peripheral blood
mononuclear cells [19]. Adropin acts through the G protein-coupled (GPR19) receptor,
regulates energy homeostasis and lipid metabolism, suppresses inflammation and water
consumption, stimulates diuresis, prevents insulin resistance, and impairs glucose toler-
ance [20,21]. Low circulating levels of adropin were found in patients with abdominal obe-
sity, T2DM, atherosclerosis, myocardial infarction, and HF [22–25]. Furthermore, adropin
concentrations are correlated with age, gender, and the number of CV and metabolic
risk factors, and increase in humans after gastric bypass surgery and after reaching good
glycemic control [26]. Several previous meta-analyses showed that decreased adropin
levels might play a crucial role in the development of CVD and HF [27,28].

Currently, sodium–glucose linked transporter 2 (SGLT2) inhibitors are included in
the contemporary therapy of different phenotypes of HF regardless of T2DM presenta-
tion, while until now, the underlying mechanisms by which these agents are exerted, and
their ability to improve clinical outcomes and hemodynamics, are not deeply understood.
Perhaps the cardiac protective effects of SGLT2 inhibitors relate to their ability to enhance
gluconeogenesis and ketogenesis through the activation of sirtuin-1 and its two down-
stream mediators–such as the proliferator-activated receptors gamma coactivator 1-alpha
and fibroblast growth factor-21–as well as via supporting vasodilation and nitric oxide
bioavailability [29]. Adropin intervenes in oxidative stress and modulates autophagy
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through the lysosome-dependent degradative pathway, which contains molecular targets
for SGLT2 inhibitors. It remains uncertain whether SGLT2 inhibitors can modulate the
level of adropin in peripheral circulation and thereby exert several favorable effects in HF
patients with T2DM. The aim of this study was to investigate the effect of SGLT2 inhibitor
dapagliflosin on the levels of adropin in males and females with T2DM with chronic HF.

2. Materials and Methods
2.1. Study Population and Design

The study was an open-label, multicenter (VitaCenter Zaporozhye, Ukraine, EliteMed-
Service, Zaporozhye, Ukraine and City Hospital #7, Zaporozhye, Ukraine) non-randomized
cohort investigation. Patients of both sexes were included from October 2020 to July 2022
who were aged ≥ 18 years and had established T2DM with HbAc1 < 6.9%, hemodynami-
cally stable HF (II-III NYNA functional classes), and written consent to participate in the
study. The main inclusion and exclusion criteria were reported in detail in a previously
published article [30]. According to these criteria, we prospectively enrolled 417 patients
with T2DM and HF from the entire cohort of 612 T2DM patients. Figure 1 reports the study
design and the list of procedures in detail.
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Figure 1. Flow chart of the study design. Abbreviations: T2DM, type 2 diabetes mellitus; CABG,
coronary artery bypass grafting; CKD, chronic kidney disease; TIA, transient ischemic attack; HF,
heart failure.

The eligible patients were treated with the recommended guided HF therapy accord-
ing to their HF phenotypes, including the consumption of SGLT2 inhibitor dapagliflozin at
a dose of 10 mg OD orally, along with that of an angiotensin receptor-neprilysin inhibitor
(ARNI)/ACE inhibitors/angiotensin-II receptor blockers (ARBs), a mineralocorticoid re-
ceptor antagonist (MRA), and beta-blockers. As a basic antidiabetic medication, metformin
was administered, the dose of which was personally adjusted to the patients at the be-
ginning of the study so that the patients had a criterion of HbAc1 < 6.9%. The lifestyle
modification program was adjusted to the patients with T2DM before their enrollment and
entry in the study. Blood-pressure-lowering agents were administered to maintain office
BP < 140/90 mmHg and/or average daily BP < 130/80 mm Hg. Diuretic management
was performed with loop diuretics, which were given in individually adjusted daily doses
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according to the current clinical situation, the dynamics of body mass and edema, daily
diuresis, and when clinical signs of fluid retention were found.

Lipid-lowering agents were administered in the patients with dyslipidemia, estab-
lished coronary artery disease, or chronic kidney disease who did not show conventional
contraindications. Antiplatelet drugs and oral anticoagulants were used when needed to
prevent CV complications and/or systemic/local thromboembolic events. The observation
period was 6 months.

2.2. Methods
2.2.1. Anthropometric Assessment

The standard anthropometric examinations included height, weight, waist circum-
ference, hip-to-waist ratio (WHR), and body mass index (BMI), which was calculated as
weight (kg)/height (m)2 for each person.

2.2.2. Determination of HF, CV Disease, CV Risk Factors, and Clinically
Significant Co-Morbidities

A routine clinical assessment included interviews, reviews of medical records, stan-
dard physical examinations to poll clinically significant data on a background profile, CV
risk factors, previous and current medication use, symptoms of HF and T2DM, and HF
functional status, according to the New York Heart Association (NYHA). Conventional
factors of CV risk including hypertension, dyslipidemia, and a smoking habit were eval-
uated in compliance with the current guidelines of the European Society of Cardiology
(ESC) [31]. T2DM, stable coronary artery disease, chronic kidney disease, and HF were
diagnosed according to the current recommendations [32–36].

2.2.3. Echocardiography Examination

A standard transthoracic B-mode echocardiography/Doppler examination was carried
out with commercially available ultrasound systems, comprising “GE Medical Systems”
(General Electric, Freiburg, Germany), “Aplio 400” (Canon Medical Systems, Tochigi,
Japan), and “Vivid E9” (General Electric Vingmed Ultrasound AS, Horten, Norway),
in accordance with the current guidelines of the American Society of Echocardiogra-
phy/European Association of Cardiovascular Imaging [37]. The echocardiographic Doppler
assessments were focused on LV systolic and diastolic functions and LV hypertrophy
(LVH) [38]. Cardiac volumes, left ventricular (LV) ejection fractions (LVEF), and left atrial
volume indices (LAVI) were measured using the Simpson method. The LV end-diastolic
volume (LVEDV) and LV end-systolic volume (LVESV) were normalized to the body surface
area (BSA) and given as the LVEDV index (LVEDVi) and LVESV index (LVESVi). LVH was
determined by the conventional echo criteria (LV mass/body surface area ≥125 g/m2 in
males or ≥110 g/m2 in females). The early diastolic wave velocity (E) and mitral annular
early diastolic velocity, given as averaged septal and lateral e‘ (e‘) and E/e’ ratios, were
determined by a pulsed-wave Doppler and a spectral tissue Doppler obtained from the
apical 4-chamber view.

2.2.4. Estimating Glomerular Filtration Rate and Insulin Resistance Evaluation

The glomerular filtration rate (GFR) was calculated using the CKD-EPI formula [39].
Insulin resistance was evaluated with the Homeostatic Assessment Model of Insulin Resis-
tance (HOMA-IR) using the conventional equation [40].

2.2.5. Blood Sampling and Biomarkers’ Measurement

Fasting blood samples were collected from an antecubital vein and then they were
placed in silicon tubes. Within 30 min of blood sampling collection, each sample was
transferred to the laboratory. The plasma was received after centrifugation for 15 min at
1600× g at 4 ◦C. Then, the polled serum aliquots were immediately stored in a refriger-
ator at ≤−70 ◦C until further analysis. We routinely used Roche P800 analyzer (Roche,
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Basel, Switzerland) to measure the fasting levels of fasting glucose, insulin, glycosylated
hemoglobin (HbA1c), total cholesterol (TC), low-density lipoprotein (LDL-C) cholesterol,
high-density lipoprotein (HDL-C) cholesterol, and triglycerides (TG). The serum levels of
adropin and NT-proBNP were detected using commercially available ELISA kits (Elab-
science, Houston, TX, USA) according to the manufacturer’s instructions.

2.2.6. Definitions of End-Point

The primary end-point was defined as a 6-month change in serum levels of adropin
after the beginning of dapagliflozin administration.

2.2.7. Statistical Analysis

v. 23 Statistical Packages for Social Sciences (SPSS; IBM, Armonk, NY, USA) software
and v. 9 GraphPad Prism (GraphPad Software, San Diego, CA, USA) software were used
for statistical analysis. The Kolmogorov–Smirnov test was performed to determine the
normality of the data distribution. Continuous variables with normal distribution were
characterized by the mean (M) ± the standard deviation (SD), whereas continuous, non-
normally distributed variables were specified by the median (Me) and interquartile range
(IQR). Categorical variables were reported as frequencies and percentages. To compare
the categorical variables between the female and male subgroups, we performed a Chi-
square family test. We used Student’s t-test for comparisons of continuous data, which are
normally distributed. Differences in the parameters at the baseline and over a 6-month
treatment period were compared by paired Student t-tests or the Wilcoxon signed-rank
test. Links between changes in adropin levels with clinical status, cardiac performances,
and circulating biomarkers were evaluated by univariate linear regressions. The variables
of p < 0.1 in the univariate analysis were included in the automatic forward stepwise
variable selection procedure for multivariate regression tests. Tukey’s honestly significant
difference test for post hoc multiple testing was applied. Thye determination of the inter-
and intra-observer reproducibility of adropin concentrations in the peripheral blood of
60 randomly selected patients was performed by estimating the intra-class correlation
coefficient. Differences were considered significant at the level of statistical significance
p < 0.05.

3. Results
3.1. Patients’ Characteristics

Table 1 reports the baseline clinical characteristics, echocardiographic features, and
biomarkers of T2DM patients with known HF. The patients’ mean age was 53 (41–64) years,
the mean body mass index (BMI) was 25.8 kg/m2, the mean waist circumference was
85.1 cm, and the mean waist-to-hip ratio (WHR) was 0.85 units. The coexisting conditions
and risk factors were composed of dyslipidemia (83%), arterial hypertension (84.4%), stable
coronary artery disease (33.8%), smoking (40.3%), abdominal obesity (42.9%), microalbu-
minuria (32.4%), left ventricular hypertrophy (80.1%), chronic kidney disease (26.9%), and
atrial fibrillation (13.7%). Eligible patients were in the II (67.6%) and III (32.4%) HF NYHA
classes and were qualified as having HFpEF (31.7%), HFmrEF (33.6%), and HFrEF (34.8%).
All patients were hemodynamically stable. The average of the LV ejection fraction (LVEF)
was 46% (39–54%), the LAVI was 43 mL/m2, and the E/e’ ratio was 13.5 units. The mean lev-
els of HbA1c, creatinine, NTproBNP, and adropin were 6.59 ± 0.02 %, 108.6 ± 8.5 µmol/L,
2615 (1380–3750) pmol/mL, and 237.40 (190.50–275.30) pg/mL, respectively. We did not
notice significant differences between subgroups in age, BMI, waist circumference, WHR,
presentations of dyslipidemia, hypertension, stable CAD, CKD 1–3 grades, atrial fibril-
lation (AF), blood pressure (BP), eGFR, HOMA-IR, HbA1c, creatinine, lipid profiles, or
concomitant medications.

On the contrary, abdominal obesity (p = 0.046) was detected more frequently in the
female subgroup than in the male subgroup. Additionally, the HFpEF and HF NYHA
class II were detected more frequently in the female subgroup (p = 0.044 and p = 0.040,
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respectively), whereas the HFrEF and HF NYHA class III were found less often in the male
subgroup (p = 0.042 and p = 0.040, respectively). Aligned with this, the male subgroup
demonstrated significantly higher values for LV volume, LVEDVi, LVESVi, LVMMI, and
LAVI, and marginally lower LVEFs than the female subgroup. Furthermore, patients
from the male subgroup had higher levels of NT-proBNP (p = 0.020) and lower levels of
adropin (p = 0.010) than the female subgroup did. Liver enzymes were detected in the
circulating blood before and after SGLT2 inhibitor administration, but we did not find
clinically significant changes in their concentrations in both groups. Evidence of ketosis
was not found in urine samples in any patients in the study at the baseline and at the
beginning of the study.

Table 1. Baseline general characteristics of eligible T2DM patients.

Variables Entire Patient Population
(n = 417)

Male Population
(n = 231)

Female Population
(n = 186) p Value

Demographics and anthropomorphic parameters
Age, year 53 (41–64) 52 (40–63) 54 (42–66) 0.262

BMI, kg/m2 25.8 ± 2.8 26.4 ± 2.5 25.4 ± 2.2 0.722
Waist circumference, cm 85.1 ± 3.2 86.9 ± 3.0 83.5 ± 2.6 0.180

WHR, units 0.85 ± 0.05 0.87 ± 0.06 0.84 ± 0.04 0.321
Concomitant diseases, comorbidities and CV risk factors

Dyslipidemia, n (%) 346 (83.0) 198 (85.7) 150 (80.6) 0.822
Hypertension, n (%) 352 (84.4) 192 (83.1) 160 (86.0) 0.781
Stable CAD, n (%) 141 (33.8) 75 (32.5) 66 (35.5) 0.800

Smoking, n (%) 168 (40.3) 98 (42.4) 70 (37.6) 0.052
Abdominal obesity, n (%) 179 (42.9) 106 (45.9) 73 (39.2) 0.046
Microalbuminuria, n (%) 135 (32.4) 79 (34.2) 56 (30.1) 0.120

LV hypertrophy, n (%) 334 (80.1) 191 (82.7) 143 (76.9) 0.051
CKD 1–3 grades, n (%) 112 (26.9) 62 (26.8) 50 (28.9) 0.822

Paroxysmal/persistence form
of atrial fibrillation, n (%) 57 (13.7) 34 (14.7) 23 (12.4) 0.120

HF phenotypes and functional classification
HFpEF, n (%) 132 (31.7) 64 (27.7) 68 (36.6) 0.044

HFmrEF, n (%) 140 (33.6) 74 (32.0) 66 (35.5) 0.661
HFrEF, n (%) 145 (34.8) 93 (40.3) 52 (27.9) 0.042

II/III HF NYHA class, n (%) 282 (67.6)/135 (32.4) 143 (61.9)/88 (38.1) 139 (74.7)/47 (25.3) 0.040
Hemodynamics parameters

SBP, mm Hg 129 ± 6 131 ± 7 129 ± 5 0.864
DBP, mm Hg 78 ± 5 79 ± 6 77 ± 4 0.803
LVEDV, mL 162 (154–170) 166 (159–178) 161 (153–168) 0.040

LVEDVi, mL/m2 79 (75–83) 81 (77–87) 78 (75–81) 0.048
LVESV, mL 86 (80–93) 92 (85–98) 83 (80–93) 0.030

LVESVi, mL/m2 42 (39–45) 44 (41–48) 40 (38–42) 0.042
LVEF, % 46 (39–54) 44 (37–50) 48 (41–56) 0.050

LVMMI, g/m2 154 ± 5 169 ± 6 152 ± 4 0.040
LAVI, mL/m2 43 (37–52) 47 (41–56) 39 (36–45) 0.010

E/e’, unit 13.5 ± 0.3 14.9 ± 0.3 12.8 ± 0.2 0.010
Biomarkers

eGFR, mL/min/1.73 m2 75 ± 4.0 73 ± 3.0 76 ± 5.0 0.703
HOMA-IR 7.95 ± 2.3 8.12 ± 2.2 7.81 ± 2.5 0.682

Fasting glucose, mmol/L 5.62 ± 1.3 5.70 ± 1.2 5.60 ± 1.3 0.804
HbA1c, % 6.59 ± 0.02 6.59 ± 0.02 6.58 ± 0.03 0.820

Creatinine, µmol/L 108.6 ± 8.5 112.3 ± 9.3 106.5 ± 7.8 0.240
TC, mmol/L 6.43 ± 0.60 6.60 ± 0.70 6.32 ± 0.55 0.682

HDL-C, mmol/L 0.97 ± 0.17 0.95 ± 0.19 0.99 ± 0.13 0.881
LDL-C, mmol/L 4.38 ± 0.10 4.50 ± 0.12 4.31 ± 0.12 0.860

TG, mmol/L 2.21 ± 0.17 2.27 ± 0.12 2.18 ± 0.15 0.780
NT-proBNP, pmol/mL 2615 (1380–3750) 3218 (1450–4120) 2344 (1296–3901) 0.020

Adropin, ng/mL 2.37 (1.91–2.75) 2.11 (1.82–2.68) 2.69 (2.32–3.04) 0.010
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Table 1. Cont.

Variables Entire Patient Population
(n = 417)

Male Population
(n = 231)

Female Population
(n = 186) p Value

Concomitant medications
ACEI, n (%) 198 (47.5) 106 (45.9) 92 (49.4) 0.880
ARB, n (%) 67 (16.1) 34 (14.7) 33 (17.7) 0.760

ARNI, n (%) 165 (39.6) 92 (39.8) 73 (39.2) 0.880
Beta-blocker, n (%) 372 (89.2) 201 (87.0) 171 (91.9) 0.223
Ivabradine, n (%) 59 (14.1) 32 (13.9) 27 (14.5) 0.864

Calcium channel blocker, n (%) 75 (18.0) 38 (16.5) 37 (19.9) 0.481
MRA, n (%) 283 (67.8) 150 (64.9) 133 (71.5) 0.053

Loop diuretic, n (%) 358 (85.9) 196 (84.8) 162 (87.1) 0.871
Antiplatelet, n (%) 367 (88.0) 201 (87.0) 166 (89.2) 0.882

Anticoagulant, n (%) 51 (12.2) 34 (14.7) 17 (9.1) 0.040
Metformin, n (%) 387 (92.8) 210 (90.9) 177 (95.2) 0.623

Statins, n (%) 408 (97.8) 226 (97.9) 182 (97.8) 0.990

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARNI angiotensin receptor neprilysin inhibitor;
CAD, coronary artery disease; CKD, chronic kidney disease; BMI, body mass index; DBP, diastolic blood pressure;
E/e’, early diastolic blood filling to longitudinal strain ratio; GFR, glomerular filtration rate; HDL-C, high-density
lipoprotein cholesterol; HFpEF, heart failure with preserved ejection fraction; HFmrEF, heart failure with mildly
reduced ejection fraction; HFrEF, heart failure with reduced ejection fraction; LVEDV, left ventricular end-diastolic
volume; LVEDVi, left ventricular end-diastolic volume index; LVESV, left ventricular end-systolic volume index;
LVEF, left ventricular ejection fraction; LVMMI, left ventricle myocardial mass index; LAVI, left atrial volume
index; LDL-C, low-density lipoprotein cholesterol; MRA, mineralocorticoid receptor antagonist; SBP, systolic
blood pressure; TG, triglycerides; TC, total cholesterol; WHR, waist-to-hip ratio. Notes: data of variables are given
as mean ± SD and median (25%−75% interquartile range).

3.2. Spearman’s Correlation between Circulating Levels of Adropin and Other Parameters

In the entire group of patients, we found positive correlations of adropin levels with
LAVI (r = 0.32; p = 0.001), NYHA HF class II (r = 0.30, p = 0.012), BMI (r = 0.29, p = 0.010),
and eGFR (r = 0.31; p = 0.001), and negative correlations of adropin levels with LVEF
(r = −0.34; p = 0.001) and NT-proBNP (r = −0.36; p = 0.001), but these were not associated
with the HOMA index. There were no significant correlations between the baseline levels
of NT-proBNP and adropin and concomitant medications. In the female subgroup, the
negative correlation between adropin and NT-proBNP was more profound (r = −0.40;
p = 0.001) than that in male subgroup (r = −0.36; p = 0.001). Therefore, in the female
subgroup, we found a significant correlation of adropin with LVMMI (r = −0.38; p = 0.001)
and microalbuminuria (r = 0.32; p = 0.001), whereas in the male subgroup, there were
no significant associations along these parameters (r = −0.11; p = 0.216 and r = 0.142;
p = 0.223, respectively).

3.3. Changes in Serum Levels of Adropin in Comparisson with NT-proBNP during Dapagliflozin
Administration in Males and Females

Over a 6-month period after the initial prescription of SGLT2 inhibitor dapagliflozin,
the levels of adropin in the entire group demonstrated a significant increase of up to 26.6%
(from 2.37 [25–75% IQR = 1.91–2.75] ng/mL to 3.00 [25−75% IQR = 2.68–3.36] ng/mL,
p = 0.042) (Figure 2a). In the female subgroup, the increase in the circulating levels of
adropin was sufficiently higher (∆% = 35.6%, from 2.69 [25–75% IQR = 2.31–2.99] ng/mL
to 3.65 [25–75% IQR = 3.40–3.89] ng/mL, p = 0.010)when compared with those of the
male subgroup (∆% = 22.7%, from 2.11 [25–75% IQR = 1.90–2.37] ng/mL to 2.60 [25–75%
IQR = 2.07–3.21] ng/mL, p = 0.161).
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In the entire group, the circulating levels of NT-proBNP significantly decreased from
2615 (1380–3750) pmol/mL to 1542 (25–75% IQR = 970–2075) pmol/mL (∆% = −41.0%,
p = 0.001) between the baseline and 6 months after dapagliflozin administration
(Figure 2b). Although in both subgroups the levels of NT-proBNP were found to be
significantly decreased, in the male subgroup, the decrease of NT-proBNP was a little bit
better (∆% = −43.4%, from 3218 [25–75% IQR = 2870–3689] pmol/mL to 1820 [25−75%
IQR = 1440–2310] pmol/mL, p = 0.010) when compared with that of the female sub-
group (∆% = −38.6%, from 2344 [25–75% IQR = 1930–2750] pmol/mL to 1440 [25–75%
IQR = 1015–1870] pmol/mL, p = 0.020).

3.4. Changes in Clinical Performances and Hemodynamics Parameters during
Dapagliflozin Administration

Table 2 reports the dynamics of the clinical data, hemodynamics characteristics, and
biomarkers in the patients during SGLT2 inhibitor dapagliflozin administration.
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Table 2. Comparisons between baseline and 6-month variables after the administration of SGLT2
inhibitor dapagliflozin in males and females.

Variables Baseline Over 6 Months ∆% p Value

Clinical characteristics

BMI, kg/m2 25.8 ± 2.8 24.1 ± 1.9 −4.30 0.113
Male 26.4 ± 2.5 25.3 ± 1.7 −4.10 0.142

female 25.4 ± 2.2 23.9 ± 1.8 −5.90 0.104

II HF NYHA class, n (%) 282 (67.6) 329 (78.9) +14.3 0.040
Male 143 (50.7) 154 (46.8) +11.0 0.040

female 139 (49.3) 175 (53.2) +36.0 0.010

III HF NYHA class, n (%) 135 (32.4) 88 (21.1) −34.8 0.040
Male 88 (65.2) 77 (87.5) −12.5 0.040

female 47 (34.8) 11 (12.5) −76.5 0.001

Hemodynamics performances

LVEDV, mL 162 (154–170) 158 (150–167) −1.90 0.460
Male 166 (159–178) 165 (156–173) −0.60 0.904

female 161 (153–168) 156 (151–162) −3.10 0.061

LVESV, mL 86 (80–93) 80 (76–85) −7.00 0.040
Male 92 (85–98) 87 (83–93) −5.40 0.052

female 83 (80–93) 75 (71–79) −9.60 0.020

LVEF, % 46 (39–54) 50 (44–57) +8.60 0.054
Male 44 (37–50) 47 (39–54) +6.80 0.160

female 48 (41–56) 52 (48–59) +8.70 0.050

LVMMI, g/m2 154 ± 5 141 ± 5 −8.40 0.020
Male 169 ± 6 155 ± 7 −8.20 0.050

female 152 ± 4 138 ± 4 −9.20 0.010

LAVI, mL/m2 39 (34–45) 35 (31–39) −10.3 0.040
Male 47 (41–56) 43 (37–49) −8.5 0.050

female 39 (36–45) 34 (32–37) −12.8 0.010

E/e’, unit 13.5 ± 0.3 10.7 ± 0.5 −20.7 0.020
Male 14.9 ± 0.3 12.6 ± 0.4 −15.4 0.040

female 12.8 ± 0.2 9.88 ± 0.3 −22.8 0.020

Biomarkers

eGFR, mL/min/1.73 m2 75 ± 4.0 78 ± 3.0 +4.0 0.820
male 73 ± 3.0 76± 4.0 +3.9 0.842

female 76 ± 5.0 80± 5.0 +5.2 0.813

Fasting glucose, mmol/L 5.62 ± 1.3 4.90 ± 1.0 −12.8 0.240
male 5.70 ± 1.2 4.95 ± 1.1 −13.1 0.240

female 5.60 ± 1.3 4.94 ± 1.2 −11.7 0.260

HbA1c, % 6.59 ± 0.02 6.47 ± 0.03 −1.74 0.312
male 6.59 ± 0.02 6.49 ± 0.03 −1.50 0.263

female 6.58 ± 0.03 6.46 ± 0.03 −1.80 0.204

Creatinine, µmol/L 108.6 ± 8.5 112.5 ± 7.0 +3.50 0.282
male 112.3 ± 9.3 116.8 ± 8.5 +3.80 0.404

female 106.5 ± 7.8 109.8 ± 8.0 +3.10 0.361
Notes: data of variables are given as mean ± SD and median (25−75% interquartile range). Abbreviations: E/e’,
early diastolic blood filling to longitudinal strain ratio; HF, heart failure; HbA1c, glycosylated hemoglobin; GFR,
glomerular filtration rate; LVESV, left ventricular end-systolic volume; LVEF, left ventricular ejection fraction;
LVMMI, left ventricle myocardial mass index; LAVI, left atrial volume index; ∆%, respective percentage of changes
of parameters.

There were no significant changes in BMI in the entire group as well as in the male
and female subgroups. However, the proportion of HF patients in the II and III NYHA
classes demonstrated sufficient changes over the treatment period. In the entire population,
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there was a significant increase in the amount of HF patients with class II HF NYHA
and a decrease in those who had class III HF NYHA. Along with this, the number of
females whose HF functional class improved was significantly higher compared to that
of males, while the total number of patients of both genders with HF functional class III
was sufficiently reduced. In addition, we found that in the entire group, the left ventricular
end-systolic volume (LVESV), left ventricular myocardial mass index (LVMMI), left atrial
volume index (LAVI), and early diastolic blood filling to longitudinal strain ratio (E/e’)
significantly decreased, whereas there were no significant changes in the left ventricular
end-diastolic volume (LVEDV) and left ventricular ejection fraction (LVEF). We noticed
that the LVESV, LVMMI and LAVI decreased only in the female subgroup, whereas E/e’
significantly decreased in all sexes. Along with this, there were no changes in the profile of
conventional biomarkers (eGFR, fasting glucose, creatinine and HbAc1) in eligible patients
regardless of gender.

3.5. Association of Adropin Changes with Clinical Parameters, Hemodynamics Performances and
Circulating Biomarkers during Administration of SGLT2 Inhibitor Dapagliflozin

To evaluate the plausible associations of adropin dynamics with other variables after
the administration of dapagliflozin in gender-related aspects, we performed univariate
and multivariate linear regression analyses in the entire patient group and then in the
subgroups of males and females (Table 3).

Table 3. Univariate and multivariate linear regression analyses of the association of adropin levels with
age, abdominal obesity, BMI, NYHA class, and relative changes in hemodynamics and NT-proBNP.

Variables
Univariate Linear Regression Multivariate Linear Regression

B Coefficient SD p Value B Coefficient SD p Value

Entire patient cohort

Age 0.73 0.30 0.290 -

Obesity 0.90 0.25 0.05 0.71 0.20 0.060

BMI at baseline 1.10 0.38 0.046 0.66 0.25 0.104

∆BMI −1.64 0.29 0.055 −1.65 0.22 0.052

NYHA class −1.92 0.35 0.042 −1.36 0.24 0.052

∆LVESV −2.10 0.72 0.053 −1.99 0.52 0.120

∆LVEF 3.26 0.42 0.040 2.73 0.50 0.046

∆LVMMI −2.61 1.20 0.012 −2.40 1.14 0.052

∆LAVI −6.15 1.60 0.001 −6.10 1.54 0.001

∆E/e’ −7.90 1.26 0.001 −7.83 1.22 0.001

∆NT-proBNP −3.22 1.92 0.012 −2.06 0.66 0.050

Male subgroup

Age 0.75 0.33 0.266 -

Obesity 0.90 0.27 0.05 0.66 0.25 0.104

BMI at baseline 1.10 0.38 0.046 1.02 0.29 0.216

∆BMI −1.29 0.22 0.162 -

NYHA class −0.68 0.20 0.640 -

∆LVESV −1.23 0.55 0.600 -

∆LVEF 2.01 0.17 0.120 -

∆LVMMI −2.42 0.98 0.050 −2.40 1.14 0.054
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Table 3. Cont.

Variables
Univariate Linear Regression Multivariate Linear Regression

B Coefficient SD p Value B Coefficient SD p Value

∆LAVI −5.80 1.20 0.042 −2.30 1.17 0.050

∆E/e’ −7.30 1.50 0.012 −5.90 1.70 0.014

∆NT-proBNP −3.10 1.68 0.014 −2.10 1.52 0.060

Female subgroup

Age 0.71 0.26 0.293 -

Obesity 0.90 0.27 0.048 0.78 0.22 0.062

BMI at baseline 1.12 0.31 0.041 1.06 0.31 0.055

∆BMI −1.76 0.27 0.042 −1.70 0.23 0.044

NYHA class −1.92 0.35 0.042 −1.36 0.24 0.050

∆LVESV −2.10 0.72 0.053 −1.99 0.52 0.121

∆LVEF 3.26 0.42 0.040 2.73 0.50 0.046

∆LVMMI −2.61 1.20 0.001 −2.40 1.14 0.050

∆LAVI −6.15 1.60 0.001 −6.10 1.54 0.001

∆E/e’ −7.90 1.26 0.001 −7.83 1.22 0.001

∆NT-proBNP −1.22 0.92 0.012 −1.06 0.66 0.050
Abbreviations: BMI, body mass index; SD, standard deviation; NYHA, New York Heart Association; ∆, a relative
change in variables after 6-month administration of dapagliflozin.

An unadjusted univariate linear regression analysis showed that the BMI at the base-
line (p = 0.046) and relative changes (∆) of LVEF (p = 0.040), LAVI (p = 0.001), LVMMI
(p = 0.012), E/e’ (p = 0.001), NYHA class (p = 0.042), and NT-proBNP (p = 0.012) were
significantly associated with the adropin levels during SGLT2 inhibitor dapagliflozin ad-
ministration, whereas age, abdominal obesity, and ∆BMI were not. Multivariate linear
regression indicated that only ∆LVEF (p = 0.046), ∆LAVI (p = 0.001), and ∆E/e’ (p = 0.001)
remained strongly associated with the changes in adropin levels, whereas ∆BMI (p = 0.052),
∆LVMMI (p = 0.052), and ∆NT-proBNP (p = 0.050) exhibited borderline significance in
this matter.

In the male subgroup, the BMI at the baseline (p = 0.046), ∆LAVI (p = 0.042), ∆E/e’
(p = 0.012), and ∆NT-proBNP (p = 0.014) were found to be predictors for changes in
adropin levels in the peripheral circulation in the unadjusted univariate linear regression
analysis, whereas multivariate linear regression indicated that the only ∆E/e’ retained its
independent predictive potency (p = 0.014).

In the female subgroup, abdominal obesity (p = 0.048), BMI at the baseline (p = 0.041),
∆BMI (p = 0.042), ∆NYHA class (p = 0.042), ∆LVEF (p = 0.040), ∆LVMMI (p = 0.001), ∆LAVI
(p = 0.001), ∆E/e’ (p = 0.001), and ∆NT-proBNP (p = 0.012) were found to be predictors for
adropin level changes in the unadjusted univariate linear regression. However, ∆LVEF
(p = 0.046), ∆LAVI (p = 0.001), and ∆E/e’ (p = 0.001) exhibited their independent predictive
values in multivariate linear regression.

3.6. Reproducibility of Adropin

We evaluated the reproducibility of adropin in comparison with NT-proBNP in the
patients of both genders. The intra-class correlation coefficient for the inter-observer
reproducibility of NT-proBNP was 0.88 (95% confidence interval [CI] = 0.83–0.92). The intra-
class correlation coefficient for the intra-observer reproducibility of adropin was 0.91 (95%
CI = 0.85–0.97). We did not find significant changes in the intra-observer reproducibility of
adropin depending on the gender of eligible patients (p = 0.382).
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4. Discussion

The results of the study revealed a convincing difference among the adropin levels
over time for male versus female patients. Additionally, we noticed that the 6-month
administration of SGLT2 inhibitor dapagliflosin was associated with NYHA HF class
improvement and favorable changes in LVESV, LVEF, LVMMI, and diastolic function
parameters, which corresponded to a trend of decrease in NT-proBNP and the opposite
dynamic in serum levels of adropin. We noticed that the elevation of adropin concentrations
in peripheral blood predicted favorable changes in cardiac remodeling performances (LVEF,
LAVI and ∆E/e’) mainly in the female population of eligible patients and not in male
population. We are the first to report these findings, so we believe that this particularity of
SGLT2 inhibitor dapagliflosin seems to explain the innate capability of the agent to work
actively in the female population, although it requires further investigation in the future.

The difference in the circulating levels of adropin in males and females may relate to
adipose tissue accumulation, the mass of skeletal muscles, and dietary macronutrient intake,
which seem to be different between these populations [19]. Moreover, estrogen impact
on the expression of the adropin gene in the liver, adipose tissues, and skeletal myocytes
is crucial for glucose and lipid homeostasis supported by adropin [10,12,13]. Perhaps,
gender-related differences in adropin levels deserve to be investigated in the future in the
context of the adaptive role of this protein in the regulation of energy homeostasis and
cardiac remodeling in HF individuals.

We speculate that the relative changes in hemodynamics are crucially important
because the use of SGLT2 inhibitors did not affect the clinical conditions and conventional
parameters of cardiac remodeling, while the dynamics of LVEF and cardiac volumes might
be considered a predictor for the benefits of SGLT2 inhibitors. On the other hand, changes
of hemodynamics may be predictable by biomarkers, such as NT-proBNP and adropin.
Previous studies showed that SLGT2i were effective in improving the prognosis of HF
patients regardless of NT-proBNP, so there is a need for a new surrogate marker by which
the dynamic changes of hemodynamics are considered and predicted. In addition, SGLT2
inhibitors have been shown to have a protective endothelial function and to protect the
myocardial microvascular compartment in T2DM [41,42].

In fact, there is still no strong evidence of the theory that, in several populations
with HF, including HFpEF, SGLT2 inhibitors exert a more profound impact on the clinical
outcomes, surrogate image, and circulating biomarkers of adverse cardiac remodeling in
female than in male patients [43]. Moreover, these agents demonstrated strict similarity in
benefits among patients with and without atherosclerotic CV disease, a history or presenta-
tion of HF, T2DM, and chronic kidney disease [44–46]. There are numerous explanations
for this, which partially include the difference in pre-existing comorbidity profiles, an-
thropomorphic characteristics, the etiology of HF, and responses to the treatment [47–50].
Another possible explanation may be the plausible role of sex-hormone-related regulation
of the activity of the sodium–hydrogen exchanger (NHE)−1 co-transporter by which SGLT2
inhibitors are enabled to restore an expression of the X-linked inhibitor of apoptosis and the
baculoviral IAP repeat-containing protein 5 (BIRC5), and thereby, to ameliorate cardiomy-
ocyte cell death, prevent extracellular matrix accumulation, and suppress oxidative stress
and mitochondrial dysfunction [51–53]. Additionally, there is an assumption that the ex-
pression of the target signaling molecules of SGLT2 inhibitors on cell surfaces may directly
relate to gender and indirectly relate to an accumulation of adipose tissue, so the final effect
of SGLT2 inhibitors is considered to be attributed to sex-hormone impacts [54]. Indeed,
SGLT2 inhibitors, through promoting a nutrient deprivation signaling system–which is
composed of Sirtuin-1, fibroblast growth factor-21, and peroxisome proliferator-activated
receptor-gamma coactivator-1 alpha–are able to stimulate ketogenesis and gluconeogenesis
in target cells, ultimately attenuating maladaptive cardiac remodeling, reducing microvas-
cular inflammation and oxidative stress, and improving endothelial function [55]. There
was a strong difference in the tissue expression of the main components of this system
between both sexes [56]. Thus, SGLT-2 inhibitors have numerous remarkable effects on
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suppressing the progression of HF and preventing adverse cardiac remodeling in T2DM
through multiple molecular mechanisms, part of them exhibiting gender-based activity
and being under the control of autocrine signaling pathways.

In the study, we concentrated on our hypothesis, which is based on the speculation
that adropin may be a promising biomarker, allowing us to identify patients with HF who
show a tendency of declining levels of NT-proBNP in their peripheral blood. Although the
recent trials and meta-analyses revealed that the effects of SGLT2 inhibitors in HF patients
on all-cause and CV mortality did not vary by sex, T2DM duration, or the presence of CV
disease [57–60], this does not mean that all HF patients will receive benefits from SGLT2
inhibitors. In fact, patients with HF with improved levels of NT-proBNP, as a result, t,
may be overvalued at the risk of poor response in cardiac performances and outcomes
in conventional treatment. In this connection, the surrogate and validated circulating
biomarker, which illustrates well the overlapping pathogenetic mechanisms of both HF
and T2DM, seems to be promising for further investigations in large clinical studies.

Although adropin was found to be a potential regulator of CV functions, playing a key
protective role in the pathogenesis of HF and T2DM [60], there is a limiting number of pre-
clinical data and clinical evidence corresponding to our hypothesis. In a cohort of patients
with end-stage kidney disease, there was no evidence of a significant correlation between
serum levels of adropin and LV septal thickness [61], whereas adropin negatively regulated
cell proliferation through the AMP-activated protein kinase/acetyl-CoA carboxylase sig-
naling pathway and thereby prevented hypertrophy [62]. In some studies, increased levels
of adropin related to the severity of acute HF and cardiac cachexia [28,63], but in patients
with chronic HF, adropin levels in the peripheral blood were sustainably low [27]. In our
study, in patients with T2DM of both sexes, there was a trend of increase in the circulating
levels of adropin in response to the administration of SGLT2 inhibitor dapagliflosin, accom-
panied by an improvement of cardiac hemodynamics performances. We did not notice the
impact of comorbidities–including atrial fibrillation, abdominal obesity, and BMI at the
baseline–on adropin changes in circulation, while there was a relation between ∆BMI and
an increase in adropin levels in the female population. Therefore, adropin demonstrated its
predictive ability for the improvement of hemodynamics beyond NT-proBNP dynamics. It
is a surprise that the tendency of BMI to decline was associated with an increase in adropin,
although there are several plausible explanations of this finding. First, ∆BMI might be
a surrogate marker of a euvolemic condition, which illustrates the relation of improving
hemodynamic performances to decreasing neurohumoral activation [64]. Second, SGLT2
inhibitors may stimulate weight loss through improving glucose and lipid metabolism.
Third, a difference in adipose tissue accumulation in females and males may be the indirect
gender-related effect of SGLT2 inhibitors on clinical outcomes [29]. Another explanation
may relate to the role of enlarged epicardial adipose tissue (EAT) in the regulation of cardiac
function. In fact, EAT is not only a conventional cause of the mechanical constriction of the
diastolic filling, but it is also a source of pro-inflammatory mediators capable of causing
inflammation, microcirculatory dysfunction, and fibrosis of the underlying myocardium,
thus impairing the relatability of the LV. Indeed, a recent clinical study revealed that SGLT2
inhibitors have been associated with the attenuation of EAT enlargement [65]. Fifth, SGLT2
inhibitors with anti-inflammatory potency may regulate the synthesis and secretion of
adropin by hepatocytes [66]. Finally, SGLT2 inhibitors may increase the circulating levels
of adropin indirectly through ketogenesis, and decrease body mass [29,67]. However,
the impact of ∆BMI on dynamic changes in adropin in T2DM patients with HF deserves
thorough investigation in the future.

Nonetheless, adropin appears to be valuable biomarker that seems to have an additive
effect on risk stratification among T2DM patients with HF treated with SGLT2 inhibitors.
However, this effect seems to be gender-relative. Indeed, the changes in the adropin levels
are regarded to be a predictor, independent of NT-proBNP, for the favorable modification of
hemodynamic performances mainly in the female population with T2DM and HF. Perhaps
continuous serial measures of adropin may be practically useful for predicting the ability of
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current HF strategies to reverse cardiac remodeling in both genders, especially taking into
consideration of the affordability of the single measure of this biomarker. More studies are
required to clearly elucidate the origin of specific mechanisms underlying the association
between adropin and the suppression of adverse cardiac remodeling mainly in the female
population. Therefore, it would be interesting to use IL-10, adiponectin, or leptin to explain
the change in adipose tissue during therapy with SGLT2 inhibitors in connection with the
dynamics of adropin.

This study has several limitations, one of which is the open-label design and the
lack of a placebo comparison and control group. We understand that a control group is
essential for clinical studies, but SGLT2 inhibitors are now generally recommended in HF
patients regardless of T2DM presence, so there was no possibility of creating a control
group beyond SGLT2 inhibitor administration. However, this is the first study in which
the effect of SGLT2 inhibitor dapagliflosin on adropin levels in connection with gender
and cardiac remodeling parameters was successfully detected. The next limitation is the
lack of measurement of adipose tissue accumulation, which was due to the plausibility
of the gender-dependent mechanisms of adropin co-regulation corresponding to body fat
composition. This hypothesis deserves to be evaluated in clinical studies in the future.
Moreover, we included in the study the patients with HbAc1 < 6.9% who were not treated
with insulin to exclude the direct effect of hyperglycemia and insulin therapy on adropin
levels. The age of the population studied was relatively young; however, it cannot be
ignored that a larger sample could have nullified the differences that emerged between
the two genders, particularly with cohorts of older and senior people. All of these factors
require further investigation in the future. However, we think these limitations will not
intervene in interpreting the results of the study.

5. Conclusions

In the population of T2DM patients with HF, mainly in females, the increased circu-
lating levels of adropin seemed to be independent from the NT-proBNP predictor for the
favorable modification of hemodynamic performances during the long-term administration
of SGLT2 inhibitor dapagliflosin.
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Abstract: Cardiovascular autonomic neuropathy (CAN) is a severe complication of the advance stage
of diabetes. More than 50% of diabetic patients diagnosed with peripheral neuropathy will have CAN,
with clinical manifestations including tachycardia, severe orthostatic hypotension, syncope, and
physical exercise intolerance. Since the prevalence of diabetes is increasing, a concomitant increase in
CAN is expected and will reduce quality of life and increase mortality. Autonomic dysfunction is
associated with reduced baroreflex sensitivity and impairment of sympathetic and parasympathetic
modulation. Various autonomic function tests are used to diagnose CAN, a condition without
adequate treatment. It is important to consider the control of glucose level and blood pressure as
key factors for preventing CAN progression. However, altered biomarkers of inflammatory and
endothelial function, increased purinergic receptor expression, and exacerbated oxidative stress lead
to possible targets for the treatment of CAN. The present review describes the molecular alterations
seen in CAN, diagnosis, and possible alternative treatments.

Keywords: cardiac autonomic neuropathy; diabetes; oxidative stress; inflammation; endothelium dysfunction

1. Introduction

Diabetes mellitus (DM) has become one of the leading causes of premature death
in most countries, mainly through increased risk of cardiovascular diseases, which are
responsible for 50 to 80% of deaths in diabetic patients [1]. The number of diabetic pa-
tients is increasing due to population growth and aging, the progressive prevalence of
obesity, and sedentary lifestyle. In the period 1980–2014, there was an increase from 108 to
422 million DM diagnoses, and the prevalence has increased more rapidly in low- and
middle-income countries [2]. In 2017, DM overall incidence, prevalence, disability-adjusted
death, and years of quality life were 22.9; 476.0; 1.37, and 67.9 million, respectively. Ad-
ditionally, it is estimated that in 2025, DM will affect 26.6; 570.9; 1.59, and 79.3 million,
respectively [3]. Progression of DM is associated with chronic complications including
cardiomyopathy, retinopathy, nephropathy, and neuropathy. Diabetic neuropathy provokes
an autonomic nervous system dysfunction with nervous fibers damaged, which causes
cardiovascular autonomic neuropathy (CAN). This review includes an overview of the
DM-induced CAN regarding its definition, epidemiology, molecular mechanisms, and
therapeutics.
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2. Pathogenesis

Changes in insulin concentration and activity observed in DM promote abnormalities
in lipid metabolism, favoring microvascular and macrovascular complications [4]. Lipid
accumulation, oxidative stress, and inflammation cause activation of stress-sensitive kinases
with consequent inhibition of insulin signaling [5]. These changes in organs sensitive
to the action of insulin develop renal, neuronal, and cardiac comorbidities. DM cause
mitochondrial and endoplasmic reticulum dysfunctions in cardiomyocytes, which lead
respectively to oxidative stress and abnormal Ca2+ handling, which are responsible for
death and rigidity of myocytes and inducing diabetic cardiomyopathy, respectively [6].
Impairment of cytosolic Ca2+ flux in DM cardiomyocytes can decrease diastolic and systolic
cardiac function, promoting ventricular dysfunction in the absence of coronary artery
disease or hypertension. High levels of blood glucose cause vascular and neural damage
because glucose in the cytosol is directed into the polyol pathway, in which it is converted
to sorbitol by the enzyme aldose reductase, using the nitric acid adenine dinucleotide
phosphate (NADPH) as a cofactor. The excessive consumption of NADPH culminates
in its depletion, resulting in the generation of reactive oxygen species (ROS) [7]. ROS
stimulates the oxidation of low-density lipoprotein (LDL) and ox-LDL, which are not
recognized by the LDL receptor and are captured by macrophages, causing the formation
of foam cells and atherosclerotic plaques, which leads to vascular disorders associated
with DM [8]. Excessive ROS production results in increased oxidative stress and provokes
hyperglycemia-induced damage through an increase in advanced glycation end product
(AGE) formation, which results from the glycosylation of lipids, lipoproteins, and amino
acids, promoting their deposition in the sub-endothelial layer and inducing endothelial
dysfunction [9]. In fact, AGEs can directly inactivate the endothelium nitric oxide (eNO),
which determines the lack of endothelium-dependent vasodilation [10]. The activation
of the gene-binding receptor (RAGE) induces the production of ROS, which activates NF-
kB, causing multiple pathological changes in gene expression [11]. Several factors could
explain the pathogenesis of diabetic cardiomyopathy, including cardiac metabolic disorders,
subcellular signaling abnormalities, autonomic dysfunction, activated renin-angiotensin-
aldosterone system, inflammation, oxidative stress, and maladaptive immune response [7].
The inflammatory response involves a complex cascade of events involving many types
of cells. Inflammatory signaling in cardiomyocytes usually occurs in an early phase of
response to myocardial injury and implies overproduction of mitochondrial ROS [12]. The
activation of several signaling pathways, such as NF-κB, c-jun NH2-terminal kinase, or
p38-MAPK, can mediate the state of inflammation, which is linked to insulin resistance,
playing an important role in diabetic complications. NF-kB represents one of the most
important mediators of the inflammatory process because its activation is associated with
increased release of cytokines, such as tumor necrosis factor alpha (TNF-α)—which is often
involved in cardiac damage contributing to cardiac hypertrophy and fibrosis—as well as
ventricular dysfunction in the diabetic heart [13].

CAN characterized by an imbalance between sympathetic and parasympathetic ac-
tivity is a major complication of DM [14]. The predominance of sympathetic activity
can exacerbate cardiomyopathy in diabetic patients because of the increase of release
of myocardial catecholamines, activation of adrenergic receptors, and activation of the
renin–angiotensin–aldosterone system (RAAS) [15] (Figure 1).

CAN is classified according to its progress: 1. subclinical stage—characterized by
lack of symptoms but with abnormal simpatovagal balance, decreased baroreflex sensi-
tivity; [16,17] 2. early stage—tachycardia at rest; 3. advanced stage—exercise intolerance,
cardiomyopathy with left ventricular dysfunction, orthostatic hypotension, and silent
myocardial ischemia [18,19].
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Figure 1. Evolution of symptoms of cardiac autonomic neuropathy (CAN) in diabetes. Patients dis-

play reduced variability in heart rate and resting tachycardia in the early phase of parasympathetic 

dysfunction, which underlie the reduced exercise tolerance and the increased arrhythmogenesis. 

Later stages of CAN involve sympathetic denervation and cause hemodynamic dysregulation and 

silent myocardial ischemia. Source: Own authorship. 
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3. Diagnosis of DM-Induced Cardiac Autonomic Neuropathy 
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Figure 1. Evolution of symptoms of cardiac autonomic neuropathy (CAN) in diabetes. Patients
display reduced variability in heart rate and resting tachycardia in the early phase of parasympathetic
dysfunction, which underlie the reduced exercise tolerance and the increased arrhythmogenesis.
Later stages of CAN involve sympathetic denervation and cause hemodynamic dysregulation and
silent myocardial ischemia. Source: Own authorship.

3. Diagnosis of DM-Induced Cardiac Autonomic Neuropathy

As the prevalence of DM increases, a concomitant increase in CAN occurs, which
cannot be diagnosed in the early stage, also occurs [18,20]. DM can induce neuron injury to
the autonomic nervous system, which causes autonomic dysfunction involving initially the
parasympathetic and later the sympathetic system. Although the mechanism of neuronal
dysfunction is not completely clear, hyperglycemia, which is responsible for the increase
of ROS and AGE, leads to the damage of peripheral nerves affecting initially the vagus
nerve [21]. Long-term progression of DM is associated with lack of blood pressure response
to sleep or exercise, indicating damage to the sympathetic system, which is correlated with
high mortality. The severity of CAN depends on glucose level, time of DM, blood pressure,
and aging-induced neuronal death [22]. Initially, altered HRV occurs, and it is followed by
resting tachycardia. The next step of the sympathetic predominance consists of decrease
in coronary flow and consequent cardiac dysfunction. The progression of CAN reveals a
denervation of sympathetic vasomotor producing an inadequate vascular and HR response
combined with orthostatic hypotension.

Diagnosis involves the use of cardiac autonomic reflex tests (CARTs), including the
evaluation of blood pressure and heart rate variability (HRV) during different maneuvers.
HRV consists of spontaneous and induced fluctuations in heart rate (HR—very low, low,
and high frequency) [23]. The spectral analysis of the balance between sympathetic and
vagal activities is most sensitive in early stages of CAN. It is essential to perform HRV
and the gold standard tests (deep breathing, Valsalva, and orthostatic) to achieve early
diagnosis of this complication of DM [24].

3.1. Diagnostic Tests for CAN
3.1.1. Autonomic Testing

The gold standard tests of CARTs involve the measurement of changes in HR and
BP to physiological maneuvers [25]. The standard CARTs recommended for diagnosis
of CAN include: the deep breathing (DB) test, the Valsalva maneuver (VM) test, the
lying-to-standing (LS) test at 30:15, and the BP response to orthostasis [25,26].

- Deep breathing (DB) test

The DB test is performed by measuring beat-to-beat HRV in a supine position. Patient
respiration is paced at six breaths per minute by a metronome or similar device during
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electrocardiogram (EKG) recording. The expiration-to-inspiration (E/I) index is calculated
as the ratio between the three maximum and the three minimum RR intervals in a respira-
tion cycle [25]. Minimal threshold for normal E/I ratios depend on patient age and decline
from 1.17 at 20–24 years to 1.02 at 70–75 years [26]. Differences in HR under 10 bpm and
E/I ratios lower than the threshold are considered abnormal [26].

- HR response to Valsalva maneuver

The patient is asked to perform forced exhalation (to 40 mmHg in a manometer) for 15 s
with simultaneous EKG recording. Healthy subjects develop tachycardia during exhalation
and bradycardia after release. The ratio of the longest RR interval after exhalation and the
shortest RR interval during exhalation is calculated, and normal values should be 1.2 or
higher [25,26].

- Lying-to-standing (LS) test

During continuous EKG monitoring, the patient changes from a supine position to
standing up. The longest RR interval between the 25th and 35th beat and the shortest RR
interval between the 10th and 20th beat after change of posture are measured [25]. Values
under 1.03 and ratios of 30:15 are considered abnormal [26].

- Blood pressure (BP) response to orthostasis

BP is measured initially in the supine position and 2 min after standing up. A reduction
in BP of between 10–29 mmHg or over 30 mmHg is indicative of borderline or abnormal
BP response [25,26]. Moreover, a decrease of over 20 mmHg in systolic or over 10 mmHg
in diastolic BP is also used as being indicative of orthostatic incompetence [25].

3.1.2. HR Variability (HRV) Measures Used for Diagnosis

HRV is determined as the variations in consecutive RR intervals and may be analyzed
using long (usually 24 h) or short (<10 min) EKG measurements, although the latter may
be preferred for investigation purposes. Direct analysis provides HRV parameters in
the time domain, mainly standard deviations (SDNN) or root mean squared deviations
(RMSSD) of successive RR intervals [25]. Frequency–domain analysis is performed after
data transform (e.g., fast Fourier transform) to obtain HRV spectra. These histograms
are divided in low (LF) and high frequency (HF) regions, which provide information on
the influences of both autonomic branches on HR. The ratio LF/HF is mainly used as an
index of autonomic balance, generally referred as the sympathetic-to-parasympathetic ratio.
Although a reduction in the HF band may reflect a vagal dysfunction in early CAN, it may
be accompanied by reduction in LF, indicating concomitant dysregulation of sympathetic
tone [25,26].

A confirmed diagnosis of CAN consists in the presence of three altered tests and the
presence of associated orthostatic hypotension reflects greater severity and poor prognosis.
DM causes autonomic neuropathy, which is the disability of the compensatory autonomic
mechanism to regulate blood pressure. The increase in vascular resistance in response to
the activation of baroreceptors induced by hypotension does not occur because of failure
of the sympathetic reflex in diabetic patients. For that reason, patients have orthostatic
hypotension as a result of damage to the efferent sympathetic vasomotor fibers. More than
50% of diabetic patients diagnosed with peripheral neuropathy will have CAN. When
in an advanced condition, ischemia and asymptomatic myocardial infarction can occur,
as can left ventricular dysfunction, which is linked to increased risk of renal failure and
sudden death [27]. Sudden cardiac death can also be a consequence of the arrhythmogenic
effect, which promotes atrial and ventricular arrhythmias [14]. Therefore, arrhythmias
can manifest in early stages of CAN during the decreased parasympathetic activity phase.
Among diabetic patients, 38–44% may suffer from cardiac dysautonomia with prognostic
implications and higher cardiovascular mortality. There are slight differences in relation
to risk factors between DM type-1- or type-2-induced CAN, leading to a multifactorial
approach in its prevention [28]. Thus, an intensive treatment of hyperglycemia added to a
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multifactorial approach is beneficial in patients with DM and can result in the delay and
prevention of CAN.

4. Molecular Mechanisms of DM-Induced Cardiac Autonomic Neuropathy

DM-induced macrovascular changes can lead to coronary artery disease, atherosclero-
sis, and heart failure, but microvascular changes cause peripheral vascular dysfunction,
stroke, nephropathy, polyperipheral neuropathy, and retinopathy [19]. Inflammation plays
an important role in the development of those complications resulting from DM. The
pro-inflammatory environment resulting from hyperglycemia and/or insulin resistance is
the result of the higher expression of inflammatory mediators, such as IL-1β, IL-6, TNF-α,
TGF-β, IKKβ, and JNK, that may have local or systemic action. Inflammatory mediators
act on the endothelium so that these cells alter their transcription profile, promoting a
greater expression of cell recognition markers (ICAM-1 and VCAM-1) and facilitating the
diapedesis of hematopoietic cells (lymphocytes and monocytes). Released cytokines and
chemokines can activate other cells in addition to macrophages, antigen presenting cells
(APC), effector cells (Th1, Th2), or memory cells (lymphocyte B). This can occur in the heart,
promoting an immune response that perpetuates inflammation, leading to an oxidative and
hypoxic environment. These events promote autophagy, apoptosis, necrosis, non-effective
neovascularization, hypertrophy, collagen deposition, and fibrosis, which—in the long
term—cause cardiac dysfunction and failure. Briefly, the mitochondrial overproduction
of ROS, which leads to usually irreversible tissue damage, such as apoptosis, hyperplasia,
hypertrophy, remodeling, or fibrosis, alters the glycolytic metabolism, increasing the use of
glucose by routes other than ATP production [29].

Additionally, diabetic peripheral neuropathy is caused by the effects of chronic ex-
posure to hyperglycemia, which promote glycotoxic stress, inducing increased oxidative
stress with increased ROS; dysfunction of the antioxidant system; activation of the JNK,
AP-1, PKC, NFκB, and MAPK; the additional formation of polyols and glycosamines; AGE
favoring the transcription of genes encoding TGF-β, IL-1, IL-6, and TNF-α; and induced
nitric oxide (iNOS). ROS induces depression of autonomic ganglion synaptic transmission,
contributing to increased risk of fatal cardiac arrhythmias as well as to sudden death
after myocardial infarction [29]. Mitochondrial dysfunction is associated to all these pro-
cesses that lead to apoptosis and autophagy, bioenergetic dysregulation, neurovascular
dysfunction, and inflammation and demyelination of nerves [30].

CAN is considered a diffuse neuropathy characterized as chronic and progressive
with altered signaling pathways (polyol, poly (ADP ribose) polymerase (PARP), PKC, AGE)
in neuronal cells (Figure 2).

It also has increased concentration of pro-inflammatory cytokines (IL-1β, IL-6, TNF-α),
and exacerbation of oxidative stress. High glucose levels cause the following changes: 1.
conversion into sorbitol, whose intracellular increase promotes osmotic stress and greater
electrolyte output from the cell, which causes impairment of Schwann cells from peripheral
neurons; 2. positive regulation of the hexosamine pathway, resulting in increased N-acetyl
glucosamine (GlcNAc) and, consequently, the induction of oxidative stress; 3. exacerbation
of oxidative stress due to lipid peroxidation and reduction of glutathione (GSH) levels and
enzymes involved in antioxidant defense, such as catalase and superoxide dismutase (SOD);
4. increase inTNF-α levels, which provides, indirectly, the occurrence of neuronal apoptosis;
5. increase in AGE receptors (RAGE) in endothelial and Schwann cells of peripheral nerves;
6. activation of PKC in nerve tissue. Considering the oxidative stress in the vagus nerve
(first nerve affected), an increase in malondialdehyde (MDA) levels and reduced levels of
GSH, SOD are detected in diabetic animals [31].
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Figure 2. Pathophysiological factors underlying the development and aggravation of diabetic cardiac
autonomic neuropathy (DCAN). AGE, advanced glycation end-products; RAGE, receptor for ad-
vanced glycation end-products; GlcNAc, N-acetyl glucosamine; PARP, poly(ADP-ribose) polymerase;
PKC, protein kinase C; NOX, reduced nicotinamide adenine dinucleotide phosphate oxidase; GSH,
reduced glutathione; IL, interleukin; TNF-α, tumor necrosis factor-α; TGF-β, transforming growth
factor-β; IKKβ, inhibitor of nuclear factor kappa B kinase; MAPK, mitogen-activated protein kinase;
JNK, c-Jun N-terminal kinase. Source: Own authorship.

DM induces autonomic dysfunction since baroreflex sensitivity is decreased and sym-
pathetic and parasympathetic modulation is impaired. Reduced HRV and vagal modulation
index are probably consequent to high glycemic levels [15]. Parasympathetic denervation
and sympathetic predominance reduce blood pressure and HR, causing exercise intolerance.
Increased sympathetic activity is also attributed to upregulated chemoreflex associated
with sleep apnea syndrome (intermittent hypoxia) in diabetic patients [32].

A correlation between cardiac autonomic control parameters and biomarkers of in-
flammatory and endothelial function is detected in patients with DM type 2 [33]. Thus, the
levels of subclinical inflammation biomarkers, such as IL-6, IL-1beta, and high-sensitivity
C-reactive protein, were inversely associated with cardiac vagal control parameters. In
contrast, biomarkers of endothelial function, nitric oxide, and nitric oxide endothelial syn-
thase were positively related to cardiac vagal control parameters, suggesting that there is a
relationship between inflammation, endothelial dysfunction, and cardiac autonomic dys-
function in DM type 2 [33]. Early investigation of these reported biomarkers is important
in interfering with the prognosis of CAN.

The profiles of non-coding long RNAs (lncRNAs) related to inflammation were demon-
strated to be co-expressed with messenger RNA (mRNA) in cervical ganglia after lesion
due to DM [34]. The functional target genes of lncRNAs were identified, revealing that
the genes interacted with lncRNAs and participate in various functions related to cervical
sympathetic ganglia, such as immune response, cell migration, and chemotaxis, indicating
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that lncRNAs could be potential target for treatment of diabetic patients with CAN or for
diagnostic molecular markers.

Increased P2Y14 purinergic receptor expression is observed in DM, with consequent
activation of satellite glial cells [35]. Treatment with short hairpin RNA (shRNA) P2Y14
or naringin reduced the overexpression, indicating that naringin may negatively regulate
the expression of the P2Y14 receptor of glial cells in the upper cervical ganglia and can
attenuate CAN. In addition, naringin shRNA also decreased changes in HR and blood
pressure induced by DM and partially restored the low frequency/high frequency ratio that
was increased. Partial recovery of the abnormal sympathetic nerve discharge was promoted
via naringin shRNA treatment, which also normalized the levels of ROS and antioxidant
factors in DM. In addition to this, the enzyme glucokinase (GCK) is overexpressed in
ganglia and may be involved in diabetic cardiac sympathetic neuropathy mediated by the
activation of P2X3 receptor. This role was confirmed through electrophysiological study
in which the currents activated by the P2X3 agonist increased in ganglia neurons isolated
and transfected with GCK plasmid [36]. To investigate the role of the P2X3 receptor in
sympathetic nerve activity in diabetic cardiac autonomic neuropathy, shRNA was used,
which led to attenuation of increased blood pressure and heart rate as well as normalized
heart rate variability [37]. Furthermore, the administration of shRNA P2X3 reduced IL-
1β and TNF-α levels in the ganglia and serum level of epinephrine and decreased the
phosphorylation level of extracellular regulated proteins 1/2 (ERK1/2), suggesting that the
P2X3 receptor could be a therapeutic target of diabetic cardiac autonomic neuropathy.

The increase in angiotensin II (Ang II) levels due to the high genic expression of the
angiotensin-converting enzyme (ACE) associated with DM impairs autonomic function,
intensifying sympathetic modulation of the heart and reducing its vagal modulation. DM
induced in rats could promote significant reduction in HRV, sympathetic dominance, and
increased HR and BP with increased cardiac hydroxylase tyrosine activity [38]. Apolipopro-
tein B, oxidative stress, and inflammatory markers were significantly reduced after treat-
ment with vitamin C. In addition, administration of vitamin C in diabetic rats can restore
HRV, suggesting that vitamin C can have effects on the improvement of diabetic CAN [38].

Lipid metabolites of the phosphatidylcholine and sphingomyelin classes were found
at elevated plasma levels and linked to cardiac autonomic dysfunction in patients with
recently diagnosed type 2 DM but not type 1 DM. This fact indicates that alteration of lipid
metabolism occurs in the initial phase of diabetic CAN [39].

5. Alternative Treatment of DM-Cardiac Autonomic Neuropathy

Prevention of CAN includes the maintenance of controlled plasmatic glucose levels,
treatment of risk factors regulating dyslipidemia and hypertension, and lifestyle interven-
tion. The treatment of CAN relies on the relief of symptoms, but the high mortality can
be explained by the imbalance in sympatovagal activity, damage of cardiac sympathetic
innervation, impaired vasodilation of coronary arteries mediated by reduced sympathetic
activity, deregulation of calcium mobilization, and inflammation [20] (Figure 3). Cardio-
vascular autonomic reflex tests, including the evaluation of autonomic response using
alterations of HR and blood pressure, determine the progression of CAN [20].
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cardiac autonomic neuropathy (DCAN). ACE, angiotensin-converting enzyme; GLP-1R, receptor
for glucagon-like peptide-1; SGLT-2, sodium/glucose cotransporter 2; AR, aldose reductase. Source:
Own authorship.

5.1. Symptomatic Treatment

The main non-pharmacological approach to treating DM consists of aerobic exercise
and reductions in fat and carbohydrate intake. The Diabetes Prevention Program (DPP)
study demonstrated beneficial effects of lifestyle intervention because of reductions in
HR, HRV, and QT interval in diabetic patients [40], which could delay the appearance of
cardiac complications. However, a study involving 25 non-diabetic patients with metabolic
syndrome undergoing a 24-week lifestyle intervention showed a reduction in oxidative
stress markers but no alteration in CAN indices [28]. Lifestyle change and exercise are gen-
erally indicated and contribute to the improvement of orthostatic hypotension associated
with autonomic dysfunction [19,28]. Avoid use of tricyclic antidepressants, diuretics, and
α-adrenoreceptor antagonists to reduce possible worsening of orthostatic hypotension. It is
important to increase water consumption and the number of small meals and avoid abrupt
changes in body posture. The resting tachycardia characteristic of the worsened stage of
vagal dysfunction in CAN may be treated with cardioselective (i.e., beta-1) beta-adrenergic
antagonists to improve vagal function [19,29,30,41]. As CAN progresses, reduced sympa-
thetic response occurs and provokes orthostatic hypotension [20], which is treated with
approved drugs targeted at primary or neurogenic orthostatic hypotension, such as droxi-
dopa, midodrine, clonidine, pyridostigmine, and fludrocortisone. Midrodine, an alpha-1
adrenergic agonist is a vasopressor and fludrocortisone is a mineralocorticoid promoting
increase of plasma volume, and both increase blood pressure in non-responsive patients
to other therapy [15,30,31]. In advanced CAN, there is a denervated heart because of the
abolished parasympathetic and sympathetic activities, with lack of HR change in response
to exercise, stress, or sleep [31,42].
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5.2. Disease Modifying Therapies

Moderate weight reduction associated with caloric restriction could improve auto-
nomic cardiovascular modulation, sympathetic–vagal balance, and reduction of sympa-
thetic tone in patients with metabolic syndrome or obesity [32,43]. The effects of 10%
reduction in body mass in overweight or obese patients [33–37] improved autonomic status,
HRV, and sympathetic–vagal balance.

Glycemia and blood pressure control are key factors in preventing CAN progression
and should be addressed as main outcomes for therapy [15,31,38]. However, long-term ther-
apy with metformin, an insulin sensitizer, was recently associated with CAN aggravation
due to its interference in vitamin B12 absorption in diabetic patients. Vitamin supplementa-
tion is recommended for diabetic patients in biguanide therapy for over 5 years or with
additional risk factors (advanced age, bariatric surgery, or anti-ulcer therapy) and may be
combined with calcium supplementation [41].

Since DM promotes chronic inflammation with high levels of interleukin-6, which
has been associated with reduced HRV; treatment with agonist of glucagon-like peptide-1
(GLP-1) has shown anti-inflammatory and neuroprotective effects and could result in the
prevention of CAN. Treatment with metformin reduces vascular and systemic inflamma-
tion detected by the reduction of TNF-alpha level. Metformin not only reduces adipose
tissue inflammation but also oxidative stress in myocardium through the activation of
adenosine monophosphate-activated protein kinase. In addition to this, metformin reduces
sympathetic predominance of CAN early stage [44,45].

GLP-1 receptor agonists cause weight-lowering and glycemic control effects, leading
to a reduction in cardiovascular mortality [46]. However, despite preclinical evidence
and reduced cardiovascular risk, short-term (3–18 months) therapy with GLP-1 agonists
(exenatide 0.15–2.0 mg weekly or liraglutide 1.2–1.8 mg daily) does not improve cardiac
autonomic function in diabetic patients but significantly increases HR [25,47].

Both sodium–glucose transporter-2 (SGLT-2) and angiotensin-converting enzyme
(ACE) inhibitors promote preventive and therapeutic effects in attenuating diabetic cardiac
dysautonomia [25,46–51]. Despite the lack of SGLT-2 in the heart, studies with gliflozins
demonstrated a significant reduction in cardiovascular risk and deaths consequent of DM,
which could result in part from the regulation of the autonomic nervous system through
the inhibition of renal reabsorption of glucose [47,50,52]. Recently, the EMBODY trial
indicated that medium-term (6 months) use of empagliflozin (10 mg p.o. daily) improved
most heart rate variability indexes in type 2 diabetic patients taking beta blockers when
compared to baseline measurements [47]. Although there is some remaining controversy,
the effect of SGLT-2 inhibitors on cardiac autonomic tone is still the object of current
research. Another SGLT-2 inhibitor, dapagliflozin, interferes with the cardiac autonomic
function measurements (improved HRV) in patients with type 2 DM and cardiac autonomic
neuropathy [53].

ACE inhibitor controls the systemic inflammation and oxidative stress because its
effect of normalizing sympathetic activity. Carvedilol, a non-selective beta antagonist
and alpha antagonist, promotes antioxidant activity and when in combination with ACE
inhibitor produces vascular relaxation [19].

In a series of small trials in diabetic patients with CAN free of other cardiovascu-
lar disease, chronic oral treatment (3–12 months) with quinapril (20 mg daily) increased
parasympathetic tone as measured via CARTs, spectral analysis of HR, and LF/HF ratio.
Combination with losartan (100 mg daily) showed little further improvement, which sug-
gested that an additional beta blockade by quinapril not seen in other ACE inhibitors could
underlie the effect seen in autonomic control of HR [50]. Beta blockers also show some ben-
eficial effects on cardiac autonomic function in diabetic patients with high cardiovascular
risk, but the lack of solid evidence restricts their widespread use [47–49].

Antioxidants, which are scavengers of free radicals, can reduce the formation of ROS
and consequently decrease orthostatic hypotension. Antioxidant therapy (alpha-lipoic
acid, vitamin E) or C peptide is responsible for better prognosis for CAN. Alpha-lipoic
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acid inhibits hexosamine and AGE pathways, while vitamins are immune stimulators
and inhibitors of ROS-metabolite-induced DNA damage [19,47,48]. Attenuation of CAN
progression through vitamin D supplementation shows a U-shaped dose–response rela-
tionship, and studies suggest that clinical benefit is achieved only for diabetic patients with
insufficient serum levels (<50 nmol/L) [54]. Administration of minocycline—an inhibitor
of microglial activation—was also investigated, and its use for 6 weeks demonstrated
improvement of CAN in diabetic patients with good tolerability [48].

A systematic review [55] evidenced the beneficial effects of aldose reductase inhibitors
in initial stages of CAN because they reduce the glucose used in polyol pathway and
prevent the deleterious effects of reduced accumulated sorbitol and fructose in neuronal
tissue. Oral treatment with epalrestat (50 mg tid) or tolrestat (200 mg qd) in diabetic patients
with clinical CAN improved the HRV and postural BP and was devoid of interferences in
glycemic control or adverse effects.

Administration of catechin, a phytonutrient of the polyphenol family, controlled
body weight loss and reduced plasma glucose levels and cardiac hypertrophy in diabetic
animals [31]. In addition, catechin reversed the increased level of MDA and the reduced
levels of GSH, catalase, and SOD in the vagus nerve, indicating the contribution of this
compound to the reduction of oxidative stress in the DM model. The reduction in Schwann
cell proliferation, lymphocytic infiltration, axonal edema, and demyelization of the vagus
nerve after catechin administration suggests that this polyphenol attenuated neural damage.
Since catechin also improved hemodynamic parameters, it is a promising candidate in
the treatment of cardiac diabetic autonomic neuropathy with focus on neural damage
reduction.

It is crucial to diagnose and treat CAN early to reduce the morbidity and mortality
associated with this chronic disease. For that reason, interventions to reduce adipose tissue
inflammation are essential in retarding the progress of CAN.

6. Conclusions

CAN etiology is multifactorial and, despite being a common complication of DM,
is still under-diagnosed, having a great impact on morbidity and prognosis. CAN is a
microvascular complication, the development of which is associated with obesity, smoking,
hypertension, and dyslipidemia. Chronic high glucose levels promote oxidative stress and
inflammation, which are responsible for the vascular endothelial, cardiac, and neuronal
damage. It is essential the prevention of CAN or early and adequate treatment because
its progression is associated with the appearance of diabetic nephropathy. In addition to
glucose and hyperlipidemia control combined with lifestyle modification, it is essential to
interfere with vascular endothelial dysfunction and thrombosis and use specific treatment
of orthostatic hypotension induced by oxidative and nitrosative stress. The complexity of
CAN’s pathophysiological mechanism contributes to the need to identify new treatment
strategies.
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Abstract: Diabetes mellitus (DM) arising de novo after transplant is a common complication, sharing
many features with type 2 DM but also specific causes, such as administration of steroids and
immunosuppressive drugs. Although post-transplant DM (PTDM) is generally assumed to worsen
recipients’ outcomes, its impact on renal function, cardiac allograft vasculopathy and mortality
remains understudied in heart transplant (HT). We evaluated incidence and risk factors of PTDM and
studied glucose metabolic alterations in relation to major HT outcomes. 119 subjects were included
in this retrospective, single centre, observational study. A comprehensive assessment of glucose
metabolic state was done pre-transplant and a median of 60 months [IQR 30–72] after transplant.
Most patients were males (75.6%), with prior non-ischemic cardiomyopathy (64.7%) and median age
of 58 years [IQR 48–63]. 14 patients developed PTDM, an incidence of 3.2 cases/100 patient-years.
Patients with worsening glucose metabolic pattern were the only who showed a significant increase of
BMI and metabolic syndrome prevalence after transplant. 23 (19.3%) patients died during follow up.
Early mortality was lower in those with stably normal glucose metabolism, whereas improvement of
glucose metabolic state favorably affected mid-term mortality (log-rank p = 0.028). No differences
were observed regarding risk of infections and cancer. PTDM is common, but glucose metabolism
may also improve after HT. PTDM is strictly related with BMI increase and metabolic syndrome
development and may impact recipient survival.

Keywords: diabetes mellitus; transplant; complications; mortality; outcome; glucose metabolism;
body mass index; metabolic syndrome

1. Introduction

Metabolic disorders, particularly diabetes mellitus (DM), are among the most common
and serious complications observed in heart transplant (HT) recipients [1–3]. Often a
pre-transplant comorbidity, DM arising de novo after transplant, previously referred to as
new onset diabetes after transplantation [4], is now defined as post-transplant diabetes mellitus
(PTDM). Specific criteria are in place to identify and classify the emergence of PTDM [2,5].
Absence of DM before transplant and HbA1c values defining DM have been added to the
ADA criteria [6,7] for the diagnosis of PTDM.

PTDM prevalence ranged between 17% and 30% in recent studies [2,8–10]. PTDM
shares with type 2 DM many common causes (age, body mass index [BMI], family history,
metabolic syndrome, ethnicity) [2,11,12] but also presents specific, transplant-related causes,
such as administration of steroids and different immunosuppressive drugs, including
calcineurin inhibitors and m-TOR inhibitors [13–17].
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Although PTDM can worsen the outcome of recipients over time, increasing their
cardiovascular risk [1], available data did not show a clear association with Cardiac Al-
lograft Vasculopathy (CAV) or other signs of graft dysfunction [18,19]. Also, most of the
knowledge on PTDM comes from kidney transplant [20] and might not be entirely appli-
cable to different organ transplant settings. Indeed, the incidence of PTDM appears to
be highest in patients receiving lung and liver transplants, intermediate in recipients of
heart transplants and lowest in recipients of kidney transplants, the latter being the most
studied subgroup [20]. However, PTDM is associated to higher mortality regardless of the
organ being transplanted (kidney, liver, lung or heart) [21–24]. In contrast with what was
observed in other transplant recipients, no specific cardiac disease has been considered as a
risk factor for the development of PTDM [25]. The evaluation of glucose metabolic changes
not fulfilling a formal PTDM diagnosis could also provide interesting clinical insights on
cardiovascular risk and metabolic derangement after HT.

Accordingly, aims of the present study were: (i) to describe changes in glucose
metabolism after HT in a large cohort of HT recipients; (ii) to evaluate the incidence
and risk factors of pre-diabetes and/or PTDM in the study group; (iii) to relate glucose
metabolic alterations to HT outcomes.

2. Patients and Methods
2.1. Study Design

This is a retrospective observational study aimed to detect incidence of and risk factors
for PTDM in a single center cohort of HT recipients. PTDM diagnosis was made according
to the current International Guidelines [ADA, Chowdry] where PTDM diagnosis is based
on the same criteria of DM diagnosis in the general population.

Patients who had received HT between January 2008 and December 2017 at the
Monaldi Hospital, Naples, were included in the study. Recipients of emergency transplants,
for whom a specific pre-transplant evaluation was not available, were excluded.

Retrospective data collection from heart transplant recipients’ electronic records was
approved by the University of Campania and AORN OspedalideiColli Ethics Committee
(protocol n. 28/2019). Patient informed consent was waived.

2.2. Pre-Transplant Assessment

A comprehensive pre-transplant screening was performed, according to a predefined
clinical protocol in use in our centre. It included collection of clinical history data, a general
physical examination, and hematochemical and imaging studies.

For each patient, we collected and stored in an electronic database age, sex, current
drug therapy, arterial blood pressure, heart rate, body weight, height and waist circumfer-
ence. At history taking, we assessed the etiology of dilative cardiomyopathy, the presence
of a positive family history of DM, the presence of atherosclerotic cardiovascular disor-
ders/events, arterial hypertension and DM.

Systolic blood pressure was classified according to the ESC guidelines [26]. BMI,
computed as the ratio between the body weight (in kilograms) and the square of the height
(in meters), allowed patients’ classification as underweight (<18.5 kg/m2), normal (M:
18.5–24.9 kg/m2; F: 18.5–23.9 kg/m2), overweight (M: 25–29.9 kg/m2; F: 24–29.9 kg/m2),
and obese: 1st degree (30–34.9 kg/m2), 2nd degree (35–39.9 kg/m2), 3rd degree obesity
(≥40 kg/m2). Waist circumference (WC) was measured and used as an indicator of cen-
tral/visceral adiposity. In particular, as all patients studied were of European descent, a
WC >88 cm and >102 cm among women and men, respectively, were considered as visceral
obesity diagnostic cut-offs. Furthermore, presence of Metabolic Syndrome (MetS) was
defined for each patient, according to ATP III criteria [27].

Among hematochemical parameters, all measured by our hospital central laboratory
with standard techniques, we considered: fasting glycemia, glycated hemoglobin (HbA1c),
LDL, HDL and total cholesterol, and triglycerides. Creatinine was measured and used to
assess the estimated glomerular filtration rate (eGFR) according to the CDK-EPI formula.
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Fasting glycemia values allowed an initial stratification of each subject in terms of possible
presence of DM, impaired fasting glycemia, or normal glycemia. For fasting glycemia levels
< 126 mg/dL and HbA1c <48 mmol/mol (<6.5%) with a negative DM clinical history and
no anti-diabetic therapy, a standard oral glucose tolerance test (OGTT) was performed.
A 2 h post-OGTT serum glucose range of 140–200 mg/dL identified impaired glucose
tolerance, whilst glucose levels > 200 mg/dL were diagnostic of DM. Normal glucose
tolerance was defined as a post-load glycemia value < 140 mg/dL.

2.3. Post-Transplant Evaluation

Patients who died during the same hospital admission when the transplantation pro-
cedure was performed were excluded from this study. Therefore, the study group involved
only subjects who survived the initial hospitalization and returned as outpatients with a
follow-up of at least 6 months. The maintenance immune suppressive protocol comprised a
calcineurin inhibitor (either cyclosporine A or tacrolimus), an antiproliferative agent (either
mycophenolate or everolimus) and prednisone, at a starting dose of 10 mg every 12 h,
progressively tapered off by 2.5 mg every 4 weeks down to a flat dose of 5 mg/day life-long
in the absence of specific complications. The dosage of immunosuppressive drugs was
generally adapted on the bases of Therapeutic Drug Monitoring (TDM) and assessment of
white blood cell counts.

Glycemic evaluation was performed every 1 to 3 months after transplant during
routine outpatient assessments and irrespective of each subject clinical history. Prospective
clinical and laboratory evaluations, aimed to completely reassess glucose metabolism, body
composition and metabolic syndrome components, were repeated once in each transplant
recipient after a median of 60 months after transplant. Measured parameters were: BMI,
WC, hematochemical parameters (i.e., fasting glycemia, total cholesterol, LDL-cholesterol,
HDL-cholesterol, triglycerides, and glycatedhaemoglobin). Furthermore, non-diabetic
patients (fasting glycemia ≤ 126 mg/dL and HbA1c values ≤ 48 mmol/mol) underwent
an OGTT to unmask possible, undiagnosed DM.

After the post-tx OGTT and by considering fasting glycemia values, patients were
classified as normal, with impaired fasting glycemia, glucose intolerant or diabetics.

2.4. Study Outcomes

In order to study the effects of glucose metabolism alteration on HT outcomes we
collected data about graft rejection (type, number of episodes), including development
of graft coronary artery disease, i.e., chronic rejection. Being DM a major risk factor for
kidney disease, we assessed the effect of PTDM on recipients’ renal function. In light of the
known effect of DM on immune function and cell proliferation, we assessed other important
post-transplant outcomes, such as occurrence of infections (>6 months post-transplant) or
CMV reactivation and development of malignancies. We finally assessed the relationship
between PTDM and post-transplant mortality.

2.5. Statistical Analysis

Statistical analyses were performed by using SPSS software 23.0. A p-value ≤ 0.05
was considered to denote statistical significance of the differences. Numerical data are
shown as median and interquartile range (IQR) or as mean ± standard deviation (DS),
whilst categorical data as number and percent. The Fisher’s exact test was used to evaluate
differences in nominal variables between 2 or more groups; the Mann-Whitney U test
to compare numerical variables between 2 distinct groups and the Kruskal Wallis test
to evaluate more than two groups. Kaplan-Meir curves were constructed to compare
survival between subgroups, and differences were assessed with the log-rank test. Logistic
regression was used to analyse independent predictors of mortality.
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3. Results
3.1. Clinical Characteristics of the Study Cohort

Table 1 shows the general characteristics of the 119 patients included in the study. Most
were males (75.6%), with a median age equal to 58 years [IQR 48–63] at the post-transplant
assessment. Evaluations were performed after a median interval of time after HT equal
to 60 months [IQR 30–72], and always in the context of a phase of clinical stability in the
outpatient setting. A family history of DM and cardiovascular disease was overall common.

Table 1. Clinical features of the study cohort (N = 119).

Parameter

Age, yrs 58 [50–65]
Sex
M
F

90 (75.6)
29 (24.4)

Donor age, yrs 36 [23–48]
Family history of DM 38 (31.9)

Family history of CV disease 69 (58)
Family history of arterial hypertension 26 (21.8)

Smoking 61 (51.3)
History of DM pre-transplant 17 (14.3)

History of arterial hypertension pre-transplant 35 (29.4)
Years from transplant 5 [2.5–6]

Creatinine, mg/dL
pre-tx
post-tx

1.1 [0.9–1.4]
1.1 [0.9–1.5]

eGFR CDK-EPI, mL/min
pre-tx
post-tx

72.6 [57–90.3]
68.6 [50.2–96.4]

Immune suppressing agents
Cyclosporine A

Tacrolimus
Everolimus

Mycophenolate

88 (73.9)
30 (25.2)
43 (36.1)
73 (61.3)

Prednisone 99 (83.2)
Diuretics

Furosemide
Mineralocorticoid receptor antagonists

61 (51.3)
38 (31.9)

Beta-blockers 88 (73.9)
Anti-platelet agents 100 (84)
Oral anticoagulants 12 (10.2)

Mortality 23 (19.3)

Pre-transplant cardiac parameters

Ischemic heart disease pre-transplant 42 (35.3)
Serum NT-pro BNP, pg/mL 3198 [1453–5271]

Left ventricle ejection fraction, % 25 [20–30]
Left ventricle diameter in diastole, cm 6.7 [5.9–7.5]

Cardiac Index, L/min/m2 2.1 [1.8–2.7]
Cardiac Output, L/min 3.9 [3.2–4.86]
Wedge pressure, mmHg 26 [18.75–31]

NYHA class
I
II
III
IV

0 (-)
20 (16.8)
78 (65.5)
21 (17.6)

Data are expressed as number (percent) or median [interquartile range-IQR].

On past clinical history, non-ischemic dilative cardiomyopathy (64.7%) was the preva-
lent indication for transplant, with 35.3% of patients showing a prior ischemic heart disease.
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Twenty-three (19.3%) patients died during the post-transplant follow up, with a
median survival time equal to 24 months [IQR 9–72] in this subgroup.

Immunosuppression maintenance hinged on cyclosporine A in more than 75% of pa-
tients, alone (3 patients) or combined with mycophenolate mophetil (MMF) or everolimus.
The other patients were treated with tacrolimus combined with MMF (Table 1). Cardiovas-
cular drugs taken during the post-transplant follow-up are also presented in Table 1.

Table 2 summarizes the most important post-transplant outcomes. There was a high
rate of infectious and neoplastic complications, and most patients were hypertensive after
transplant.

Table 2. Post-transplant cardiovascular and non-cardiovascular outcomes.

Parameter

Cardiac Allograft Vasculopathy 8 (6.8)
Number di cellular rejection episodes

0
1
2

95 (80.5)
19 (16.1)
4 (3.4)

Neoplasia 20 (16.8)
Infections 64 (53.8)

Post-tx arterial hypertension 61 (51.3)
CMV infection

No infection/low level replication
Clinically significant reactivation

81 (68.1)
37 (31.1)

Data are expressed as number (percent).

3.2. Anthropometric and Metabolic Changes after Heart Transplant

A comparison between metabolic parameters before and after HT is shown in Table 3.
Despite of worsening anthropometric parameters, glucose metabolism overall improved.
Specifically, after transplant, a significant reduction of IFG/IGF prevalence was observed
and the number of patients showing a normal glucose profile increased (Table 3). In contrast,
the prevalence of lipid metabolic changes significantly increased. MetS prevalence also
rose, although not significantly (42.4% pre-transplant vs. 57.6% post-transplant; p = 0.062).

Table 3. Metabolic parameters before and after transplant.

Variables Pre-Transplant Post-Transplant
N, (%) Median (IQR) N, (%) Median (IQR) p

Body mass index, kg/m2 24.9 [22–28] 25.2 [22.8–28.4] 0.022
Waist circumference, cm 98 [89–102] 102 [94–110] 0.001

Fasting glycemia, mg/dL 101 [88–122.5] 94 94 [88–108] 0.010
Glucose metabolic profile

Normal
IFG/IGT

Diabetes mellitus

47 (39.5)
41 (34.5)
31 (26.1)

66 (55.5)
16 (13.4)
37 (31.1)

0.000

Cholesterol, mg/dL
Total
HDL
LDL

153 [126–186]
43 [34.75–51]

93 [70.75–118]

184 [148–217]
54.5 [44–68]

100.5 [74.7–123.8]

0.000
0.000
0.737

Hypercholesterolemia 50 (43.5) 68 (57.1) 0.002
Triglycerides, mg/dL 95 [71–135] 151 [113–190] 0.000
Hypertriglyceridemia 26 (21.8) 62 (52.1) 0.000
Metabolic syndrome 39 (42.4) 53 (57.6) 0.062

eGFR (CKD-EPI), mL/min 72.6 [57–90.3] 68.6 [50.2–96.4] 0.276

Data are expressed as number (percent) or median [interquartile range-IQR].

Comparing glucose metabolic status case-by-case before and after HT, we detected
14 patients who developed de novo PTDM. Indeed, based on our observations, patients
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with a pre-transplant normal glucose metabolism showed an incidence of PTDM equal to
3.2 cases/100 patient-years.

3.3. Relation of Glucose Metabolic Changes with Anthropometric and Metabolic Dysfunction

The comparison of pre- and post-transplant changes in glucose metabolism allowed us
to divide patients into four subgroups. Group A: worsened, including PTDM development
(N = 23); group B: improved (N = 31); group C: persistently normal glucose metabolism
(N = 36); and group D: unchanged pre-diabetes/DM (N = 29). Table 4 shows the variations
of metabolic parameters in these four groups. PTDM was treated with diet in all patients.
In addition, oral antidiabetics (metformin, gliclazide or repaglinide) were prescribed to
21 patients, whereas insulin was administered to 15 patients, as clinically indicated.

No significant differences between the 4 groups were observed in terms of age
(p = 0.068), heart disease etiology (p = 0.172) and median duration of follow-up (p = 0.793)
(data not shown). Also, immune suppressive treatment as well as use of prednisone did
not differ. Immune suppressive drug regimens in use in the 4 subgroups of patients are
detailed in Supplementary Table S1. As shown, there were no significant differences across
subgroups.

HDL cholesterol and triglyceride levels increased significantly in all patients. Patients
with worsening glucose metabolic pattern were the only who showed a significant increase
of BMI and of MetS prevalence after HT (Figure 1). LDL cholesterol did not show significant
changes. Median BMI was also significantly higher in patients with worsening or stably
abnormal glucose metabolism (groups A and D) compared with counterparts (groups B
and C) at both pre- and post-transplant time points (data not shown).
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Figure 1. Changes in body mass index (BMI) [Panel A] and in metabolic syndrome prevalence [Panel
B] from pre-transplant to post-transplant assessment in patients grouped according to changes in
glucose metabolic state. Group A: worsened, including PTDM (N = 23); group B: improved (N = 31);
group C: persistently normal glucose metabolism (N = 36); group D: unchanged pre-diabetes/DM
(N = 29).

Changes in glucose metabolic state also appeared to associate with the post-transplant
dynamics of renal function. Indeed, as graphically shown in Figure 2, the eGFR showed a
trend for a decrease in group A (worsening glucose metabolism) and group D (persistently
altered glucose metabolism), while eGFR remained stable in groups B (improving) and C
(stably normal).
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Figure 2. Column scatter plot showing changes in the estimated glomerular filtration rate from
pre-transplant to post-transplant assessment in patients grouped according to changes in glucose
metabolic state. Group A: worsened, including PTDM (N = 23); group B: improved (N = 31); group C:
persistently normal glucose metabolism (N = 36); group D: unchanged pre-diabetes/DM (N = 29).

Mortality was significantly different according to post-transplant glucose metabolic
changes. In particular, early mortality was lower in group C patients (stably normal),
whereas improvement of glucose metabolic state after transplant (group B) favorably
affected mid-term mortality, which was indeed better than in group D where glucose
metabolism remained altered (log-rank p = 0.028; Figure 3). Survival in the overall study
sample (all subgroups) was also analysed in a logistic regression model in relation to all
major clinical risk factors before and after transplant, as well as all variables related to
glucose metabolism (Supplementary Table S2). As shown, none of the evaluated factors
was an independent predictor of mortality in the multivariable analysis.
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No differences were observed across the 4 groups regarding risk of infections and
cancer development (not shown).

4. Discussion

Since the update of criteria for PTDM diagnosis, little evidence was generated regard-
ing PTDM after HT [5]. In our study, observed incidence was substantially lower than
previously described [2,28–30]. Stringent exclusion of pre-transplant DM and of transient
post-transplant hyperglycemia likely explain the difference. Also, our evaluations were
done in stable patients while on maintenance immune suppression.

HT had a clear impact on recipients’ metabolic function, associating with BMI increase,
dyslipidemiam and raised MetS. In line with these data, overall DM prevalence slightly
increased too. Interestingly, however, an association emerged between MetS and worsening
glucose metabolism. Among patients who showed PTDM onset and any worsening of
glycemic condition, a significant increase of BMI and MetS prevalence occurred, which
was not observed in the other groups. This suggests that PTDM, or more broadly, glucose
metabolic changes after HT are more likely linked to body composition changes rather than
the effects of immune suppressive drugs. Indeed, in group B, showing improvement in
glucose profiles, an inverse trend of reduction in MetS was observed.

Concurrent administration of multiple immune suppressors makes it difficult to anal-
yse their possible role as inducers of glucose metabolic derangement [13–17]. PTDM
pathophysiological mechanisms include factors that are specific to the post-transplant
setting. Corticosteroids can promote PTDM through various mechanisms, inducing or
worsening insulin resistance, increasing hepatic gluconeogenesis, reducing insulin secretion
and, in the longer term, causing weight gain and visceral fat redistribution [2]. Calcineurin
inhibitors reduce insulin secretion by acting on pancreatic beta cells, with tacrolimus show-
ing a greater effect than cyclosporine [2,13]. Inhibitors of m-TOR, including everolimus,
may also be implicated in the pathogenesis of PTDM, as they exert negative effects on
both pancreatic beta cell function and insulin sensitivity [14–16]. In contrast, mycophenolic
acid does not appear to affect glucose metabolism and the development of PTDM. Based
on our data, we hypothesise immune suppressive agents increase overall recipient risk
to develop glucose metabolic changes, with the latter manifesting phenotypically only
among those characterised by an additional risk factor, e.g., when weight gain or develop-
ment/worsening of MetS occurs. Immune suppressive treatment might therefore play a
secondary/complementary role, as among our study subjects, these were homogeneously
prescribed. Also, patient subgroups were consistent in terms of follow-up duration and, in
turn, overall exposure to immune suppressive treatment.

Another interesting yet unexpected finding of our study was the positive effect HT
had on glucose metabolism in a substantial subgroup of study subjects (N = 31, 26%—
group B). Here, no weight gain and a trend for MetS prevalence reduction were observed.
It is likely that these cases, previously affected by decompensated heart failure, recover
metabolically as a consequence of improved functional capacity and more intense physical
activity. Consistent with this hypothesis is the observed increase of HDL-cholesterol levels,
observed in all groups, but less pronounced in those with worsening glucose metabolism.
Unfortunately, we did not collect data regarding patient physical activity.

Our data suggest an impact of glucose metabolic changes on HT recipient outcomes.
Diabetics who remain in this condition (group D) have a lower overall survival, whilst
those showing persistently normal glucose status have the best outcome. Furthermore, an
improved glucose metabolic state translates into a better mid-term survival. In contrast,
and at variance with prior studies [18], there was no apparent association between PTDM
or worsening glycemia and an increased occurrence of infections or malignancies.

Chronic kidney disease is a major issue in HT recipients. In our study, there were
some clues to the association between this complication and a worse glucose metabolic
state. Indeed, a trend for a greater reduction in the glomerular filtration rate was evident in
group A, as well as in group D patients. In contrast, a role for PTDM and glucose metabolic
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changes in the development of HT rejection and specifically cardiac allograft vasculopathy
was not evident from this study, in line with prior data [19].

In conclusion, mechanisms underlying glucose metabolic changes after HT deserve
further study. Our data suggest that avoidance of weight gain and MetS development
could represent a viable strategy to prevent PTDM onset. This is likely pursued by low
calorie diet and physical exercise throughout the post-transplant follow-up.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10112704/s1, Table S1: Immune suppressive drug
regimens in use in the 4 subgroups of patients divided according to glucose metabolic changes before
and after transplant; Table S2: Univariate and multivariable regression analysis of factors associated
with mortality in the 119 patients studied.

Author Contributions: Conceptualization, E.D.-M. and D.I.; Methodology, C.M. and R.Z.; Formal
Analysis, D.I., V.I. and E.D.-M.; Investigation, I.M., U.M., D.P., R.A.; Writing—Original Draft Prepara-
tion, V.I., D.I.; Writing—Review & Editing, E.D.-M.; Supervision, C.M. and R.Z.; Funding Acquisition,
E.D.-M. All authors made contributions to the acquisition, analysis, and interpretation of data, and
to the revision of the manuscript. All authors have read and agreed to the published version of the
manuscript.

Funding: Research related to this paper was supported by the grant Ricerca di Ateneo 2015 to EDM.

Institutional Review Board Statement: Data collection from heart transplant recipients’ electronic
records was approved by the University of Campania and AORN Ospedali dei Colli Ethics Committee
(protocol n. 28/2019).

Informed Consent Statement: Patient consent was waived due to retrospective nature of the study.
All subjects gave their informed consent to all clinical procedures.

Data Availability Statement: Data are available from the corresponding author upon reasonable
request.

Acknowledgments: We would like to thank Fabiana D’Amico for technical support.

Conflicts of Interest: The authors declare no conflict of interest related with the content of this article.

References
1. Khush, K.K.; Hsich, E.; Potena, L.; Cherikh, W.S.; Chambers, D.C.; Harhay, M.O.; Hayes, D.; Perch, M.; Sadavarte, A.; Toll, A.;

et al. International Society for Heart and Lung Transplantation. The International Thoracic Organ Transplant Registry of the
International Society for Heart and Lung Transplantation: Thirty-eighth adult heart transplantation report—2021; Focus on
recipient characteristics. J. Heart Lung Transpl. 2021, 40, 1035–1049. [CrossRef]

2. Ye, X.; Kuo, H.-T.; Sampaio, M.; Jiang, Y.; Reddy, P.; Bunnapradist, S. Risk factors for development of new onset diabetes mellitus
in adult heart transplant recipients. Transplantation 2010, 89, 1526–1532. [CrossRef]

3. Munshi, V.N.; Saghafian, S.; Cook, C.B.; Eric Steidley, D.; Hardaway, B.; Chakkera, H.A. Incidence, Risk Factors, and Trends for
Postheart Transplantation Diabetes Mellitus. Am. J. Cardiol. 2020, 125, 436–440. [CrossRef]

4. Davidson, J.; Wilkinson, A.; Dantal, J.; Dotta, F.; Haller, H.; HERNandez, D.O.; Kasiske, B.L.; Kiberd, B.; Krentz, A.; Legendre,
C.; et al. New onset diabetes after transplantation: 2003 International Consensus Guidelines. Transplantation 2003, 75, SS1–SS24.
[CrossRef]

5. Sharif, A.; Hecking, M.; De Vries, A.P.; Porrini, E.; Hornum, M.; Rasoul-Rockenschaub, S.; Berlakovich, G.; Krebs, M.; Kautzky-
Willer, A.; Schernthaner, G.; et al. Proceedings from an international consensus meeting on post-transplantation diabetes mellitus:
Recommendations and future directions. Am. J. Transplant. 2014, 14, 1992–2000. [CrossRef]

6. American Diabetes Association. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes-2020. Diabetes
Care 2020, 43 (Suppl. 1), S14–S31. [CrossRef]

7. Chowdhury, T.A.; Wahba, M.; Mallik, R.; Peracha, J.; Patel, D.; De, P.; Fogarty, D.; Frankel, A.; Karalliedde, J.; Mark, P.B.; et al.
Association of British Clinical Diabetologists and Renal Association guidelines on the detection and management of diabetes post
solid organ transplantation. Diabet. Med. 2021, 38, e14523. [CrossRef]

8. Dong, M.; Parsaik, A.K.; Eberhardt, N.L.; Basu, A.; Cosio, F.G.; Kudva, Y.C. Cellular and physiological mechanisms of new-onset
diabetes mellitus after solid organ transplantation. Diabet. Med. 2012, 29, e1–e12. [CrossRef]

9. Sorice, G.P.; Di Pizio, L.; Sun, V.A.; Schirò, T.; Muscogiuri, G.; Mezza, T.; Cefalo, C.M.; Prioletta, A.; Pontecorvi, A.; Giaccari, A.
Metabolic syndrome in transplant patients: An updating point of view. Minerva Endocrinol. 2012, 37, 211–220.

10. ISTAT. Years 2000–2016: The Diabetes in Italy. Stat. Rep. 2017.

100



Biomedicines 2022, 10, 2704

11. Bodziak, K.A.; Hricik, D.E. New-onset diabetes mellitus after solid organ transplantation. Transpl. Int. 2009, 22, 519–530.
[CrossRef]

12. van Raalte, D.H.; Diamant, M. Steroid diabetes: From mechanism to treatment? Neth. J. Med. 2014, 72, 62–72.
13. Subramanian, S.; Trence, D.L. Immunosuppressive agents: Effects on glucose and lipid metabolism. Endocrinol. Metab. Clin. N.

Am. 2007, 36, 891–905. [CrossRef]
14. Barlow, A.D.; Nicholson, M.L.; Herbert, T.P. Evidence for rapamycin toxicity in pancreatic β-cells and a review of the underlying

molecular mechanisms. Diabetes 2013, 62, 2674–2682. [CrossRef]
15. Johnston, O.; Rose, C.L.; Webster, A.C.; Gill, J.S. Sirolimus Is Associated with New-Onset Diabetes in Kidney Transplant Recipients.

J. Am. Soc. Nephrol. 2008, 19, 1411–1418. [CrossRef]
16. Murakami, N.; Riella, L.V.; Funakoshi, T. Risk of metabolic complications in kidney transplantation after conversion to mTOR

inhibitor: A systematic review and meta-analysis. Am. J. Transplant. 2014, 14, 2317–2327. [CrossRef]
17. Pirsch, J.D.; Henning, A.K.; First, M.R.; Fitzsimmons, W.; Gaber, A.O.; Reisfield, R.; Shihab, F.; Woodle, E.S. New-Onset Diabetes

After Transplantation: Results From a Double-Blind Early Corticosteroid Withdrawal Trial. Am. J. Transplant. 2015, 15, 1982–1990.
[CrossRef]

18. Cho, M.S.; Choi, H.I.; Kim, I.O.; Jung, S.H.; Yun, T.J.; Lee, J.W.; Kim, M.S.; Kim, J.J. The clinical course and outcomes of
post-transplantation diabetes mellitus after heart transplantation. J. Korean Med. Sci. 2012, 27, 1460–1467. [CrossRef]
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Abstract: Metabolic syndrome is a complex disease state, which appears mostly as a consequence of
an unhealthy, sedentary lifestyle. Metabolic complications include insulin resistance (IR), diabetes,
dyslipidemia, hypertension, and atherosclerosis, impairing life standards and reducing life expectancy.
The endocannabinoid system (ECS) has an important role in signalization processes, not only in the
central nervous system, but also in the peripheral tissues. Several physiological functions are affected,
and overexpression or downregulation contributes to several diseases. A better understanding of
the functions of cannabinoid (CB) receptors may propose potential therapeutic effects by influencing
receptor signaling and enzymes involved in downstream pathways. In this review, we summarize
recent information regarding the roles of the ECS and the CB1 receptor signaling in the physiology and
pathophysiology of energy and metabolic homeostasis, in the development of obesity by enhancing
food intake, upregulating energy balance and fat accumulation, increasing lipogenesis and glucose
production, and impairing insulin sensitivity and secretion. By analyzing the roles of the ECS in
physiological and pathophysiological mechanisms, we introduce some recently identified signaling
pathways in the mechanism of the pathogenesis of metabolic syndrome. Our review emphasizes that the
presence of such recently identified ECS signaling steps raises new therapeutic potential in the treatment
of complex metabolic diseases such as diabetes, insulin resistance, obesity, and hypertension.

Keywords: endocannabinoid system; CB1 cannabinoid receptor; diabetes; metabolic disease; metabolic
syndrome

1. Introduction

Obesity and concomitant diseases such as diabetes, atherosclerosis, and other car-
diovascular diseases (CVDs), as well as their consequences, now comprise a worldwide
problem representing the highest entries in mortality statistics. The term metabolic syn-
drome has been introduced as a complex metabolic disorder accompanied by obesity and
multiple cardiovascular risk factors for chronic diseases such as atherosclerosis, hyper-
tension, and diabetes mellitus. The development of metabolic syndrome and metabolic
pathologic disorders can be attributed to lifestyle, environmental, and genetic factors. A
sedentary lifestyle and an unhealthy diet are the most obvious reasons [1–8].

It has been revealed that the endocannabinoid system (ECS) plays an important role
in several physiologic regulatory mechanisms. Cannabinoid receptors were first identified
in the nervous system as contributing to retrograde synaptic signaling [9,10]. Since then,
the role of cannabinoid receptors has also been revealed in several tissues, such as in
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the cardiovascular, endocrine, and gastrointestinal systems [2,11]. Among their multiple
roles, ECS and cannabinoid receptor signaling also play a regulatory role in food intake
and energy metabolism. Activation of the cannabinoid type 1 receptor (CB1R) signaling
pathway may upregulate food uptake, while inhibition of ECS signaling may depress food
uptake mechanisms to develop weight loss [6,12,13]. Other studies have demonstrated a
significant role of the ECS in lipid homeostasis [14–16]. Thus, investigation of the specific
role of the ECS and cannabinoid signaling mechanisms can reveal important means for
future therapeutic interventions.

Based on previous observations, in the present review, we aimed to summarize novel
ECS signaling mechanisms with promising potential in the treatment of complex metabolic
diseases such as diabetes, insulin resistance (IR), obesity, and hypertension.

2. Metabolic Syndrome

Metabolic syndrome, as a complex disorder, involves the disturbance of glucose
metabolism, dyslipidemias, central obesity, and elevated blood pressure, promoting further
cardiovascular morbidities such as atherosclerosis [2–8,17–20]. An earlier term has also
been used, “syndrome X” or IR syndrome with hyperinsulinemia [6,17,21]. Clinical and
metabolic studies have revealed the link between IR/hyperinsulinemia with dyslipidemia,
elevations in triglyceride (TG) levels, reduced high-density lipoprotein (HDL), and elevated
low-density lipoprotein (LDL) and total cholesterol levels. These in turn contribute to
cardiovascular pathologies such as hypertension and atherosclerosis. Cardiovascular risk
factors, which frequently occur in obesity and metabolic syndrome in populations of
middle-aged adults independently of age, gender, ethnicity, and body mass index (BMI),
include elevated TGs, low HDL cholesterol, and elevated LDL cholesterol [5,6,11,17,18,21].
According to previous observations, metabolic syndrome often involves the following
components: high fasting glucose, IR with hyperinsulinemia, dyslipidemia, high blood
pressure, and high BMI [3,5,6,19].

Obesity and Insulin Resistance

Obesity often accompanies metabolic syndrome. An unhealthy diet (Western-type diet)
in combination with a sedentary (inactive) lifestyle promotes the development of obesity
and other symptoms of metabolic syndrome. The extent of obesity is often measured with
BMI [1,5,6,11,22].

Obesity is often accompanied by IR, hyperinsulinemia, and dyslipidemia, which consti-
tute further risks for CVDs. Neurohumoral activation also plays a role in the pathogenesis of
obesity and metabolic syndrome through the production of adipokines such as adiponectin
and leptin. Leptin produced by adipose tissue regulates hypothalamic appetite control
mechanisms involving feeding behavior and hunger. Adiponectin is an anti-inflammatory
hormone considered to be a protective factor against diabetes and IR. Obesity increases
leptin levels and reduces adiponectin production, activating the renin–angiotensin system
and inflammatory pathways such as TNF-α and NF-KB [6,23,24]. Visceral obesity, IR, and
activation of neuroendocrine and inflammatory metabolites induce a metabolic inflam-
matory state, which leads to the development of complex metabolic disease with further
cardiovascular risks [6,18,25]. The role of the opioid system in the development of obesity
has also been described [26]. Infusions of beta-endorphins increased plasma levels of the
pancreatic hormones insulin, C peptide, and glucagon and also elevated plasma glucose
levels in young patients with obese relatives, which suggests the involvement of opioid
peptides in metabolic events related to obesity [26].

Obesity and IR often develop into type 2 (non-insulin-dependent) diabetes (T2D).
Patients diagnosed as type 2 diabetics are treated with antidiabetic drugs; in serious cases,
they also may receive insulin. Among the prescriptions of treatment, it is important to
improve patients’ lifestyle, maintain a special diet and perform regular activities. Type 2
diabetes (contrary to type 1) is often accompanied by obesity and metabolic syndrome. Thus,
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by organizing a healthy lifestyle and nutrition, progression of the disease and worsening of
the condition of the patient can be prevented [3,6,14,15,18].

3. Endocannabinoid System and Its Physiological Roles

It is known that endogenously produced cannabinoids exert their physiological role
by activating cannabinoid receptors. Cannabinoid receptors were originally named after
their affinity for 9-tetrahydrocannabinol (THC), the main active ingredient of the extracts
of Cannabis sativa. Endocannabinoids (eCBs) serve as endogenous ligands for cannabi-
noid receptors and participate in tissue-specific paracrine regulatory mechanisms first
discovered in the nervous system [9,27]. The components of the ECS are the endocannabi-
noids, their receptors and intracellular signaling pathways, and enzymes that modulate
their production and degradation [15,28–31]. The most important endocannabinoids can
be listed as arachidonoyl ethanolamide (anandamide (AEA)), 2-arachidonoylglycerol (2-
AG), noladin ether, O-arachidonoyl ethanolamine (virodhamine), and N-arachidonoyl
dopamine [28,31–33]. AEA was isolated from pig brain tissue in 1992 by Devan [34]; later,
2-AG was discovered [35]. Production of 2-AG endocannabinoid is catalyzed by diacylglyc-
erol (DAG) lipase (DAGL), and its degradation is due to monoacylglycerol (MAG) lipase
(MAGL). Degradation of AEA is catalyzed by fatty acid amide hydrolase (FAAH) [11,31].

Endocannabinoids exert their actions on cannabinoid receptors. These include CB1Rs,
which are characteristically present in neural tissues, and type 2 cannabinoid receptors
(CB2R), which occur mostly in immune cells [9]. Cannabinoid receptors belong to the
G-protein-coupled receptor (GPCR) family [28]. Cannabinoid-binding receptors were
first characterized from brain tissue [34,36]. Since then, in addition to CB1Rs and CB2Rs,
some other receptors have also been identified to respond to cannabinoid stimuli, such
as GPR55 and TRPV1 [2,11,37]. CB1Rs are characteristically present in the central ner-
vous system (CNS), typically with presynaptic neuronal location modulating the synaptic
transmission [9,28]. During neuronal stimulation by neurotransmitters such as glutamate
and acetylcholine, endocannabinoid-mediated CB1R presynaptic activation mediates the
important function of depolarization-induced retrograde synaptic inhibition [9]. Signal
transduction of CB1Rs is through heterotrimeric G proteins of the Gi/o type, inhibiting
adenylyl cyclase and thus regulating calcium and potassium channels. In the case of de-
polarizing neurotransmitters (e.g., glutamate, acetylcholine), the concomitant release of
endocannabinoids during cell signaling and the modulation of ionic channel activity will
be an important neuromodulator action [30,38,39]. Several endocannabinoid compounds
have been identified until now, including AEA and 2-AG [9,28,30]. 2-AG production has
also been detected in the vascular smooth muscle cells of rat aorta [30,35]. AEA is a partial
agonist of CB1Rs and has less affinity to CB2Rs, while 2-AG has been shown to have an
affinity to both cannabinoid receptor subtypes [28,34,35]. CB2Rs have been found most
of all on the immune cells and peripheral nerve endings controlling inflammatory and
immune processes. They have been found to be located in the spleen, tonsils, and in
hematopoietic tissues, as well as in cardiac and vascular tissues [2,11,32].

In addition to the earlier recognized key functions of endocannabinoids in the CNS,
their roles in peripheral tissues have also raised interest [9,19,28,30,40–42]. It has been
shown that the cannabinoid system plays a role in several important physiological mech-
anisms, in the field of cardiovascular, inflammatory, gastrointestinal, and endocrine reg-
ulations [19,28,30,40,43]. What is important now for us, their role in metabolic control
processes, energy balance, and appetite regulation has been proven [44,45]. For a better
understanding of the events in metabolic syndrome, we have to take into consideration
the direct cardiovascular effects of endocannabinoids: negative inotropic, vasodilatator,
and hypotensive actions have been reported [19,30,46,47]. With the growing number
of studies on compounds modulating the ECS, new therapies for frequently combined
metabolic–cardiovascular disorders appear on the horizon [11,43,46].
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Physiological Roles of CB1 Cannabinoid Receptors

CB1R was first discovered by its role in the CNS [36] and has been described to partici-
pate in retrograde synaptic signaling [9,10]. Later on, CB1Rs were detected in other tissues,
such as in the peripheral nervous system, in the endothelium, and smooth muscle cells of
vascular tissue; in fat tissue; in splanchnic organs; in the liver; and in skeletal muscle tissue as
well [19,28,30,38,40,48]. There is growing evidence that endocannabinoids via CB1R play a role
in a variety of physiological functions, such as maintenance of homeostasis and controlling the
functions of several organs, such as vasoregulation, cardiac function, gastrointestinal and en-
docrine functions, energy metabolism, and appetite [19,28,30,40,43,46,47,49,50]. CB1R function
can be activated by agonists and synthetic agonists, such as THC, WIN 55212, and HU210,
and inhibition can be achieved by selective CB1R antagonists such as SR141716 (rimona-
bant), inverse agonist AM251, or neutral antagonist O2050 [11,28,30,40,47,49,51]. Activation
of CB1R produces acute and chronic effects in tissues. In the cardiovascular system, vasodi-
lation and cardiac depression with hypotensive action have been observed [11,49]. It has
been reported previously in cell-expressing systems that activation of certain GPCRs such
as the type 1 angiotensin receptor (AT1R) and calcium signaling may activate the DAGL en-
zyme to release 2-AG, which further mediates the paracrine transactivation of CB1Rs [40,42].
Angiotensin II (Ang II)-induced CB1R coactivation was inhibited by inhibitors of DAGL,
which suggests that DAG generated from phosphoinositides during the AT1R signaling
pathway is converted to 2-AG by DAGL [41,42]. In concert with this observation, we have
found that in vascular tissue, Ang II-induced vasoconstriction is augmented by inhibition
of CB1R and also of DAGL, whereas it is attenuated by inhibition of MAGL, suggesting
that locally produced 2-AG activates vascular CB1Rs attenuating Ang II-induced vaso-
constriction [30]. In recent studies, we have also found that endocannabinoid signaling
moderates the tone of coronary arterioles [47,49]. CB1R signaling mechanisms due to
locally released endocannabinoids are also involved in several metabolic processes, such as
lipogenesis and altered glucose homeostasis. CB1R-induced lipogenesis is augmented in
adipose tissue by stimulation of TG synthesis in the liver. Activation of CB1R-signaling
also augments plasma TG and total cholesterol levels with depression of HDL. Related to
carbohydrate homeostasis, CB1R activation can lead to gluconeogenesis, IR, and impaired
glucose tolerance [2,11,15,52].

4. Role of Endocannabinoid System in the Metabolic Control Processes

The ECS has a significant role in several metabolic control processes. The ECS is
present in the CNS, affecting appetite, food consumption, eating motivation, and energy
homeostasis. The ECS can influence feeding control both in the CNS and in the periphery by
influencing cell signaling pathways and the production and degradation of hormones and
enzymes. The ECS promotes energy intake and storage, which favors overnutrition and
the development of obesity and metabolic syndrome. The ECS and overactive cannabinoid
CB1R signaling promote overnutrition, increases lipogenesis, and the risk of obesity and
metabolic syndrome, including IR and dyslipidemia [14–16,18,20,28,43,44].

4.1. Effects of Endocannabinoid System on Fat Metabolism

The ECS influences fat metabolism by stimulating lipogenesis [11,14,16,28,53,54]. Acti-
vation of CB1R signaling stimulates lipogenesis and results in weight gain. Central CB1Rs
located in the hypothalamus and limbic system are involved in the regulation of feeding.
The ECS has important physiological regulatory functions not only in the CNS, but also
in the periphery. Endocannabinoids and CB1R activation at the peripheral sites influ-
ence the metabolism of adipose tissue, liver, and skeletal muscle to promote lipogenesis.
CB1Rs are expressed in both adipocytes and in hepatocytes; their activation increases
lipogenesis while decreasing fatty acid oxidation in adipose tissue and the liver. Thus,
endocannabinoids by peripheral CB1R activation contribute to diet-induced obesity and
hepatic steatosis [11,28,51,54–56].
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Endocannabinoid-induced lipogenesis involves several pathways. In hepatic tissue,
endocannabinoids via the activation of CB1R increase expression of the lipogenic tran-
scription factor SREBP-1c and its target genes such as acetyl-CoA carboxylase-1 and fatty
acid synthase [55]. Endocannabinoids and CB1R activation also enhance preadipocyte
maturation and trigger the peroxisome proliferator-activated receptor group, which in turn
increases fat cell size and TG content by activation of TG synthesis from consumed fatty
acids by inhibiting lipid breakdown and oxidation of fatty acids. Meanwhile, fatty-acid-
synthesizing enzymes forming de novo fatty acids will be stimulated. Elevated 2-AG levels
in skeletal muscle and adipose tissue cells activate CB1Rs and induce lipogenesis, but on the
other hand, anti-lipogenic pathways will also be activated via TRPV1 receptors modulating
visceral fat accumulation and adiponectin production [15]. Activation of CB1Rs by CB1R
agonists increases lipogenesis in the liver also from non-fat-origin resources activating
lipogenic enzymes in mice [56]. To prove the link between diet and the ECS, it was found
that a high-fat diet (HFD) in mice increased endocannabinoid levels and expression of ECS
enzymes in adipose tissue [57]. By detecting eCB levels in obese patients, it was found
that although diet and obesity had no influence on eCB levels, expression of DAGL was
upregulated, while mRNA expressions of MAGL and FAAH were downregulated in subcu-
taneous adipose tissue. However, interestingly, dietary fat intake reduced skeletal muscle
CB1R and MAGL mRNA expressions, suggesting that a HFD influences ECS expression
with tissue specificity [58].

4.2. Effects of Endocannabinoid System on Hunger and Appetite

Endocannabinoids and their receptors are involved at multiple levels in the control of
energy homeostasis, food intake, and appetite by stimulating orexigenic pathways in the
hypothalamus [6,11,51]. Endocannabinoids are orexigenic mediators and are part of the
leptin-regulated central neural circuits that control energy intake [51]. Endocannabinoids
via CB1R activation modulate the activity of hypothalamic neurons and the release of
orexigenic and anorexigenic neuropeptides regulating energy metabolism to stimulate
hunger [6,16,50,59,60]. These actions are mediated partly by leptin and ghrelin pathways,
which modulate hypothalamic eCB levels. These pathways become deregulated during
obesity with elevated hypothalamic eCB tone [6,16,61,62].

In some countries, cannabis-based drugs were used for improving appetite, mood, and
ameliorating nausea in the 19th century. Cannabis-based therapy is still used nowadays
for enhancing appetite or reducing nausea and pain in patients having chemotherapy
and cancer [7,28,29,63]. CB1R activation increases appetite through actions on the CNS.
A network of CB1R can be found in several nuclei of the hypothalamus, including the
arcuate nucleus, paraventricular nucleus (PVN), ventromedial hypothalamus (VMH), and
dorsomedial hypothalamus. These areas and their pathways have an important role in
regulating the body’s homeostasis and several neuroendocrine functions [13,64]. To prove
the direct link between cannabinoids and appetite control, it was observed in animal
studies that injection of exogenous AEA (also an endocannabinoid) or THC into the VMH,
or injection of AEA into PVN, significantly elevated the appetite of satiated animals [13,64].

Leptin is an important mediator in the control of food intake. Leptin, secreted by
adipose tissue cells, is known to decrease food consumption by stimulating an anorex-
igenic pathway in the hypothalamus affecting the satiety–appetite system. Absence of
leptin signaling elevated endocannabinoid levels in the hypothalamus, inducing hunger
and overeating. After leptin treatment, hypothalamic AEA and 2-AG levels have been
significantly reduced [16,61]. Defective leptin signaling is associated with elevated hy-
pothalamic endocannabinoids in obese db/db and ob/ob mice and Zucker rats [61]. Leptin
also stimulates the secretion and activation of FAAH, thereby decreasing the level of
AEA. Leptin resistance has been found to reduce satiety, leading to obesity and secondary
hyperleptinemia in several obese patients [45].

Components of the ECS located in the mesolimbic areas, the nucleus accumbens shell
(NAcS) and the ventral tegmental area (VTA), participate in rewarding and motivational
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processes. Dopamine elicits a pleasure feeling in several places of the CNS; levels can
also be enhanced by reward-related conditioning stimuli. Absence of CB1Rs reduces the
stimulating effect on dopamine secretion, thereby preventing the development of addiction
and rewarding traits [60]. The CB1R antagonist rimonabant inhibits dopamine secretion in
the NAcS after food intake. However, in the NAcS, eCB levels increase during starvation
and decrease during feeding. Dopamine regulates eCB levels with a negative feedback
mechanism. The need to consume delicious food increases after food withdrawal, and a
more rewarding sensation will be produced after food consumption. If an imbalance of
the negative feedback occurs, an elevated ECS tone enhances food enjoyment resulting in
hyperphagia [60].

Signals of gastric saturation enter the brainstem. After food intake, peptides such as
ghrelin are released in the stomach, which is an important regulator peptide of appetite
control. Another regulator peptide, cholecystokinin (CCK), is present in areas of the brain
where nutrition and behavioral functions are regulated; in the cortical and limbic areas,
it is coexpressed with CB1Rs. CCK reduces CB1R expression with a negative feedback
mechanism, thereby reducing the number of CB1Rs after a meal. Food deprivation increases
the number of CB1Rs, while the release of ghrelin attenuates the inhibition effect of CCK
on CB1R. In the case of decreased CCK levels, the opioid signaling pathway is stimulated,
which also has a major impact on the reward system [53]. The peripheral CB1R antagonist
AM6545 in diet-induced obese mice induces an hypophagic effect. This can be reversed by
inhibition of CCK receptors, indicating that obesity-associated hyperphagia is mediated by
the mechanism including CB1R-mediated inhibition of gut–brain satiation signaling [44].

Motivational aspects of feeding include pathways involving the ghrelin-activated
reward system in relation to dopamine, opioid, and endocannabinoid pathways [65].
Cannabinoid agonists stimulate the activity of VTA dopamine neurons, which enhances
the release of dopamine in the NAcS, while antagonists of CB1R reduce dopamine release.
Thus, ghrelin-activated dopamine release is regulated by the signaling processes of the
ECS. Activation of the ECS promotes energy storage, generating fat accumulation and
increasing caloric intake by stimulating appetite and the consumption of delicious food. In
addition, administration of low-dose THC induces gluttony due to its appetite-stimulating
effect. In experimental animals, after injecting AEA into the ventromedial nucleus of the
hypothalamus, hyperphagia appears. In addition, the injection of endocannabinoids into
the NAcS affected eating habits by reducing eating motivation [13].

4.3. Role of Endocannabinoid System in the Pathogenesis of Obesity

Obesity is a condition that contributes to the development of several metabolic comor-
bidities. In obesity, the balance between food intake and metabolism shifts, and excessive
fat storage will be typical. General availability of cheap energy- and fat-rich diets avail-
able results in what can be called a pandemic of obesity. It has been proven that the
levels of endocannabinoids, the number of cannabinoid receptors, and the availability of
arachidonic and linoleic acids are all increased in obese patients. Linoleic acid is found
in large amounts in the Western-type diet, which contains excessive fat, and it facilitates
endocannabinoid synthesis. An overreaction of the ECS plays a role in the pathogenesis
of obesity, IR, and atherosclerosis [2]. Activation of CB1Rs by endocannabinoids increases
appetite, lipogenesis, and weight gain and results in obesity with metabolic complica-
tions [3,11,15,16,28,53,55]. The ECS plays a role in the regulation of energy turnover by
stimulating both the CNS and peripheral nervous system to elevate food intake, fat storage,
and lipogenesis, which in turn result in obesity and metabolic diseases [3,28,52]. It was
found by Ruiz de Azua and Lutz that an increase in fat intake even without increasing
caloric consumption in mice resulted in increased body weight compared to control mice
fed on a conventional diet [16]. ECBs increase adiponectin secretion and fat storage by
increasing the amount of newly produced fatty acids and TG synthesis in adipose tissue
cells, while at the same time degradation of fatty acids is decreased. Activation of CB1Rs
in the liver also increases the production of fatty acids, so increased plasma cannabinoid
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levels can lead to the formation of nonalcoholic liver steatosis. All the above-mentioned
mechanisms contribute to obesity [3,11,14,15].

CB1R signal pathways activate orexigenic ones in the hypothalamus, stimulating
appetite and promoting obesity [6,54,60]. At the periphery, cannabinoid CB1Rs are impor-
tant participants in obesity-induced metabolic inflammation, IR, and dyslipidemia [18]. It
was found that AEA administration into VMH increased food consumption and induced
significant hyperphagia resulting in obesity, which was attenuated by pretreatment with
selective CB1R antagonist SR141716 in rats [13]. Stimulation of CB1 cannabinoid receptors
increased the amount of consumed food, and on the other hand, inhibiting the receptors
resulted in an improvement of insulin sensitivity and also decreased body weight and
improved metabolic parameters [6,11,28]. Further, to verify the role of CB1R in obesity
and metabolic processes, CB1R knockout (CB1R-KO) mice have been applied [66]. The
role of CB1Rs in appetite and weight gain could be verified by the fact that CB1R-KO mice
had a more moderate risk of obesity and weighed less than their wild-type counterparts,
which could be attributed to a mild deficit in adipose tissue mass [28,53,67]. It is even more
important that CB1R-KO mice were resistant to fatty-diet-induced obesity with similar
caloric inputs to their wild-type mates. This suggests the presence of an additional periph-
eral CB1R contribution to the development of obesity. CB1R-KO mice are also resistant
to obesity-accompanied changes in metabolic parameters, including hyperlipidemia and
elevated plasma insulin and leptin levels that consequently appear in obese wild-type (WT)
mice. CB1R-KO mice have lower leptin levels and enhanced sensitivity to the anorectic
effect of leptin [28,55,67]. These metabolic changes observed in CB1R-KO mice could also
be initiated by treatment with CB1R antagonist SR141716 [67,68].

In obesity, ECS and CB1Rs are also characteristically found upregulated in liver and
adipose tissue. In WT mice, 3 weeks of a HFD increased hepatic fatty acid synthesis.
These mice developed hepatic steatosis. This liver steatogenic effect of HFD was partly
reversed by SR141716 [55]. These findings indicate that a HFD activates eCBs, which
contributes to lipogenesis and hepatic steatosis and thus the development of obesity [28].
CB1R-dependent metabolic effects in relation to appetite and obesity are summarized in
Table 1.

Since endogenous cannabinoids by acting on CB1Rs stimulate appetite and lipogenesis,
CB1R antagonists seem to form a promising treatment for obesity. Treatment with CB1R
antagonists (such as rimonabant) caused a decrease in food intake and produced a sustained
weight loss in animals with diet-induced obesity [11,18,51,68]. In animal experiments, HFD-
induced obesity could be prevented in the absence of CB1Rs in CB1R-KO mice. CB1R KO
mice are detected to have less body weight, decreased body fat, and improved glucose
homeostasis and plasma lipid profile compared to their wild-type mates [16]. The CB1R
blockade also improves glucose tolerance, insulin and leptin sensitivity, and lipid profile in
diet-induced or genetically obese animals [11,68]. CB1R-KO mice were resistant to HFD-
induced hepatic steatosis. In addition, in HFD-fed WT mice, administration of the CB1R
antagonist decreased fatty acid production in the liver [56].

Clinical trials with rimonabant involving obese patients with metabolic syndrome
suggest beneficial effects of chronic CB1R blockade in reducing body weight and also in
improving glucose tolerance and lipid profile. CB1R antagonist rimonabant also reduced
plasma leptin and insulin levels, while it increased plasma adiponectin levels [11,69,70].
In a recent study, however, decreasing the level of 2-AG by inhibiting its degrading en-
zyme MAGL attenuated HFD-induced obesity. Surprisingly, MAGL-deficient mice fed a
HFD gained less body weight than wild-type mice and were also protected from IR and
hepatic steatosis. Experiments on double MAGL-CB1R-KO mice then indicated that these
mechanisms could be independent of CB1R signaling, suggesting other functions of the
enzyme [71].
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4.4. Role of Endocannabinoid System in the Pathogenesis of Insulin Resistance

IR is a disorder of the carbohydrate metabolism, an important component of the
metabolic syndrome family, often called the “ante-room of T2D”. In IR, by decreased
cellular insulin sensitivity, metabolic regulation of glucose homeostasis is damaged in
peripheral tissues and blood. According to novel data, we can state that the ECS has
an important role in the regulation of insulin signaling pathways. Activation of CB1Rs
stimulates appetite, metabolic disorders such as lipogenesis, dyslipidemia, and obesity, and
disorders of carbohydrate metabolism developing IR and T2D [52].

Endocannabinoids are orexigenic hormones, so an elevated ECS tone increases appetite
and food intake, resulting in obesity, which is a major risk factor in developing IR and
T2D. AEA via CB1R increases the craving for delicious meals and enhancement of energy
storage, but this effect could not be observed in CB1R-KO mice. High levels of AEA and
2-AG are associated with IR, elevated levels of visceral fat, and dyslipidemia [33].

During obesity, dysregulation of the ECS contributes to visceral fat accumulation
and suppresses the synthesis of adiponectin, decreasing insulin sensitivity and fatty acid
oxidation. Thus, further several cardiometabolic risk factors may develop that are associ-
ated with T2D and obesity [15]. In the skeletal muscle, eCBs disrupt the insulin signaling
pathway, and stimulation of CB1Rs in the liver depresses insulin sensitivity and insulin
production. In addition, eCB signaling excites endoplasmic reticulum stress levels, which
increases the levels of long-chain ceramides in the liver, inhibiting insulin signaling [52]. In
patients with T2D, higher circulating levels of endocannabinoids, as well as AEA or other
eCBs, can be detected than in patients without diabetes with similar body mass [33,72,73].
This observation was further supported by decreased endocannabinoid levels measured
during successful therapeutic (dietary) interventions to induce weight loss and improve
insulin sensitivity [33,74,75].

Stimulating CB1R with specific agonists increases the secretion of insulin, somato-
statin, and glucagon; it increases fat storage by stimulating lipoprotein lipase and release
of adiponectin, and as a result, hepatic steatosis and IR develop. CB1R-induced activa-
tion inhibits insulin signaling mechanisms by inhibiting insulin receptor substrate-1 and
protein kinase B (AKT) phosphorylation, depressing pancreatic beta cell function, which
mechanisms contribute to IR. Conversely, lack of CB1Rs or inhibition of CB1Rs improves
insulin signaling, thus improving IR and pancreatic beta cell function and reducing hepatic
steatosis and obesity [52,76,77]. In addition, in the mouse beta cell line and in human islets,
CB1R agonists diminished insulin secretion, whereas silencing CB1Rs in the beta cell line
increased the expression of proinsulin, glucokinase, and glucose transporter 2 (GLUT2),
which was also observed in the beta cells of CB1R-KO mice [78]. On the other hand, in
adipocytes, it was found that activation of CB1R by 2-AG promoted insulin sensitivity by
increasing insulin-stimulated AKT phosphorylation, which was attenuated by the CB1R
antagonist. This mechanism may serve CB1R-dependent lipid accumulation [79]. Targeting
ECS-dependent lipid signaling in the peripheral tissues can be a potential therapeutic
means to treat IR and T2D. Applying CB1R antagonists or inverse agonists as adjuvant ther-
apy to lifestyle modulation by weight reduction, exercise, and glycemic and lipemic control
in obese and T2D patients seems to be beneficial [15,33,52]. CB1R-dependent metabolic
effects in relation to IR and T2D are summarized in Table 2.
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4.5. Role of Endocannabinoid System in Hypertension

The endocannabinoid system is involved in the regulation of cardiovascular function.
Complex mechanisms of cardiovascular effects of cannabinoids involve modulation of
autonomic outflow in both central and peripheral nervous systems and also the direct
effects on myocardium and vasculature. CB1R-induced effects have been reported to
exert vasodilatory, negative inotropic, and hypotensive actions [11,19,30,38,49,50]. Though
CB1R stimulation exerts vasodilatory action, in CB1R-KO mice, blood pressure and heart
rate are described to be normal [38,50,80]. Elevated blood pressure was observed to be
effectively reduced by elevating eCB levels in a hypertensive rat model; however, systemic
cannabinoids induced only a mild hypotensive action in normotensive animals [46,50].
We previously observed that inhibition of CB1R by O2050 augmented Ang II-induced
vasoconstriction in wild-type mice, whose effect was not observed in CB1R-KO mates. In
addition, acute Ang II infusion-induced pressure rise was further augmented with CB1R
inhibitor O2050 in vivo in mice containing CB1Rs, which suggests a role of CB1Rs in the
control of vascular tone and blood pressure [30]. Previously, in a human study, THC was
demonstrated to reduce blood pressure [81], while in marijuana users, a higher prevalence
of elevated blood pressure has been reported [50,82]. Though CB1R stimulation has been
shown to be beneficial in hypertensive animal models [46,50], CB1R antagonism improved
cardiac function after experimental myocardial infarction and metabolic syndrome [50,83].
In addition, elevated levels of CB1R and eCB tone may be beneficial in CVD, or it may also
be an adaptive compensatory mechanism [50]. Thus, the role of the ECS in blood pressure
regulation and its therapeutic potential in hypertension still need further clarification.

4.6. Summary of the Role of Endocannabinoid System in Metabolic Control Processes

The mechanisms leading to metabolic syndrome via the activation/overactivation of
CB1Rs are summarized in Figure 1. Exogenous and endogenous cannabinoids via stimula-
tion of CB1Rs activate hypothalamic orexigenic pathways, increasing appetite; promoting
fat, liver, and muscle tissue lipogenesis and energy uptake; body weight elevation; and
obesity development. CB1R activation also induces alteration of lipid homeostasis, elevat-
ing TG and plasma cholesterol levels and thus increasing the risk for the development of
atherogenesis, hypertension, and liver steatosis. In addition, CB1R activation may induce
the risk of T2D by developing IR and stimulating gluconeogenesis.
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Figure 1. Exogenous and endogenous cannabinoids promote metabolic syndrome and atherosclerosis
through central and peripheral type 1 cannabinoid receptors. Mechanism of action. Exogenous and
endogenous cannabinoids via stimulation of CB1Rs activate orexigenic pathway, increasing appetite
and stimulating fat, liver, and muscle tissues to promote lipogenesis, weight gain, and obesity. CB1R
activation also induces alteration of lipid homeostasis elevating plasma triglyceride and cholesterol
levels and thus increasing the risk for the development of atherogenesis, hypertension, and liver
steatosis. In addition, CB1R activation by developing insulin resistance and gluconeogenesis may
induce the risk for type 2 diabetes mellitus. CB1R, type 1 cannabinoid receptor.
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Increased expression of the components of the ECS and elevated levels of endocannabi-
noids increase food intake and produce hunger due to the activation of orexigen pathways
in the hypothalamus. Several brain regions are involved in regulating food intake and
are upregulated by the ECS. In addition, reward-related stimuli are conditioned by en-
docannabinoids in some brain regions. The ECS increases the anabolic processes; tonic
enhancement causes hyperphagia, reduces energy expenditure, and increases glucose
uptake and lipogenesis. It also suppresses the production of adiponectin, decreasing in-
sulin sensitivity and fat oxidation [52]. Furthermore, CB1R activation enhances fat cell
maturation, increases adipose storage capacity, stimulates fatty acid and TG synthesis,
and inhibits fatty acid oxidation. Activation of CB1Rs in the liver can cause nonalcoholic
hepatic steatosis with increased fat production [15]. All these mechanisms contribute to
the development of obesity and worsen existing overweight. Inhibition of CB1R activity
improves the peripheral lipid profile and may start recovery from metabolic syndrome by
decreasing body weight and appetite, thus also improving glucose and lipid homeostasis
and preventing atherosclerosis [15,20,52].

5. Therapeutic Potential of Endocannabinoid System in Complex Diseases of
Metabolic Syndrome

Recently, the therapeutic application of cannabidiol, a cannabinoid derivative suppos-
edly without central actions, has been raised and is under investigation.

Cannabinoids and endocannabinoids have been shown to play a role in modulating
pathological conditions in inflammatory, neurodegenerative, gastrointestinal, metabolic,
and cardiovascular diseases and in cancer. Cannabidiol-based drugs may be used for
therapy of several pathological situations, such as pain, sleep disorders, neurodegenerative
and psychiatric diseases, etc. [7,11,12,28,29,37]. We can state that modulating the ECS
may have and will have therapeutic potential. Targeting the ECS may provide a novel
option for the management of obesity and obesity-related diseases, type 2 diabetes, and
several CVDs as well [3,14,20,28,29,51]. The sites of pharmacological interventions can be
most of all the modulation of CB1R activity and signaling, as well as the modulation of
enzymes responsible for the synthesis and degradation of endocannabinoids, especially
FAAH and MAGL. Inhibition of FAAH and MAGL elevates endocannabinoid levels [11,46].
In addition, inhibition of MAGL or FAAH in vivo or in vitro may exert vasodilatory and
hypotensive actions [30,46,47]. CB1R stimulation by its vasodilatory action may be bene-
ficial in hypertension. Thus, CB1R agonism or elevation of eCB levels may exert certain
therapeutic effects, such as antinociceptive, anti-inflammatory, vasodilatator, hypotensive,
and anticancer actions [11,29,46].

Under normal conditions, the production of leptin increases the activity and amount
of FAAH, thereby reducing endocannabinoid levels in the body. FAAH is responsible for
breaking down AEA and therefore suppresses food intake. Upon suppression/inhibition
of the FAAH or MAGL enzymes, endocannabinoid levels are elevated, and hyperphagia,
leptin resistance, and obesity may develop. Suppression or absence of endocannabinoid-
degrading enzymes is clearly associated with an increased risk of obesity [45].

As we could see earlier, CB1R has a crucial role in obesity-induced proinflammation
and metabolic syndrome, including IR and dyslipidemia. Targeting the receptors this way
can be a promising therapeutic strategy in obesity and metabolic syndrome. Inhibition of the
CB1R may have a beneficial effect in the prevention and treatment of metabolic syndrome,
improving glucose homeostasis and IR [11,18,51]. CB1R antagonists successfully targeted
obesity-induced metabolic disease; among them, rimonabant was proven to be a promising
treatment in obesity to induce weight loss and improve dyslipidemia [11,25,51,69,70].
Rimonabant has been subjected to several clinical trials, including patients being obese,
overweight, dyslipidemic, or suffering from hypertension or metabolic syndrome and
type 2 diabetes. Rimonabant medication significantly decreased body weight and hip
circumference, while it increased HDL levels and reduced LDL cholesterol, TG, and HbA1c
levels in obese patients in contrast to the control group. Rimonabant, by its actions of
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reducing body weight and improving dyslipidemia and glucose homeostasis, significantly
reduced the chance of having CVDs and metabolic syndrome. However, bad mood and
nausea were the most common side effects. In several cases, even withdrawal of the therapy
has been implemented because of its inconvenient psychotic side effects. Development of
medication with specific therapeutic effects and with fewer side effects is now the focus of
pharmacological research [6,11,25,37,51,69,70,84].

The beneficial actions of CB1R antagonism have been further investigated with new
generations of CB1R antagonists. Since increased tissue fibrosis may accompany CB1R
activity, due to an interplay between the ECS and inflammatory mechanisms, the antifi-
brotic efficacy of CB1R antagonism can form a new therapeutic potential. Second- or
third-generation CB1R antagonists may have therapeutic potential in pulmonary or liver
fibrosis [12]. In animal experiments, the development of diabetes-induced cardiomyopathy
and fibrosis has been attenuated and prevented by treatment with the CB1R antagonist,
which was observed also in CB1R-KO mice [85]. Similarly to CB1R inhibition, a decrease in
eCB levels by inhibition of DAG lipase may be beneficial in some chronic diseases, such as
neurodegenerative and metabolic disorders [86].

On the other hand, the therapeutic potential of FAAH inhibition is still controversial. A
previous pharmacology model showed that complete inhibition of FAAH was insufficient
to raise the endogenous ligands enough to produce significantly increased pharmacological
activity [87]. Pharmacodynamic and pharmacokinetic studies have been performed on
different FAAH inhibitor components (e.g., BIA 10-2474, PF-04457845, and JNJ-42165279).
BIA 10-2474 was a less potent FAAH inhibitor than PF-04457845 in humans, but it was
effective in mouse FAAH enzymes [88]. Although BIA 10-2474 was released to clinical
trials, it has been retrieved due to its serious side effects [87,88].

To summarize ECS-related therapeutic potential, it is suggested that moderate acti-
vation of CB1Rs by selective agonists or by endocannabinoids, as well as the elevation of
eCB levels by inhibition of degrading enzymes MAGL or FAAH, may have acute benefi-
cial therapeutic actions such as pain relief and antipsychotic effects, beneficial outcomes
in some neuropsychiatric diseases, and potential beneficial effects in hypertension by a
CB1R-dependent vasodilatory effect.

However, long-term antagonism of CB1Rs has been proven to be beneficial in obesity-
related disorders, improving glucose and lipid homeostasis and inducing weight loss. In
addition, CB1R antagonism has been shown to be beneficial in the prevention of chronic
inflammation and fibrosis. Similar effects can be produced by inhibition of 2-AG-producing
DAG lipase [3,6,11,12,14,20,28,29,37,43,86]. Recently, reports on new generations of CB1R
antagonists have been published with limited neurobehavioral and psychiatric side ef-
fects [12,18]. CB1R antagonists/inverse agonists are potential beneficial adjuvants to
lifestyle modification and weight reduction in the control of carbohydrate and lipid home-
ostasis to prevent dyslipidemia and hyperglycemia in obese and T2D patients.

We can conclude that this complex lipid signaling system can serve as a potential
therapeutic source in metabolic syndrome, pathologic obesity, and even T2D [1,15,33].
Modulation of the ECS can serve as part of a complex therapy for obesity-related metabolic
disorders, such as IR and diabetes mellitus [1,11,15,29].

6. Summary and Conclusions

In the present review, we summarized the role of the ECS and CB1R activation in
energy homeostasis and metabolism and in the development of metabolic syndrome in-
volving obesity, IR, type 2 diabetes, and dyslipidemia. The metabolic regulatory role of the
ECS is manifested partly centrally through brain regions (mostly hypothalamic) control-
ling the nutritional and metabolic processes of the body with the involvement of neural
CB1R activation influencing neuroendocrine functions. Central endocannabinoids increase
appetite by stimulating orexigenic pathways, changing the homeostatic balance toward
energy storage, and weight gain. Their direct and indirect peripheral actions increase
glucose uptake and lipogenesis in adipose tissue and stimulate the de novo synthesis of
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fatty acids and glucose in the liver. Elevated endocannabinoid activation promotes obesity
and obesity-linked disorders such as metabolic syndrome, glucose intolerance and type 2
diabetes, and dyslipidemia, with the subsequent risk of atherosclerosis and further CVDs.
These ECS-dependent effects are attributed mainly to CB1R activation and its signaling
mechanisms. Inhibition of CB1Rs has been shown to exert beneficial therapeutic effects
improving metabolic conditions by decreasing obesity and inducing weight loss, improving
glucose homeostasis and lipid profile, and reducing fibrosis in several chronic diseases of
different parenchymal organs. Based on these observations, it can be stated that modulation
of the ECS may provide novel therapeutic strategies, especially after developing a new
generation of CB1R antagonists with limited psychologizing effects.

Thus, pharmacological modulation of the ECS forms a promising therapy for complex
treatment of obesity-related metabolic diseases, IR, and diabetes mellitus. Modulation of
eCB activity, using new-generation CB1R antagonists and also improvement of lifestyle
factors, may serve as complex therapy for obesity-related metabolic disorders, such as IR
and diabetes mellitus.
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Abstract: Changes in the cardio-metabolomics profile and hormonal status have been associated with
long QT syndrome, sudden cardiac death and increased mortality. The mechanisms underlying QTc
duration are not fully understood. Therefore, an identification of novel markers that complement the
diagnosis in these patients is needed. In the present study, we performed untargeted metabolomics
on the sera of diabetic patients at a high risk of cardiovascular disease, followed up for 2.55 [2.34–2.88]
years (NCT02431234), with the aim of identifying the metabolomic changes associated with QTc. We
used independent weighted gene correlation network analysis (WGCNA) to explore the association
between metabolites clusters and QTc at T1 (baseline) and T2 (follow up). The overlap of the highly
correlated modules at T1 and T2 identified N-Acetyl asparagine as the only metabolite in common,
which was involved with the urea cycle and metabolism of arginine, proline, glutamate, aspartate
and asparagine. This analysis was confirmed by applying mixed models, further highlighting its
association with QTc. In the current study, we were able to identify a metabolite associated with QTc
in diabetic patients at two chronological time points, suggesting a previously unrecognized potential
role of N-Acetyl asparagine in diabetic patients suffering from long QTc.

Keywords: metabolomics; diabetes; N-Acetyl asparagine; QTc

1. Introduction

Cardio-metabolomic and hormonal conditions including diabetic patients have been
associated with increased cardiovascular (CV) mortality from cardiomyopathies, ischemic
events and sudden cardiac death (SCD) [1]. The pathophysiology of SCD in diabetic pa-
tients has been shown to be multifactorial secondary to hypo- and hyperglycemia with
associated disorders of potassium abnormalities, autonomic neuropathy and inflammatory
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and fibrotic changes of the ventricular myocardium [2]. Malignant ventricular arrhythmias
(VAs) stemming from a prolonged QT interval occur more frequently in diabetic patients
compared to the general population [3]. QT is the time interval between QRS start and
T-wave end, reflecting overall cardiac repolarization time [4,5]. When corrected for heart
rate (QTc), a prolonged QTc above 480 ms (and even more if >500 ms) is a risk marker
for a peculiar form of life-threatening polymorphic VA, called torsade de pointes [6,7].
Determinants of QTc are not fully elucidated and the identification of new markers
and pathways is needed to better delineate the pathophysiology of QT dynamics in the
diabetic population.

Metabolomics, which involves the study of metabolomes (characteristic set of metabo-
lites or low-molecular-weight components) from a variety of biological samples in a partic-
ular condition [8], is an emerging field that can complement clinical diagnostics, identify
prognostic indicators to reveal new potential mechanisms associated with specific diseases
and assess targeted therapies. In CV disease (CVD), metabolomics has been applied to iden-
tify risk factors and understand molecular mechanisms in cardiomyopathies and coronary
artery disease (CAD) [9]. The use of metabolomics to assess the risk of QTc prolongation
is currently limited to only two studies in the published literature, which assessed the
metabolic profiles in an animal model exposed to a fluroquinolone [10] and in a small study
of patients who were shift workers [11].

To the best of our knowledge, there are no metabolomic studies that assessed the
metabolic profile associated with prolonged QTc in diabetic patients. We used an un-
targeted metabolomics analysis on the sera of study participants with type 2 diabetes
mellitus (T2DM) [12], to identify the metabolomic changes associated with QTc. Employ-
ing metabolomics analyses, we were able to identify N-Acetyl asparagine as a common
molecule in both time points.

2. Materials and Methods
2.1. Study Design

Our study is a sub-analysis of the Diabète et Calcification Arterielle (DIACART) study, a
single-center prospective observational cohort study among French patients with T2DM
(ClinicalTrials.gov: NCT02431234). The participants were prospectively enrolled at Pitié-
Salpêtrière Hospital (Paris, France) and included type 2 diabetic patients (T2DM), at high
risk for CVD [13]. A total of 170 patients at baseline visit (T1) and 139 patients at T2
(follow-up for 2.55 years [IQR 2.34–2.88 years]) were included in the study. Patients were
excluded if they had severe chronic kidney disease or end-stage renal failure (estimated
glomerular filtration rate < 30 mL/min using the Modification of Diet in Renal Disease equa-
tion). As QTc becomes unreliable in conditions with prolonged QRS (>130 ms), multiple
premature ventricular contractions, ventricular pacing and supraventricular tachycardia,
these conditions were excluded from this study [13]. All patients provided written consent
and the study was approved by the institutional ethics committee. The data concerning
the progression of their peripheral limb arterial disease have recently been published
elsewhere [14].

2.2. Metabolomics Study
2.2.1. Reference Compounds and Reagents

All liquid chromatography mass spectrometry (LC-MS) grade reference solvents,
acetonitrile (ACN) and methanol (MeOH) were from VWR International (Plainview, NY,
USA). LC grade ammonium formate and formic acid were from Sigma-Aldrich (Saint
Quentin Fallavier, France). Stock solutions of stable isotope-labeled mix (Algal amino acid
mixture-13C, 15N) for the metabolomic approach were purchased from Sigma-Aldrich
(Saint Quentin Fallavier, France).
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2.2.2. Sera Preparation for Metabolomic Analyses

Eight volumes of frozen (−20 ◦C) acetonitrile containing the internal standards
(12.5 µg/mL labeled amino acid mixture) were added to 100 µL of serum samples and
vortexed. The samples were sonicated for 15 min and centrifuged for 2 min at 10,000× g at
4 ◦C. The centrifuged samples were then incubated at 4 ◦C for 1 h to precipitate the proteins.
The samples were centrifuged at 20,000× g at 4 ◦C and the supernatants were transferred to
another set of tubes to be dried-up and frozen at −80 ◦C. Samples were reconstituted with
the starting mobile phase composition of the chromatographic column and transferred to
vials prior to LC-MS analyses.

2.2.3. Ultra-Performance Liquid Chromatography-Mass Spectrometry (UPLC-MS)
Analyses of Serum Samples

Metabolomic preparation of samples for analyses was detailed previously [15]. In brief,
LC-MS experiments were performed using PFPP, Discovery HS F5-PFPP column, 5 µm,
2.1 × 150 mm (Sigma, Saint Quentin Fallavier, France) on a UPLC® Waters Acquity (Waters
Corp, Saint-Quentin-en-Yvelines, France) and Q-Exactive mass spectrometer (Thermo Sci-
entific, San Jose, CA, USA). LC-MS raw data were first converted into mzXML format using
MSconvert tool [16]. Peak detection, correction, alignment and integration were processed
using the XCMS R package with CentWave algorithm [17] and workflow4metabolomics
platforms [18]. The resulting dataset was Log−10 normalized, filtered and cleaned based
on quality control (QC) samples [19]. Features were annotated based on their mass over
charge ratio (m/z) and retention time using a local database including commercial stan-
dards as described previously [20]. The remaining unknown features were discarded from
the dataset.

2.3. Weighted Gene Co-Expression Network Analysis and Visualization

Standard WGCNA procedure was followed to create unsigned gene co-expression net-
works from the WGCNA R-package v1.68 [21]. Gene cluster dendrogram was constructed
with a power value = 3. A total of 132 metabolites were imported for the WGCNA analysis.
The modules identified by WGCNA analysis were further associated, using Spearman
correlation, with QTc independently at T1 and T2. The results identified at T1 and T2 were
overlapped using Venn diagrams in R software and visualized using MetScape [22] in
Cytoscape software [23].

2.4. Electrocardiography Acquisition and QTc Analysis

Electrocardiograms were recorded using a digital electrocardiograph by trained per-
sonnel, with a sampling rate of 1000 Hz and a filter of 150 Hz. The methodology for QTc
assessment (CalECG software®, New York City, NY, USA) on 10 s triplicated digitized
ECG, Bazett’s heart rate correction) has been extensively detailed elsewhere. Inter- and
intra-observer variability assessment for QTc measurement was also performed as has been
previously described [4].

2.5. Statistical Analysis

Statistical analyses were performed in R-software (version 1.4.1106, RStudio) using
“nlme” package, random effect = subjects; fixed effects: age, sex and N-Acetyl asparagine).
Correlation with p-values < 0.05 were considered significant.

3. Results
3.1. Baseline Demographics and Clinical Characteristics

Demographic and clinical characteristics of diabetic patients included in this study
are shown in Table 1 and were published in a previous study [13]. The mean age and
QTc were 63.9 ± 8.4 years and 422 ± 24.9 ms, respectively, at the baseline visit (T1) and
132/170 subjects were male (77.7%). Mean age and QTc at follow-up visit (T2) were
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66.8 ± 8.4 years and 424.9 ± 24.3 ms, respectively, and 112/139 subjects were male (80.6%).
A total of 8/139 (5.8%) patients developed an acute coronary syndrome during follow up.

Table 1. Baseline demographics, clinical and electrocardiographic characteristics (adapted from [13].
No statistical differences were identified between T1 and T2, except for age.

Measurement
at T1

(N = 170)

Measurement
at T2

(N = 139)

General Characteristics
Age, years (mean ± SD) 63.9 ± 8.4 66.8 ± 8.4
Male, n (%) 132 (77.7) 112 (80.6)
Weight, kg (mean ± SD) 83.4 ± 15.3 83.2 ± 15.8
Height, m (median [IQR]) 1.71 (1.65–1.76) 1.71 (1.65–1.76)
BMI, kg/m2 (mean ± SD) 28.9 ± 4.7 28.8 ± 4.9
History of CAD a, n (%) 110 (64.7) 90 (64.7)
Hypertension, n (%) 137 (80.6) 119 (85.7)

Metabolic Biochemistry Profile
HbA1c, % (median [IQR]) 7.5 (7.0–8.3) 7.6 (6.9–8.3)
Blood glucose, mmol/L (median (IQR)) 7.8 (6.4–9.3) 8.1 (6.6–10.4)
Triglycerides, mmol/L (median (IQR)) 1.2 (0.8–2.0) 1.4 (0.9–2.0)
Total cholesterol, mmol/L(median (IQR)) 3.7 (3.2–4.4) 3.8 (3.4–4.4)
HDL cholesterol, mmol/L(median (IQR)) 1.1 (0.9–1.3) 1.1 (0.9–1.3)
LDL cholesterol, mmol/L (median (IQR)) 1.9 (1.5–2.4) 1.9 (1.6–2.4)

QT Prolonging Drugs b

Present, n (%) 8 (4.7) 8 (5.8)
Basic Metabolic Profile

Calcium c, mmol/L (mean ± SD) 2.3 ± 0.1 2.3 ± 0.1
Potassium, mmol/L (mean ± SD) 4.7 ± 0.4 4.6 ± 0.4
Creatinine, mmol/L (median [IQR]) 84 (74–101) 87 (76–105)
Albumin, g/L (median [IQR]) 42.5 (39.8–44.4) 43 (40.5–45)

Electrocardiogram Variables
Heart rate, beats/min (mean ± SD) 69.7 ± 11.1 69.1 ± 11.8
QTc, ms (mean ± SD) 422 ± 24.9 424.9 ± 24.3

Abbreviations: BMI = body mass index; CAD = coronary artery disease; HbA1c = hemoglobin A1c;
HDL = high density lipoprotein; IQR = interquartile range; LDL = low density lipoprotein; QTc = Bazett’s
QTc; a CAD defined as a history of myocardial infarction; coronary angioplasty or bypass grafting; b Patients
taking a drug at known risk of torsades de pointes (www.crediblemeds.org [24]: at T1, these drugs included
amiodarone (n = 3), domperidone (n = 1), escitalopram (n = 1) and sotalol (n = 3); at T2, all 8 patients were taking
amiodarone. c Corrected for albumin concentrations.

3.2. Untargeted Metabolomics Analysis Using Weighted Gene Correlation Network
Analysis (WGCNA)

To capture the full extent of the metabolomics expression profiles, we performed a
weighted gene co-expression network analysis (WGCNA). WGCNA is a useful method to
tightly link co-expressed gene modules to phenotypic traits (e.g., QTc) [21]. The full dataset
of 170 patients at T1 and 139 patients at T2 was used for WGCNA analysis. No outliers
were identified; therefore, all samples were included in the study analyses. At T1, there
were a total of ten clusters of metabolites identified (Figure 1A, left panel). Correlations
between clusters of metabolites and QTc were evaluated through Spearman’s correla-
tion analysis. QTc was significantly correlated with the dark grey and the pink clusters
(r = 0.25, p-value = 0.0008 and r = −0.21, p= 0.005, respectively) (Figure 1B, left panel). Simi-
larly, at T2, seven clusters of metabolites were identified (Figure 1A, right panel), among
which only the red cluster was correlated with QTc (r = −0.26 and p = 0.002) (Figure 1B,
right panel).
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Figure 1. Untargeted metabolomics analysis using weight gene correlation network analysis
(WGCNA). Type 2 diabetic patients from the DIACART study were prospectively enrolled and
followed up over 2.55 [IQR 2.34–2.88] years. There were 10 clusters of metabolites identified at T1
(A, left panel) with the dark grey and pink clusters significantly correlated with QTc (B, left panel).
At T2, there were 7 clusters of metabolites identified (A, right panel) with the light red cluster
correlated with QTc (B, right panel).

3.3. Identification of N-Acetyl Asparagine

These clusters identified by the WGCNA analysis were then compared to identify
the common metabolites that correlate with QTc at both time-points (Figure 2A). The
intersection of the significant clusters identified N-Acetyl asparagine as the only metabolite
in common, pointing to a potential significant involvement of this amino acid in QTc
dynamics (Figure 2A). Using the MetScape Cytoscape plugin, we identified the N-Acetyl
asparagine enzymatic pathway (including its precursor L-asparagine), as illustrated in
Figure 2B. Other pathways associated with N-Acetyl asparagine include the urea cycle and
metabolism of arginine, proline, glutamate, aspartate and asparagine.
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3.4. N-Acetyl Asparagine Positively Correlates with QTc

To evaluate the potential involvement of N-Acetyl asparagine with QTc, we performed
Spearman correlation analysis to evaluate the actual relationship between QTc and N-
Acetyl asparagine. We found that in both T1 and T2, N-Acetyl asparagine was positively
correlated with QTc (r = 0.19, p = 0.01 and r = 0.23, p = 0.007, respectively) (Figure 3A).
In contrast, L-asparagine was negatively correlated with QTc at T2 (r = −0.18, p = 0.03)
(Figure 3A). We further confirmed the association of N-Acetyl asparagine with QTc in this
cohort by applying mixed models (R-software, package ‘nlme’, random effect = subjects;
fixed effects: sex and N-Acetyl asparagine) integrating the evolution over time of N-Acetyl
asparagine circulating levels in the same subject (Figure 3B).
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4. Discussion

To the best of our knowledge, our study was the first to explore metabolomic pathways
as potential determinants of QTc in diabetic patients, demonstrating a significant association
between N-Acetyl asparagine and QTc.

Metabolomics is a powerful approach at the forefront of scientific discoveries in CVD
with its role emphasized in a scientific statement by the American Heart Association [25].
Metabolomics has the potential to reflect the molecular processes more proximal to a
disease state by measuring the final downstream products of biological pathways and
thereby crucial for the identification of novel biomarkers for risk prognostication and
specific therapeutic targets in cardiomyopathies, dyslipidemia treatments and CAD [9,26].

In comparison to CAD, heart failure and diabetes, for which metabolomics has been
frequently applied to understand the pathophysiology and prognostic risk factors, there are
limited metabolomic studies in QTc prolongation and the risk of SCD. On the pathophysio-
logical basis of ischemic changes resulting in metabolic derangements in the cardiomyocyte
with decreased ATP and increased reactive oxygen species, Wang and colleagues used
proton nuclear magnetic resonance (H1-NMR-based) and gas chromatography–mass spec-
trometry (GC-MS) myocardial tissue metabolic profiling to identify the metabolic alterations
in a rat animal model that developed SCD after myocardial infarction [27]. Among 34 rats,
13 developed lethal ventricular arrhythmias (VA, ventricular tachycardia/fibrillation) and
7 developed atrioventricular blocks (AVB) resulting in SCD. There were higher levels of
isoleucine, lactate, glutamate, choline, phosphorylcholine, taurine and asparagine, and
decreased levels of alanine, urea, phenylalanine, linoleic acid, elaidic acid and stearic acid
associated with VA-related SCD. In comparison, only glutamate was elevated and urea was
lowered in AVB-related SCD [27]. These metabolic changes were felt to be a result of the
detrimental effects of ischemia leading to a depletion in myocardial energy stores and the
dysfunction of myocardial membranes altering the cardiac ion channels.

In the current study, using WGCNA analysis, we identified a significant association
between N-acetyl asparagine with QTc in diabetic patients at two distinct chronological
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time points, which was further confirmed using multivariate mixed models. Using a
similar metabolomics approach, in two cohorts of CAD patients, Mehta et al. identified
the asparagine pathway as 1 of 7 metabolic pathways in two cohorts of CAD patients. It
was an independent predictor of mortality, which was further translated into a prognostic
biomarker for all-cause death [28]. Among the different metabolites previously identified
in myocardial energetics and inflammation, the aspartate/asparagine pathway exerts a
crucial role as anaplerotic substrates in the Krebs cycle during anoxia [29]. Asparagine is
converted to aspartate that is then transaminated to oxaloacetate, a critical early metabolite
in gluconeogenesis, and plays a key role in the regulation of Krebs cycle intermediates [30].
The appropriate regulation of these metabolites is especially important during ischemia, in
which imbalance in the aspartate/asparagine pathway and the inhibition of aspartate has
been shown to increase the susceptibility to ischemic damage [31].

In a non-diabetic study cohort, a metabolomics study which assessed metabolomic
patterns associated with QTc in small population of 32 male shift-workers from Italy
demonstrated a positive correlation between QTc, obesity and hyperglycemia [11]. There
were also higher lactate and glucose metabolite levels associated with prolonged QTc while
lysine, pyroglutamate, 3-hydroxybutyrate, acetate and glutamine were inversely correlated.
Their clinical and metabolomic findings associated with prolonged QTc were suggestive of
a metabolic imbalance shift towards anaerobic metabolism or ketosis that can be observed
with metabolic syndrome, diabetes and insulin resistance.

The identification of early metabolic markers and strategies to prevent the develop-
ment of CV complications (heart failure, CAD and SCD) in diabetic patients is of particular
importance, as patients may often not manifest any symptoms of these CV comorbidities.
In a large cohort study of 14,294 deaths in Denmark, SCD was found to be 8–9 times higher
among young diabetic patients aged 1–35 years old and approximately 6 times higher
among those aged 36–49 years old with diabetes than non-diabetic patients [1]. Importantly,
within the younger group of diabetic patients, the common cause of SCD was due to ‘sud-
den arrhythmic death syndrome’ while CAD or ischemia was more common in the older
patient population [1]. Previous studies have demonstrated hypo- and hyperglycemia [32],
autonomic neuropathy [33], electrolyte abnormalities and ventricular inflammation [2]
as contributors to alterations in the cardiac ion channels and increased risk for SCD in
the diabetic population. These biochemical and physiologic changes are typically not
manifested as symptoms in the disease process and thus the use of metabolomics would
be crucial for early recognition of the risk of developing prolonged QTc and subsequent
SCD. An upcoming and highly anticipated study, the Recognition of Sudden Cardiac Arrest
Vulnerability in Diabetes (RESCUED) project, plans to assess the metabolomic profiles of
Dutch patients with T2DM and SCD from the Amsterdam Resuscitation Studies (ARREST)
Registry, the Hoorn Diabetes Care System (DCS) and local family practitioner electronic
health records to further elucidate the clinical and metabolic factors to prognosticate the
risk of SCD in these patients [34].

There are limitations to our study which first include that this was a single-center,
observational study and thus, a causal relationship cannot be established. While our study
identified a particular metabolomic pathway associated with prolonged QTc, future studies
involving in vitro experiments such as with cardiomyocytes derived from pluripotent
stem cells [5] as well as in vivo interventional studies may be useful to further assess
the underlying mechanisms of these findings. Additionally, relatively few subjects had
abnormal QTc values in our cohort; which may have limited the discovery of potential
associations between other metabolites beyond N-acetyl asparagine and QTc. As our study
cohort was limited to a single center of patients in France and with diabetes, the relevance
of our findings beyond the geographical location and diabetic population needs to be
further evaluated.
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5. Conclusions

In conclusion, our study employed an untargeted metabolomics approach and iden-
tified an association between N-acetyl asparagine with prolonged QTc in diabetic pa-
tients. Our findings further highlight the potential role of asparagine metabolism in
cardio-metabolic disease and deserve further validation and investigation.
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Abstract: Purpose: Breast arterial calcifications (BAC) have been associated with cardiovascular
diseases. We aimed to examine whether the presence of BAC could predict the development of
cardiovascular events in the very long term, as evidence has suggested. Patients and Methods: We
conducted a 23-year follow-up retrospective cohort study considering women specifically studied for
breast cancer. After reviewing the mammograms of 1759 women, we selected 128 patients with BAC
and an equal number of women without BAC. Results: Women with BAC had higher relative risk (RR)
for cardiovascular events, globally 1.66 (95% CI): 1.31–2.10 vs. 0.53 (0.39–0.72), and individually for
ischemic heart disease 3.25 (1.53–6.90) vs. 0.85 (0.77–0.94), hypertensive heart disease 2.85 (1.59–5.09)
vs. 0.79 (0.69–0.89), valvular heart disease 2.19 (1.28–3.75) vs. 0.83 (0.73–0.94), congestive heart failure
2.06 (1.19–3.56) vs. 0.85 (0.75–0.96), peripheral vascular disease 2.8 (1.42–5.52) vs. 0.85 (0.76–0.94),
atrial fibrillation 1.83 (1.09–3.08) vs. 0.86 (0.76–0.98), and lacunar infarction 2.23 (1.21–4.09) vs.
0.86 (0.77–0.96). Cox’s multivariate analysis, also considering classical risk factors, indicated that this
BAC was significantly and independently associated with survival (both cardiovascular event-free
and specific survival; 1.94 (1.38–2.73) and 6.6 (2.4–18.4)). Conclusions: Our data confirm the strong
association of BAC on mammograms and the development cardiovascular events, but also evidence
the association of BAC with cardiovascular event-free and specific survival.

Keywords: breast arterial calcifications; cardiovascular risk; mammograms; risk assessment; prevention;
cost effectiveness

1. Introduction

Medicine needs to optimize health resources. In this way, mammograms represent the
most valid test for detecting breast cancer, with good acceptance, minimal adverse effects,
and low economic costs. Moreover, mammograms can recognize other morphological
findings, such as breast arterial calcifications (BAC), the presence of which could predict
cardiovascular risk [1]. BAC are a common finding on mammograms, seen as parallel
radiopaque structures or tubular tracts frequently involving the entire circumference of the
artery and easy to detect. The prevalence of BAC is estimated to be between 8.2% and 12%
among women over 50 [1].

BAC correspond to the calcification of the arterial middle layer, or Mönckeberg’s
arteriosclerosis, an early histological change where vascular smooth muscle cells are similar
to matrix bone, without macrophages and lipids [2,3].

As some studies have shown, there is an association between the presence of BAC
and renal disease [4], stroke [5], peripheral vascular disease, low bone mass, carotid artery
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narrowing and, mainly, coronary artery disease [6–10]. Several studies have shown a
strong association between the presence of BAC and cardiovascular mortality [1,11–13].
It has been reported that the finding of BAC on mammograms of women under 59 years
could be an additional risk factor for cardiovascular diseases [14], especially in diabetic
patients [13]. Cardiovascular mortality increased by a 40% in women with BAC compared
to women without BAC, reaching the 90% in diabetic women [1,12]. More recent studies
confirm the evidence of a relationship between the presence of BAC and coronary disease
in asymptomatic women [15,16].

We previously reported an association between BAC and biochemical markers of en-
dothelial injury (higher serum levels of triglycerides, homocysteine, hs-CRP and an elevated
LDL-C/HDL-C ratio (coronary risk index > 2)) [17] and between BAC and aged-related
macular degeneration [18]. However, despite all of these data concerning the relationship
between BAC and the occurrence of cardiovascular risk factors and cardiovascular disease,
there is little information between this radiographic finding and the subsequent develop-
ment of cardiovascular events and the associated mortality. Hence, the aim of the present
study was to evaluate these clinical associations in a cohort of women after a long period
of time.

2. Methods
2.1. Patient Selection

We conducted a retrospective cohort study in a regional hospital. Considering that
BAC were not a commonly described finding in mammographic reports many years ago,
we were able to carry out the present study with such a long follow-up period thanks
to our previous works about the relationship between BAC and biochemical markers of
endothelial injury [17]. In this prior study, we reviewed the mammograms of 1759 women,
made between June 1996 and June 2004, in a screening breast cancer program. We detected
BAC in 147 women. We contacted these patients between January and March 2021. A total
of 19 cases were lost in the BAC female population; 10 women refused to communicate
because of the anxiety caused by the pandemic circumstances, and 9 other candidates could
not be located. Finally, a cohort of 128 women with BAC in the baseline mammograms
or their families were contacted and agreed to participate in the present study, and they
form the main study group. Due to difficulties in following up all initially studied subjects,
an equal number of women without BAC were completed and selected from the initial
population (1615 remaining women without BAC). There was an exact coincidence for
mean age (the women without BAC age matched to the women with BAC) and a similar
distribution for baseline clinical characteristics, such as hypertension, diabetes mellitus
(DM), dyslipidemia (DL), or smoking, between both women groups. We investigated the
evolution of all the women in terms of the development of cardiovascular events and
their associated mortality over such a long time (a mean of 23 years of follow up, range
16–26 years, from June 1996 to March 2021).

2.2. Data Collection

BAC were identified as breast tissue opacities affecting all of circumference or seen
as parallel tubular opacities. BAC was classified as present or absent, as recommended by
the American College of Radiology for breast cancer screening [19]. None of these patients
showed changes in the BAC status with regard to the latest mammogram, performed
either 1 or 2 years earlier. Considering the long time of the study, we evaluate the initial
analog mammography for classifying women as having BAC and not. Senographe 600T
and Senographe 800T (0.3 mm focal spot and 0.1 mm for magnification) and Mamoray
films, screens, and cassettes (18 cm × 24 cm) were used to perform mammography. To
reduce scatter radiation, a grid was used to make a vigorous breast compression. Two basic
projections (mediolateral oblique and craniocaudal views), on semiautomatic to automatic
exposure mode applying 27 to 30 keV were performed. Additional projections and acces-
sory magnification images were performed when needed. The mammography image was
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reviewed by two expert radiologists (O.F.-G. and C.d.B.M.), independently, with extensive
experience in this area. The reading was blinded for both of them; they had no knowledge
about any clinical data. The concordance was greater than 95%. When there was a dis-
agreement in their interpretation (present vs. absent), authors revised the image together
to reach an agreement.

The baseline variables recovered were the age and clinical-pathological characteristics:
hypertension, diabetes mellitus (DM), hypercholesterolemia (DL), smoking, cardiovascular
diseases among first-degree relatives, weight, height, and body mass index. These same
clinical variables were recorded from the medical health records of each woman at the end
of the follow-up period. Hypertension was defined as a systolic blood pressure greater than
140 and diastolic blood pressure greater than 90 mmHg. The diagnostic criteria for DM were:
random venous blood glucose greater than 200 mg/dL, associated with classic symptoms
such as polyuria, polydipsia, polyphagia, weight loss, and asthenia; fasting venous blood
glucose greater than 125 mg/dL; a glycosylated hemoglobin (HbA1c) greater than 6.5%, and
a blood glucose level two hours after an oral glucose stress test greater than 200 mg/dL. A
history of DL was considered if total blood cholesterol values were greater than 250 mg/dl
and/or triglyceride values were greater than 200 mg/dl. We consider date on therapies. A
history of cardiovascular risk or cardiovascular disease was considered as present if a woman
was taking any medical treatment for that. Body mass index (BMI) was calculated as body
weight in kilograms divided by height in squared meters (BMI = weight/height [2] (kg/m2).
Women were considered obese if BMI calculation was equal or greater than 30 kg/m2.
Women who smoke every day or stopped smoking less than 6 weeks before the study began
were considered smokers.

The occurrence of cardiovascular diseases, such as ischemic, hypertensive, and valvu-
lar heart diseases, congestive heart failure, peripheral vascular disease (PVD), and cere-
brovascular accident (ischemic, hemorrhagic, and lacunar infarction), were confirmed from
the patient’s medical history and considered as events during all the follow up period.
The development of atrial fibrillation was also registered and included as an endpoint in
consideration of its importance in the risk of sudden cardiac death [20]. We considered
the date of the initial prescription. Both the events and the causes of death were extracted
manually from the medical records where they are coded by the ICD-10 nomenclature.

2.3. Statistical Analysis

Statistical analysis was performed by N.E. using the SPSS for Windows software, ver-
sion 25 (Chicago, Illinois). The sample size was calculated from the established population
of women specifically studied for early breast cancer screening. The Kolmogorov–Smirnov
test was used to determine data distribution. Non-normally distributed data are expressed
as median-range, whereas categorical variables are displayed as numbers and percentages.
There were no missing data. Non-parametric Mann–Whitney U tests were used to deter-
mine the differences between mean values for non-normally distributed variables. Since
this is a cohort study, the risk ratio was used to comparatively evaluate the development
of events in each group. For survival analysis Cox’s univariate method was used. In the
case of cardiovascular event-free survival analysis, the first cardiovascular event in each
woman was considered as end-point, and we considered the time to event since the first
mammography was performed. Cox’s regression model was used to examine interactions
of different risk factors in a multivariate analysis. Only factors that achieve statistical
significance in the univariate analysis were included in the multivariate analysis (Cox’s
regression model). p ≤ 0.05 was considered as significant. The significance level was
stablished at level p < 0.05. The PASW (Predictive Analytics Software) statistics 18 program
(SPSS Inc., Chicago, IL, USA) was used for all calculations.

2.4. Ethical Aspects

Following the guidelines of the Ethics Committee of our institution, in accordance
with the Declaration of Helsinki, informed consent was obtained from each participant. The
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family was contacted to sign the informed consent if the patient had cognitive impairment or
had died. Accurate and complete information was gathered from interconnected electronic
health records between the hospital and general primary care centers, preserving their
confidentiality in accordance with institutional regulations. N.G.-G. was authorized to
consult these records.

3. Results
3.1. Baseline Clinical Characteristics of the Patients and at the End of the Follow-Up Period

Table 1 shows clinical-pathological characteristics of 128 women in each group. The
mean age at the baseline mammogram was 59 years (44–74) in the BAC group and 59.5 years
(44–70) in the control group. Both groups displayed a similar distribution of classical
cardiovascular risk factors, such as hypertension, DM, DL, obesity, and smoking.

Table 1. Clinical- pathological characteristics of the 128 patients in each group at the beginning and
the end of the follow-up period.

At the Beginning At the End of the Follow-Up Period

Women with
BAC (n = 128)

Women without
BAC (n = 128) p Value * Women with

BAC (n = 128)
Women without

BAC (n = 128) p Value *

Hypertension 38 (29.7%) 31 (24.2%) 0.398 101 (78.9%) 86 (67.2%) 0.049

Diabetes
mellitus 9 (7%) 4 (3.1%) 0.255 36 (28.6%) 35 (27.3%) 0.938

Dyslipidemia 23 (18%) 34 (26.6%) 0.133 81 (63.3%) 81 (63.3%) 1.000

Obesity 35 (27.3%) 22 (17.2%) 0.071 47 (36.8%) 46 (35.9%) 1.000

Tobacco 3 (2.3%) 7 (5.5%) 0.333 n.a n.a -

BAC, breast arterial calcifications; Data are reported as number of cases (%) * Chi-squared test. n.a: not available.

Regarding the number of cardiovascular risk factors recorded between the two groups
at the end of the 23-year follow-up period, no significant differences were found, except for
hypertension (Table 1).

3.2. Development of Cardiovascular Events during the Follow-Up Period

Table 2 shows the number of cardiovascular events during the follow-up period of
23 years for each group. The identification of BAC in the baseline mammogram (Figure 1)
was strongly associated with the incidence of cardiovascular events. Thus, a total of
88 (68.8%) women with BAC developed at least one of these events compared to 53 (41.4%)
women in the BAC-free group. In addition, our data also shows significant differences
between cardiovascular events-free survival curves calculated for both groups (p < 0.0001)
(Figure 2A). Globally, over the follow-up period, the BAC group had a higher global in-
cidence of cardiovascular events than women without BAC (total number: 232 vs. 102)
(p < 0.0001) (Table 2). In the BAC group, 19 (14.8%) women had one event, 28 (21.9%)
two events, 22 (17.2%) three events, and 21 (16.4%) four or five events, whereas in the
BAC-free group, 21 (16.4%) women had one event, 22 (17.2%) two events, seven (5.5%)
three events; and four women (3.1%) four events. In addition, as can be seen in Table 2,
women with BAC had a higher relative risk (RR) of global cardiovascular events com-
pared with women without BAC, as well as specifically for each event type. Women with
BAC have a higher RR of developing ischemic heart disease, hypertensive heart disease,
valvular heart disease, congestive heart failure, atrial fibrillation, PVD, and lacunar in-
farction, as well as higher mortality due to cardiovascular events (RR: 13.13 (1.84–238)
vs. 0.61 (0.47–0.79)). However, we found no significant difference between the groups for
ischemic or hemorrhagic cerebral events.
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Table 2. Relative risk of the occurrence of cardiovascular events during the follow-up period in
women with or without BAC.

Women with BAC (n = 128) Women without BAC (n = 128)

Cardiovascular Events Nº (%) of Events (*) RR (95% CI) Nº (%) of Events (*) RR (95% CI)

Ischemic heart disease 26 (20.3) 3.25 (1.53–6.90) 8 (6.3) 0.85 (0.77–0.94)

Hypertensive heart disease 35 (27.3) 2.85 (1.59–5.09) 16 (12.5) 0.79 (0.69–0.89)

Valvular heart disease 37 (28.9) 2.19 (1.28–3.75) 13 (10.2) 0.83 (0.73–0.94)

Congestive heart failure 33 (25.8) 2.06 (1.19–3.56) 16 (12.5) 0.85 (0.75–0.96)

Atrial fibrillation 33 (25.8) 1.83 (1.09–3.08) 18 (14.1) 0.86 (0.76–0.98)

Peripheral vascular disease 28 (21.9) 2.8 (1.42–5.52) 10 (7.8) 0.85 (0.76–0.94)

Ischemic stroke 9 (7) 1.5 (0.55–4.09) 6 (4.7) 0.98 (0.92–1.04)

Hemorrhagic stroke 2 (1.6) 1.0 (0.14–6.99) 2 (1.6) 1.0 (0.97–1.03)

Lacunar infarction 29 (22.7) 2.23 (1.21–4.09) 13 (10.2) 0.86 (0.77–0.96)

Total events 232 1.66 (1.31–2.1) 102 0.53 (0.39–0.72)

BAC, Breast arterial calcification; Nº: number of events; RR, relative risk; CI; confidence interval. (*) Note that a
woman may have had more than one event during the follow-up period.

Figure 1. Mammogram showing breast arterial calcifications (rows).
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3.3. BAC Influence on Survival

During the study period, there were 38 deaths (29.7%) in the BAC group and 32 (25%)
in the BAC-free group (Figure 2B-overall survival curve). Nevertheless, as illustrated in
Figure 2C, there were significant differences between cardiovascular event-specific survival
curves calculated for both patient groups (p < 0.0001). There was a higher number of deaths
because of cardiovascular events in women with BAC (16 (42.1%) vs. 1 (3.1%)) (Figure 3).
There were no statistically significant differences between the age of death in both groups
(p = 0.706).

Figure 3. Overview of deceases and causes in patients with or without BAC. BAC: Breast arterial cal-
cification, APE: Acute pulmonary edema; APTE: Acute pulmonary thromboembolism; IHD: Ischemic
heart disease; CRA: Cardiorespiratory arrest.

Table 3 shows Cox’s multivariate (hazard ratio) analysis of the relationship between
classical cardiovascular risk factors present at the baseline study, cardiovascular event-free
survival, and cardiovascular event-specific survival. The results show that DM and BAC
were significantly and independently associated with both survival analysis, whereas
hypertension was also significantly and independently associated with event-specific
survival. This analysis also demonstrated that BAC was a significant and independent
factor to predict both survival variables.

Table 3. Multivariate analysis of the relationship of classical risk factors at the beginning of the study
and BAC with cardiovascular event-free and cardiovascular event-specific survival.

Cardiovascular Event-Free
Survival

Cardiovascular Event-Specific
Survival

Risk Factors Nº of Women Event Frecuency HR (95% CI) Event Frecuency HR (95% CI)

BAC/no BAC 128/128 88/53 1.9 (1.3–2.7) *** 16/1 14.1 (1.9–107.6) **

Hypertension/
no Hypertension 69/187 38/103 - 11/6 6.6 (2.4–18.4) ***

DL/no DL 57/199 30/111 - 2/15 -

DM/no DM 13/243 12/129 2.6 (1.4–4.8) ** 3/14 4.9 (1.4–17.9) *

Obesity/no Obesity 57/199 33/108 - 4/13 -

Tobacco/no tobacco 10/246 7/134 - 0/17 -

BAC, breast arterial calcifications; DL, dyslipidemia; DM, diabetes mellitus; HR, hazard ratio; CI, confidence
interval. Only the first event was considered for every woman. * p < 0.05; ** p < 0.005; *** p < 0.0001.
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4. Discussion

This is one of the first studies evaluating, over such a long period of time, the impact
of BAC for the development of cardiovascular events and their associated mortality in a
cohort of women studied specifically for its radiological finding. Our results, showing a
very strong and positive association between BAC, cardiovascular events and associated
mortality, are consistent with previous studies [21,22]. Even the association between BAC
and coronary artery disease was stronger compared with traditional Framinghan risk
factors [23]. In accordance with this, Chadashvili et al. found out that BAC predicted a
coronary artery calcium score over 11, which indicates a moderate or severe risk of develop-
ing coronary artery disease [7]. In addition, recent data from over 45-year-old women show
a significant correlation between the severity of BAC and the extent of coronary artery
disease (verified by coronary angiography defined by the SYNTAX classification) [24]. On
the other hand, in our study, the presence of BAC at the baseline mammogram was also
very positively and strongly associated with other cardiovascular events, such as valvular
disease, heart failure, PVD, and cerebral lacunar infarction, as well as atrial fibrillation,
compared to the control group. All these events in the group of women with BAC were
not influenced by the emergence of new risk factors throughout the 23 years of follow-up,
except for hypertension. In accordance with these findings, our results indicate that BAC
was an independent prognostic factor to predict not only the development of cardiovascular
events, but also a higher probability of derived death.

Recently, Iribarren et al. reported the results of a similar study but after a mean
follow-up of 6.5 years [16]. They noticed a higher global cardiovascular events among
women with BAC than those without BAC, statistically significantly (p ≤ 0.04) for ischemic
stroke, cardiovascular death, cerebrovascular disease, cardiomyopathy, deep venous throm-
bosis/pulmonary embolism, peripheral arterial disease, and retinal vascular occlusion.
However, while in their study there was no clear separation of survival curves between the
two groups, we found significant differences (p < 0.0001), with a higher number of deaths
from cardiovascular outcomes in women with BAC (16 (42.1%) vs. 1 (3.1%)), probably due
to the longer follow-up period. On the other hand, although women without BAC had
similar baseline classical risk factors compared with women with BAC, our data show that
they develop less frequently hypertension at the end of the follow-up period (p = 0.049)
compared with women with BAC. This finding could contribute to some protection against
cardiovascular events. Nevertheless, further investigation might to identify other protective
factors in these women without BAC.

The findings of the present study are particularly relevant considering that cardiovas-
cular diseases are the leading cause of mortality worldwide. It is estimated that by 2030,
approximately 23.3 million people will die from cardiovascular diseases. In addition, it is
relevant to consider that coronary disease is the main cause of death among women, as
well as this process has a worse prognosis than for men [21]. Therefore, quantifying the
importance of cardiovascular diseases and their main risk factors is an essential aspect of
proper planning of existing health resources, since nearly 50% of cardiovascular mortality
reductions are due to the control of its major risk factors. However, the problem is that
many patients ignore that they suffer from any of these disorders, such as 50% of hyperc-
holesterolemic, a third of hypertensive, or 20% of diabetics. Therefore, the BAC detected by
mammography could represent a diagnostic axis on which to focus cardiovascular disease
prevention policies.

Mammography, reflecting the composition of a part of the human tissues, offers us the
possibility to use this diagnostic platform to recognize another morphological finding of
interest that is not usually recorded in mammographic reports, such as BAC. In addition,
there are data which support a stronger association between BAC and cardiovascular
mortality, compared to arterial calcification in other locations, such as aortic, splenic,
internal and external iliac, detected by computed tomography [8]. Millions of women
worldwide undergo a mammogram annually or biannually. Correspondingly, there is
a large amount of available data in digital files from studies which could be already
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conducted. The tools of current computer applications and modern artificial intelligence
makes easier to manage all these massive digital data. Combined with clinical data, it could
help us to create different universal algorithms to identify women who may benefit from
therapeutic or preventive health measures. On the other hand, there are other possibilities
for using resources based on the associations previously described for BAC, such as the
possibility of identifying women with low bone mass [24], predicting the course of chronic
kidney disease [25], or the cardiotoxic effect of anthracycline- derived agents, trastuzumab,
and radiotherapy in the treatment of breast cancer [26].

Limitations of our study are its retrospective design and the use of historical analog
mammography, which prevented us from refining tiny details of the calcifications evaluated
by the radiologist. However, these circumstances allowed us to track women time enough
to properly assess the impact of BAC on the development of cardiovascular events. Futures
studies with higher number of women and new technologies, such as digital mammograms
or tomosynthesis, may contribute to improving BAC evaluation, e.g., in terms of bilaterality,
number, and intensity (mild, moderate or severe). On the other hand, to avoid depending
only on radiologists and their eye-observation, we need new methods of BAC quantification
in order to perform a better radiological identification [27]. In this way, we could predict
exactly the risk of cardiovascular disease and define better individualized preventive
actions [27]. Along the same lines, AlGhamdi et al. [28] recently presented a model of deep
neural network (deep learning) capable of accurately detecting BAC in mammograms,
which can be used to automatically mark calcifications on the original image. The results
exhibit a more accurate assessment of BAC than expert radiologists, with fewer mistakes.

Our results point to the importance of BAC on mammograms to identify women with
increased cardiovascular risk and death. This may bring us the opportunity to improve
preventive cardiovascular measures.
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Abstract: Cardiac fibrosis is a common pathological consequence of most myocardial diseases. It
is associated with the excessive accumulation of extracellular matrix proteins as well as fibroblast
differentiation into myofibroblasts in the cardiac interstitium. This structural remodeling often results
in myocardial dysfunctions such as arrhythmias and impaired systolic function in patients with
heart conditions, ultimately leading to heart failure and death. An understanding of the precise
mechanisms of cardiac fibrosis is still limited due to the numerous signaling pathways, cells, and
mediators involved in the process. This review article will focus on the pathophysiological processes
associated with the development of cardiac fibrosis. In addition, it will summarize the novel strategies
for anti-fibrotic therapies such as epigenetic modifications, miRNAs, and CRISPR technologies as
well as various medications in cellular and animal models.

Keywords: cardiac fibrosis; scar tissue; anti-fibrotic therapies; cardiovascular diseases; myofibroblasts

1. Introduction

Cardiovascular diseases (CVDs) include all heart and vessel related disorders such
as coronary heart disease, cerebrovascular disease, rheumatic heart disease, peripheral
artery diseases, and other conditions. Currently, CVDs are among the major causes of
death worldwide [1]. According to the World Health Organization, approximately eighteen
million people die from cardiac disorders every year, which is equivalent to 39% and 45%
of all deaths in the male and female populations, respectively [2]. Recent data from Public
Health England shows that high-income countries spend GBP 7.4 billion yearly on CVD
treatment. Overall, the forecast for the impact of CVDs on the economy worldwide is
disappointing. In the U.S. alone, costs for CVDs are predicted to rise from USD 555 billion
in 2015 to USD 1.1 trillion in 2035 [2]. Therefore, developing new advanced approaches
and therapies to treat CVDs is of great demand. Importantly, the majority of CVDs result in
myocardial fibrosis, which in turn impairs heart function and drastically aggravates cardiac
morbidity and mortality.

The term “fibrosis” describes the pathological reparative process occurring in all
tissues in the body. It is characterized by the excessive deposition and impaired degradation
of extracellular matrix (ECM) proteins, leading to tissue thickness and abnormal tissue
remodeling [3]. The main outcomes of fibrosis are rapid wound healing and the reduction
in adverse immune responses following injury and infection as well as re-epithelialization
and the protection of injured tissue from contaminants. However, fast repair results in the
loss of proper anatomy and thus proper functions of the tissue [4]. The formed scar area in
the heart is not functional, as cells that replace cardiomyocytes lack a contractile function.

The leading cause of cardiac fibrosis is myocardial infarction (MI) because an adult
mammalian heart has limited regenerative capacity following a myocardial injury [5,6].
During MI, dying cardiomyocytes are substituted with a collagen scar, resulting in impaired
contractile and mechano-electric functions [7]. Apart from MI, several other pathological
cardiac dysfunctions also induce excessive collagen deposition [8]. For example, pro-
gressive fibrosis is observed in elderly people and is associated with the development
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of diastolic heart failure. Myocardial fibrosis can also be formed as a result of persistent
pressure load caused by hypertensive heart disease. In addition, hypertrophic cardiomy-
opathy, idiopathic dilated cardiomyopathy, and metabolic failures are also associated with
fibrosis in human and animal models [9–11]. Nevertheless, regardless of the nature of the
injury, any damage to the heart causes a fibrotic response, which results in cardiac tissue
remodeling and dysfunction.

The process of scar formation is orchestrated by a number of cells such as cardiomy-
ocytes, cardiac fibroblasts, endothelial cells, and immune cells [12–14]. These cells and
their secreted products activate a series of pathways and induce the secretion of paracrine
factors, resulting in collagen deposition and myofibroblast transdifferentiation, the two
major pathological hallmarks of cardiac fibrosis [15]. Overall, scar formation at the place of
necrotic cardiomyocytes leads to myocardial dysfunction and arrhythmia, which increases
the risk of tissue rupture and the death of patients with various cardiac conditions [16].
At this time, the precise mechanisms of cardiac fibrosis are still not fully deciphered. The
process is complex and requires additional knowledge of the exact mechanisms of cardiac
fibroblast activation and their interaction with other cells to understand whether there is a
possibility of disabling these cells or modifying their functions during fibrosis [12,17]. An-
other challenge is the limited potential of the heart to self-regenerate. For example, as much
as 25% of cardiomyocytes in the left ventricle die due to acute myocardial injury [18,19].
The inability of cardiomyocytes to proliferate in an adult heart makes it impossible to
use therapies directed to totally block scar formation, as there will be no cardiac cells to
replenish the lost muscle mass. In addition, the environment after heart injury is highly
reactive with a large number of dying cardiac cells and infiltrating immune cells that also
make the use of anti-fibrotic drugs challenging.

Overall, the consequences of fibrotic tissue formation on myocardial functions are
severe, therefore, understanding the mechanisms of cardiac fibrosis and discovering new
potential targets for its therapy may introduce new perspectives for the clinical treatment of
heart failure. This manuscript will review the molecular mechanism of scar formation and
will focus on novel therapies including epigenetic, clustered regularly interspaced short
palindromic repeats (CRISPR), microRNAs (miRNAs), and recent medications directed to
treat cardiac fibrosis.

2. Cardiac Fibrosis

Cardiac fibrosis is a condition acquired as a result of various heart diseases, including
MI, myocarditis, hypertrophy, hypertension, and dilated cardiomyopathy [20,21]. Cellular
mechanisms and molecular pathways are common for cardiac fibrosis caused by various
disorders. However, their contributions are relatively different due to the specific alterations
occurring in cells during various injuries. Overall, the development of fibrosis in the heart is
similar to other tissues in the body. It is characterized by the overproduction and impaired
degradation of ECM proteins and the accumulation of myofibroblasts [22]. This, in turn,
leads to a change in normal cardiac morphology and functions as well as mechano-electric
coupling, resulting in increased left ventricular stiffness, delayed systole–diastole cycle,
and arrhythmias [13].

There are three types of cardiac fibrosis: replacement fibrosis, when fibrotic tissue
substitutes dead cardiomyocytes; reactive fibrosis, featured by the diffuse distribution
of collagen in the ECM; and infiltrative fibrosis, presented by the induced deposition of
insoluble amyloid, iron, or glycosphingolipids in the heart [23,24]. Replacement fibrosis,
which is associated with the loss of healthy cardiomyocytes, keeps the anatomical integrity
of the ventricles. In contrast, reactive fibrosis is not related to the death of cardiomyocytes
and is rather stimulated by chronic forces such as hemodynamic stress and inflammation,
resulting in mechanical stiffness of the myocardial tissue [25]. Thus, although reactive
fibrosis is a protective mechanism against raised wall stress, it leads to consequences such
as cardiac systolic and diastolic dysfunction, arrhythmias and metabolic impairment, and
is associated with a pathological state of fibrosis [26]. Cardiac amyloids, which induces the
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formation of infiltrative fibrosis in the heart, are pathological extracellular proteins with
a stable and fibrous structure. Amyloid fibrils are formed in multiple tissues in the body
including the liver, eyes, kidney, and heart [27]. Among all of them, the most important
amyloids in the myocardium are transthyretin (TTR) and immunoglobulin light chains [28].
Their deposition into cardiac tissue damages the heart functions by reducing myocardial
contractile function and electrical conduction [24].

There are pro- and anti-fibrotic factors that include cytokines, chemokines, hormones,
growth factors, and proteases that shift the balance in ECM component production by
activating and stimulating myofibroblasts [29]. In turn, secretomes released from myofi-
broblasts in a paracrine manner stimulate cardiomyocyte hypertrophy, which also leads
to decreased capillary density [20]. In particular, massive cardiomyocyte death leads to
fibroblast proliferation and differentiation either via direct activation by cell signaling
proteins such as miRNAs and matrix metalloproteinases (MMPs) or indirect activation
by pro-fibrotic factors produced by endothelial, epithelial, and inflammatory cells [23].
After the death of cardiomyocytes, three overlapping stages, namely, the inflammatory, the
proliferative, and the maturation phases, are activated (Figure 1) [30]. Thus, within the first
few hours after heart injury, the process of inflammation is initiated: damage-associated
molecular pattern (DAMP) signals from dying necrotic cardiomyocytes activate innate
immune pathways such as nuclear factor kappa B (NF-kB), leading to the secretion of
cytokines and chemokines including IL-1, IL-8, CCL2/MCP-1, and CXCL8 by resident
myocardial cells and the infiltration of leukocytes to the damaged area [31]. When the injury
is cleared from phagocytosing dead cells and matrix debris, the process is followed by the
termination of leukocyte infiltration and their apoptosis in a wound area as well as the
secretion of anti-inflammatory molecules such as interleukin-10 (IL-10) and transforming
growth factor-β (TGF-β) by macrophages and lymphocytes, which is required for proper
transition to the next step and is crucial to avoid left ventricular dilatation [32,33]. The
hallmark of the end of the inflammatory phase is the infiltration of the infarct zone with
fibroblasts and endothelial cells.
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the secretion of bioactive molecules [35]. 
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Figure 1. Development of reparative fibrosis in the heart. A healthy heart contains cardiomyocytes
that are mainly involved in the contractile function of the heart. An injury to the heart results in
myocardial damage. This activates repair mechanisms, leading to the formation of fibrosis. Heart
trauma causes the death of cardiomyocytes that express DAMP molecules and by this induce the
infiltration of leukocytes and fibroblasts into the damaged area. At the same time, cardiac fibroblasts
begin to trans-differentiate into pathological myofibroblasts which, in turn, begin the over-production
of ECM proteins. When the wound is cleared from phagocytosing dead cells and matrix debris,
resident cells undergo apoptosis and the collagen-based scar is formed.

In the next proliferative phase, which usually lasts from a few days to a month, the
immune cells such as macrophages, mast cells, and lymphocytes are recruited [34]. They
secrete mediators including cytokines, growth factors, and matricellular proteins that
initiate transdifferentiation of cardiac fibroblasts into myofibroblasts, whose functions
include the change in cell proliferation and migration, the expression of ECM proteins, and
the secretion of bioactive molecules [35].

In normal conditions, the heart is composed of endothelial cells, vascular smooth
muscle cells, fibroblasts, and cardiomyocytes. The number and proportion of these cells
depend on gender, age, and species [20]. For example, a murine heart contains 45% of
endothelial cells, 30% of cardiomyocytes, 11% of fibroblasts, 8% of pericytes, and 6%
of immune cells [36]. However, an injury can cause the transdifferentiation of cardiac
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fibroblasts into myofibroblasts. Myofibroblasts have features of both fibroblasts and smooth
muscle cells and are normally absent in healthy myocardium [36]. They regulate the
production of ECM such as collagen types I and III [37,38]. An excessive production of
ECM by myofibroblasts leads to cardiac remodeling [37]. Furthermore, myofibroblasts
replace cardiomyocytes that irreversibly die within a few days after the damage, and form
scar tissue in the place of injury [17]. Myofibroblast transdifferentiation is a multi-step
process, consisting of the development of proto-myofibroblasts, their delivery into the site of
lesion, and finally, complete maturation into myofibroblasts [20]. The key feature of mature
myofibroblasts is the secretion of α-SMA [37]. The differentiation process is regulated by
various cytokines and other signaling molecules such as TGF-β, tumor necrosis factor-α
(TNF-α), connective tissue growth factor (CTGF), renin–angiotensin–aldosterone system
(RAAS), galectin-3 (Gal-3), endothelin, and IL-11 [23]. Aside from cardiac fibroblasts, other
cell types including hematopoietic progenitor cells, pericytes, endothelial, and epithelial
cells also show an ability to transdifferentiate into myofibroblasts, however, their role in
fibrosis development is unclear [36].

Other cell types including endothelial cells, pericytes, smooth muscle cells, and car-
diomyocytes are also involved in the proliferative phase [39]. Activated and proliferated
fibroblasts initiate the angiogenic processes by supplying the injured area with oxygen and
nutrients and form an extensive vascular network. The proliferation phase is terminated by
the release of anti-fibrotic mediators such as IFN-γ, angiotensin AT2-receptor, and CXCL10
to terminate the fibrotic tissue formation [40].

In the final maturation phase, the residual cellular elements including fibroblasts and
vascular cells undergo apoptosis in the injured area and the collagen-based scar itself is
fully formed (Figure 1). The surrounding tissue is filled with local fibroblasts that constantly
respond to morphologically altered infarct zones, where the pressure and volume loads
produce activation signals, resulting in the additional production of ECM proteins by local
fibroblasts [41]. Over time, myofibroblasts, which secrete ECM proteins to form the scar,
transform into matrifibrocytes. Matrifibrocytes secrete cartilage oligomeric matrix proteins
and thus support mature scars [42]. Overall, scar formation is a multistep process that
involves various cells including infiltrated macrophages, endothelial cells, and lymphocytes
as well as transdifferentiated cardiac fibroblasts.

3. Molecular Mechanisms of Cardiac Fibrosis

A number of molecular pathways are involved in the pathogenesis of myocardial fibro-
sis [43]. This, in turn, creates obstacles in the full understanding of the precise mechanisms
occurring in this pathological process. Various tools are now implicated in the under-
standing of the nature of fibrosis including high-throughput genomic and transcriptomic
strategies and studies on cell and animal models.

A number of molecular pathways are involved in the pathogenesis of myocardial
fibrosis [43]. The TGF-β and WNT signaling pathways, which act as pro-fibrotic mediators
in fibrosis formation, are activated in myofibroblasts [20]. Platelet-derived growth factor
is also involved in the activation of fibroblasts via the regulation of matrix deposition,
pericyte recruitment, and vascular migration [44]. The two critical fibrotic mediators are
TGF-β and angiotensin. They stimulate transdifferentiation of cardiac fibroblasts into
myofibroblasts and promote the synthesis of collagen in the infarct zone, resulting in repair
of the injured site.

3.1. The Role of TGF-β in Cardiac Fibrosis

Two main features of cardiac fibrosis include the breakdown of a normal myocardial
structure and the overproduction of ECM proteins [45]. The modulation of several growth
factor expressions by silencing genes responsible for their production or using neutralizing
antibodies can change the progression of fibrotic tissue formation. Thus, the downregula-
tion of TGF-β reduces fibrotic development [46]. This is because TGF-β, together with WNT,
which act as pro-fibrotic mediators in cardiac fibrosis formation, are the key regulators of
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myofibroblast functions [20,47]. TGF-β stimulates the activation of pro-fibrotic genes by
increasing Smad2/3 while decreasing the inhibitory Smad 6/7 in myofibroblasts [20]. Smad
2/3, in turn, was reported to be activated in fibroblasts infiltrating the remodeling hearts af-
ter injury [48]. TGF-β also increases the deposition of collagens I, III, and VI, and enhances
the expression of matrix proteins such as ED-A fibronectin in myofibroblasts through the
regulation of plasminogen activator inhibitor, tissue inhibitor of metalloproteinases, and
pro-fibrotic cytokine expression [20,49]. In addition, TGF-β suppresses the degradation of
ECM proteins by controlling the expression of plasminogen activator inhibitor (PAI)-1 and
TIMPs. Moreover, as TGF-β receptors are found in almost all inflammatory cells, TGF-β
itself regulates the function of those cells during fibrosis [13].

3.2. The Role of RAAS in Cardiac Fibrosis

Following cardiac injury, pro-fibrotic mediators including the components of RAAS
activate myofibroblast differentiation, leading to their proliferation and migration as well as
the deposition of ECM proteins, which results in the formation of fibrosis [50]. Angiotensin
II is generated by macrophages and fibroblasts that migrate into the injured heart area
and produce renin and angiotensin-converting enzymes [51]. Once released, angiotensin
II stimulates cardiac fibroblast differentiation via either direct activation or through TGF-
β1-mediated effects [33]. In particular, angiotensin II causes the generation of reactive
oxygen species (ROS), which induce the pro-fibrotic TGF-β1-Smad2/3 signaling pathway
activation, collagen type I and III synthesis, and transdifferentiation of cardiac fibroblasts
into myofibroblasts. Aldosterone mediates its pro-fibrotic effect via several mechanisms
including the stimulation of cytokine and chemokine expression by vascular cells, the induc-
tion of macrophage differentiation into fibroblasts, the activation of cardiomyocyte-derived
fibrogenic signals, and the stimulation of collagen synthesis [33]. Thus, the inhibition of
RAAS facilitates an improvement in the heart functions and prevents further complications
of CVDs [52].

Thus, the development of cardiac fibrosis involves numerous molecular processes
including hormonal, mechanical, and inflammatory mechanisms such as the activation of
RAAS and the expression of fibrogenic growth factors. Their relative significance depends
on the nature of fibrosis.

4. Anti-Fibrotic Therapies

Novel anti-fibrotic therapies target various levels of myocardial fibrosis including
epigenetic enzymes, genes, translation machinery, and signaling molecules. These therapies
are overviewed in Figure 2 and are discussed in detail below.
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Figure 2. An overview of the novel strategies utilized to alleviate fibrotic remodeling after cardiac
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with the fibrous tissue, one of these diseases is myocardium infarction (infarction area is depicted
in yellow). Novel anti-fibrotic therapies target various levels of the pathogenesis of cardiac fibrosis:
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(1) Epigenetics-based therapies such as histone deacetylase (HDAC) and histone methyltransferases
(HMT) have been shown to regulate the gene expression of many fibrosis-associated proteins such
as TGF-β1, collagen type I, collagen type III, fibronectin, and many others. Consequently, HDAC
inhibitors and HMT inhibitors have been applied to suppress the expressions of those proteins
and downregulate fibrosis. (2) Clustered regularly interspaced short palindromic repeats (CRISPR)
technology has been used to silence pro-fibrotic genes as well as to introduce “useful” genes into
stem cells to enhance their therapeutic potential for myocardial fibrosis. (3) Anti-fibrotic microRNAs
(miRNAs) can be utilized to repress the gene expression of fibrosis-mediating genes at the level
of mRNA whereas miRNA inhibitors interact with pro-fibrotic miRNA and inhibit them. Viral
vectors (shown as hexagons) are generally used to deliver miRNAs while miRNA inhibitors can be
transferred using liposomes (depicted as circles). (4) Anti-fibrotic medications such as pirfenidone,
angiotensin receptor blockers, and NLRP3 inflammasome inhibitors work by inhibiting enzymes and
signaling molecules involved in the pathophysiology of cardiac fibrosis.

4.1. Epigenetics

Epigenetics-based therapeutic strategies have been successfully utilized to alleviate
fibrosis in pre-clinical trials of cardiac, pulmonary, hepatic, and renal diseases [53–55].
Epigenetic drugs were shown to reduce fibrosis and improve cardiac function in animal
models of MI, ischemia-reperfusion, hypertension, and cardiac hypertrophy [56,57]. How-
ever, due to space limitations, we will provide an overview of the use of epigenetic therapies
for cardiac fibrosis after MI only. Several groups have demonstrated the importance of
epigenetic modifications in the pathogenesis of MI-related fibrosis and proposed novel
anti-fibrotic therapies that would target epigenetic regulators [58]. For instance, in a num-
ber of studies, targeting histone deacetylases (HDACs) was reported to prevent adverse
cardiac remodeling and fibrosis following MI. Wang and colleagues demonstrated that
daily intraperitoneal injections of the HDAC inhibitor trichostatin A (TSA) for 8 weeks
significantly reduced fibrosis after MI in mice [59]. They also found an improvement in the
left ventricular systolic and diastolic functions in the TSA group compared to the controls.
It was reported that the cardioprotective effects of TSA were mediated via restoration of
autophagosome clearance. Specifically, TSA treatment resulted in a higher expression of
LAMP2, an important regulator of autophagosome-lysosome fusion, but decreased levels
of autophagic proteins LC3-II, P62, and beclin 1. In contrast, clearance of the autophago-
somes was impaired in the control group, which was confirmed by a more than two-fold
reduction in LAMP2 expression and 2.5–4.5-fold elevations in the LC3-II, P62, and beclin 1
levels. Importantly, the authors demonstrated that the aforementioned molecular events
also happened at the level of the fibroblasts during the cell culture experiments. Thus, TSA
repaired autophagosome–lysosome fusion in the neonatal rat ventricular fibroblast primary
culture after 4 h of hypoxia treatment.

Another potential target for epigenetics-based therapy of post-MI fibrosis is HDAC4,
which was reported by Zhang and colleagues [60]. Using transgenic mice with HDAC4
overexpression, the researchers identified the role of this protein in cardiac development
and, most importantly, in MI-induced fibrosis. Compared with the control mice, HDAC4-
transgenic mice suffered from substantial interstitial fibrosis, enhanced apoptotic signaling,
weakened cardiac function, and reduced capillary density, among other detrimental ef-
fects, 3 weeks after MI. Due to its significant role in the pathogenesis of adverse cardiac
remodeling following MI, it could be reasonably suggested that the inhibition of HDAC4
might have therapeutic effects on the infarcted myocardium. In particular, the suppression
of HDAC4 might potentially decrease fibrosis, prevent apoptosis of cardiomyocytes, in-
crease angiogenesis, and enhance ventricular function after MI overall. In another study,
Rhein, a novel class I and II histone deacetylase inhibitor, was demonstrated to block TGF-
β1-stimulated fibroblast-to-myofibroblast transition and the transcription of pro-fibrotic
genes in primary human ventricular cardiac fibroblasts under sustained hypoxia for four
days [61]. Taking into consideration the significant role of TGF-β1 in the pathogenesis of
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myocardial fibrosis, it can be suggested that the HDAC inhibitor Rhein could become a
potential therapeutic approach for MI-induced cardiac fibrosis.

Another group of epigenetic regulators that has been targeted to alleviate post-MI
fibrosis is the methyltransferases. In a recent paper, Li and colleagues demonstrated
that knockdown of histone methyltransferase DOT1L attenuates fibrosis and improves
cardiac function in a murine model of MI [62]. Thus, the degree of post-MI fibrosis was
significantly lower in the DOT1L-knockdown group compared to the control group, which
was confirmed by the expression levels of collagen type I alpha1 and fibronectin 1 fibrosis
markers and Masson’s trichrome staining. Moreover, in the DOT1L-deficient mice, left
ventricular function was preserved 4 weeks after MI in contrast to the controls. The authors
further reported the important role of DOT1L epigenetic regulation in the progression of
fibrosis following MI. First, DOT1L expression was significantly increased in the MI group
in comparison to the sham-surgery group. Next, the TGF-β1/Smad3 pathway, which is
classically described to be involved in tissue fibrosis, was activated in response to higher
levels of DOT1L expression but was suppressed in DOT1L-knockdown cells. Furthermore,
it was found that DOT1L methylates lysine-79 of histone H3 (H3K79me2) of the promoter
region of the spleen tyrosine kinase (SYK). The latter protein was reported to be elevated
in tissue fibrosis. In MI mice, H3K79me2 methylation of the SYK promoter was higher
before DOT1L inhibition, whereas DOT1L knockdown reduced this epigenetic modification.
Finally, the overexpression of SYK by lentiviral transduction terminated the anti-fibrotic
effects of DOT1L inhibition. Thus, it enhanced the expression of fibrosis markers and
stimulated the TGF-β1/Smad3 pathway in the fibroblast culture and in DOT1L-deficient
MI mice. All of the aforementioned findings indicate the significance of DOT1L epigenetic
modifications in the pathogenesis of MI-induced fibrosis as well as provide potential targets
for the anti-fibrotic therapies.

Another histone methyltransferase that has been studied as a potential target for
anti-fibrotic therapy after MI is G9a. Sung and colleagues reported that suppression of
G9a with the UNC0638 inhibitor resulted in a decreased expression of several fibrosis
markers, namely, fibronectin, Smad3, and TGF-β as well as reduced fibrotic area, increased
angiogenesis, and preserved heart function in a rat model of MI [63]. Interestingly, the
amelioration of fibrosis as well as other beneficial effects were synergistically enhanced
when G9a suppression was combined with erythropoietin treatment. Erythropoietin itself
has been reported to mediate anti-fibrotic effects in myocardial fibrosis. For instance,
Liu and colleagues have recently shown that erythropoietin overexpression attenuated
cardiac fibrosis in rats with abdominal aortic constriction [64]. The authors revealed that
beneficial actions of erythropoietin were generated via the activation of the PI3K/Akt
signaling pathway and by lowering Toll-like receptor (TLR) 4 expression, which in turn
downregulated the levels of TGF-β1, TNF-α, IL-6, IL-1β, IL-17A, MMP-2, and MMP-9.
In summary, certain HDAC and methyltransferases have been identified as potential
mediators of fibrotic cardiac remodeling after MI and other CVDs. The obtained data are
summarized in Table 1. It was, therefore, reasonably suggested that the inhibition of these
epigenetic regulators might present a promising approach to treat fibrosis after MI, which
was indeed demonstrated by recent studies. Nevertheless, it should be mentioned that
complete inhibition of fibrotic response after MI and other cardiac diseases might have
detrimental consequences rather than therapeutic effects due to the fact that fibrosis has
important protective effects, namely, it helps maintain the heart’s structural integrity and
secures the organ from rupture [39].

4.2. CRISPR

CRISPR technology has been demonstrated to attenuate liver, renal, and pulmonary
fibrosis in animal models [65–68]. Although CRISPR has been utilized to model and treat
CVD caused by genetic mutations, the use of this approach as a therapy for acquired diseases
associated with cardiac fibrosis is quite limited [69,70]. Nevertheless, the latest studies report
encouraging results of CRISPR technology for the treatment of fibrotic cardiac remodeling
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after MI. In a recent study by Park and colleagues [70], a CRISPR/Cas9 system-based on
in vivo genome editing was used to treat MI in a murine model. Specifically, CRISPR was
designed to mediate inactivation of the miR34a gene, whose deletion has been shown to
reduce cardiomyocyte death and myocardial fibrosis. In order to ensure more efficient
targeted delivery, the researchers created CRISPR/Cas9-conjugated magnetic nanoparticles
that could be directed to the heart using an external magnetic field following intravenous
injection. Treatment with CRISPR/Cas9-combined magnetic nanoparticles resulted in
decreased fibrosis two weeks after MI, which was demonstrated by Masson trichrome
staining and expression levels of fibrosis marker genes, namely, TGF-β2, FN, CTGF, COL1,
COL3, and Postn. Moreover, the treatment significantly increased the proliferation of
cardiomyocytes and overall improved contractile function of the left ventricle. In another
study, Jiang and colleagues used CRISPR to reprogram fibroblasts into cardiovascular
progenitor cells, which ameliorated heart function and reduced myocardial fibrosis after
transplanting them into mice with MI [71]. In particular, mouse extracardiac fibroblasts
were reprogrammed into cardiovascular progenitor cells in vitro by activating Gata4, Nkx2.5,
and Tbx5 genes using lentiviral transduction with the CRISPR activation system. After
injection into the infarction area of the mouse heart, these cardiovascular progenitor cells
differentiated into the cells of the cardiac tissue. In particular, 39% of the engrafted cells
differentiated into CD31+ endothelial cells, 36% of the cells became cTnT+ cardiomyocytes,
and 24% of the cells gave rise to α-SMA+ smooth muscle cells. Importantly, treatment with
CRISPR-induced cardiovascular progenitor cells significantly reduced the post-infarction
scar area and recovered cardiac function, indicating that this therapeutic strategy has the
potential to become one of the novel anti-fibrotic and regenerative therapies for MI.

The CRISPR system has also been used indirectly to optimize cellular therapy for
MI. Cho and colleagues utilized CRISPR/Cas9 to integrate the LEF1 gene into human
umbilical cord blood-derived mesenchymal stem cells (hUCB-MSCs) in order to enhance
their therapeutic efficiency [72]. The LEF1 gene, which is involved in cellular proliferation,
survival, and differentiation, was introduced into hUCB-MSCs using transfection with
Lipofectamine 3000 and then inserted into an adeno-associated virus integration site 1
with the help of CRISPR/Cas9 tools. As the authors state, CRISPR/Cas9 was chosen over
viral gene editing techniques to avoid potential off-target effects and tumorigenesis. It was
found that the LEF1 gene was precisely integrated into the targeted site and continuously
expressed by the genetically modified cells. Importantly, CRISPR/Cas9-edited hUCB-MSCs
showed greater survival after implantation into the infarcted hearts of rat models using
the UpCell cardiac patch system. Furthermore, compared with the non-engineered hUCB-
MSCs and no treatment groups, therapy with LEF1-knockin cells resulted in improved
overall survival, enhanced cardiac function, increased vessel density, and reduced fibrosis
after MI. Specifically, infarction of the myocardium and the formation of fibrotic tissue
happened 52% less in the LEF1-expressing hUCB-MSCs-treated animals versus only 21%
less in the non-modified hUCB-MSCs in comparison to the control group. In another
interesting study, CRISPR engineering was employed to improve the survival and the
therapeutic potential of bone marrow-derived mesenchymal stem cells (BM-MSCs) for the
treatment of MI in the context of diabetes mellitus [73]. To be specific, the researchers used
the CRISPR/dCas9 activation system to induce the overexpression of IL-10 in BM-MSCs.
Transcription activation of IL-10 was successfully accomplished by CRISPR/dCas9, which
was demonstrated by a high and stable expression of this cytokine in vitro as well as
after BM-MSC transplantation to a murine model of MI. Moreover, IL-10 overexpressing
BM-MSCs mediated regenerative and reparative effects on the infarcted myocardium by
reducing scar tissue, bettering post-infarction heart function, inhibiting apoptosis, and
enhancing angiogenesis. It is important to point out that one of the findings in this study
was the suppression of inflammation by the IL-10-engineered BM-MSCs. Namely, the
transplanted cells caused decreased recruitment of the CD68+ immune cells and suppressed
the expression of IL-1β, TNF-α, IL-6, and MCP-1 pro-inflammatory cytokines. Since
inflammation is believed to be a critical contributor to fibrotic remodeling after MI, it could
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be suggested that in this study, IL-10-engineered BM-MSCs reduced fibrosis due to their
anti-inflammatory actions [74].

Overall, there is some hesitancy in implementing CRISPR technology for the treatment
of cardiac fibrosis due to numerous challenges such as the postmitotic nature of cardiomy-
ocytes, difficulties in achieving targeted delivery, restricted cargo capacity of delivery
systems, possible off-target mutagenesis, and others [69,75]. Despite the above-mentioned
limitations, data from several studies are quite encouraging. In particular, the CRISPR
system was utilized to directly edit genes involved in MI and fibrosis as well as to enhance
the efficiency of cell mediated therapy for MI, which is summarized in Table 1.

Table 1. The epigenetics and clustered regularly interspaced short palindromic repeats (CRISPR)
used for the treatment of cardiac fibrosis.

Strategy Treatment Outcome Reference

Epigenetics

Histone deacetylase inhibitor trichostatin A Reduced fibrosis and improved systolic and
diastolic functions a murine MI model [59]

Class I and II Histone deacetylase
inhibitor Rhein

Inhibited TGF-β1-induced
fibroblast-to-myofibroblast transition and

transcription of pro-fibrotic genes in primary
human ventricular cardiac fibroblasts culture

under sustained hypoxia

[61]

Histone methyltransferase DOT1L inhibition
Alleviated fibrosis, reduced expression of

collagen type I alpha1 and fibronectin 1 and
improved cardiac function in mice with MI

[62]

Histone methyltransferase G9a inhibition

Decreased expression of several fibrosis markers
such as fibronectin, Smad3, and TGF-ß; reduced

fibrotic area; increased angiogenesis; and
preserved heart function in a rat model of MI

[63]

CRISPR

CRISPR-Cas9-mediated inactivation of
miR34a gene

Decreased fibrosis, enhanced proliferation
cardiomyocytes, and improved heart function [70]

CRISPR-mediated reprogramming of
fibroblasts to cardiovascular progenitor cells

Differentiation of reprogrammed fibroblasts to
endothelial cells, cardiomyocytes, and smooth
muscle cells; reduced scar size; and restored

cardiac function in a mouse model of MI

[71]

CRISPR/Cas9-mediated integration of LEF1
gene into human umbilical cord

blood-derived mesenchymal stem cells

Improved survival, enhanced cardiac function,
increased vessel density, and decreased fibrosis

after MI
[72]

CRISPR/dCas9 activation system-induced
overexpression of IL-10 in bone

marrow-derived mesenchymal stem cells

Reduced scar tissue, improved heart function,
suppresses cardiomyocyte apoptosis, and

enhanced angiogenesis
[73]

4.3. miRNAs

MiRNAs are small (about 22 nucleotides), single-stranded, non-coding RNA molecules
involved in the post-transcriptional regulation of genes implicated in various biological
processes [76]. A considerable amount of evidence points that miRNAs are extensively
involved in the regulation of cardiac remodeling after different CVDs [77,78]. Depending
on the effects of fibrosis, miRNAs could be classified into pro-fibrotic and anti-fibrotic, and
each of the two and the associated pathways that could be targeted to alleviate cardiac
remodeling will be reviewed below.

4.3.1. Pro-Fibrotic miRNAs

Pro-fibrotic miRNAs promote the increased expression of ECM components and other
fibrosis-related proteins in different tissues, and therefore, could serve as an attractive
target for therapeutic modifications in cardiac diseases such as MI, atrial fibrillation, cardiac
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ischemia, and others [79–82]. One of the first examples to be considered was miR-27b,
which has been shown to stimulate hypertrophy and promote heart failure, whereas its
inhibition alleviates cardiac dysfunction [83,84]. Further findings have indicated that a
TGF-β1/Smad signaling pathway plays a key role in the regulation of miR-27b, since
TGF-β1 interfered with the activity of the miR-27b promoter and reduced the growth
of hypertrophic cells, while smad4 knockout, in contrast, stimulated hypertrophy [85].
Later, another study identified a different pathway, FBW7/Snail, regulated by the same
miRNA [86]. The results suggest that miR-27b may target the FBW7 ubiquitin ligase and
suppress Snail degradation, which promotes cardiac fibroblast proliferation and ECM
synthesis, leading to myocardial fibrosis. In particular, miR-27b transfection of cardiac
fibroblasts substantially lowered the expression of FBW7 at 2, 6, and 12 days in the peri-
infarct area of rats with MI when compared with the sham-operated animals. In addition,
the same manipulations were shown to suppress the luciferase activity of FBW7, which,
in turn, was restored upon the inhibition of miR-27b by its antagonist, suggesting that
miR-27b suppresses FBW7. Furthermore, it was reported that FBW7 expression in the
cardiac fibroblasts inhibited Snail induction, collagen I and III, and MMP-9. Experiments
performed using antagomir-27b also showed that downregulation of miR-27b has beneficial
effects on cardiac remodeling as it leads to a highly significant reduction in fibrotic tissue in
rat MI models [86]. Similarly, miR-96 has been reported to have a pro-fibrogenic function in
the context of atrial fibrosis [87]. Thus, Su and colleagues demonstrated that its inhibition
was able to suppress Ang-II-induced proliferation, migration, and collagen production by
mouse cardiac fibroblasts, as evidenced by CCK-8 and Transwell migration assays, reduced
inflammatory infiltration, and decreased deposition of collagen I and III. Through analysis
of a publicly available database, the authors were able to identify a potential gene target of
miR-96, Kruppel-like factor 13 (Klf13), which has previously been shown to be associated
with heart development and cardiomyocyte protection against DNA damage and apoptosis.
According to the luciferase reporter assay results, HEK293T cells cotransfected with the
Wt-3′UTR reporter and miR-96 had significantly lower luciferase activity compared to
the negative controls, whereas the activity of the mutant reporter gene was not affected.
Additionally, the overexpression of miR-96 has been shown to suppress Klf13 expression,
whereas knockdown had the opposite effect. Collectively, these results suggest that Klf13 is
a functional target of miR-96 and that the effects of miR-96 on atrial fibrosis are mediated
by Klf13 downregulation [87].

Another miRNA involved in fibrogenesis after CVD is miR-99b-3p. Recent work
showed that miR-99b-3p was upregulated in a cardiac fibrosis model induced by an-
giotensin II [88]. Moreover, forced overexpression of this miRNA led to an increase in
the expression of pro-fibrotic biomarkers (fibronectin, collagen I, vimentin, and α-SMA)
and the proliferation of cardiac fibroblasts and migration, whereas its inhibition had the
opposite effect. In addition, target prediction software revealed a negative correlation be-
tween miR-99b-3p and GSK-3 beta, serine threonine kinase implicated in the pathogenesis
of diabetes, cancer, inflammation, and CVDs. A quantitative real-time polymerase chain
reaction analysis showed that the level of GSK-3β mRNA in cardiac fibroblasts was not
affected by miR-99b-3p. However, at the protein level, GSK-3β expression was markedly
reduced by the miR-99b-3p mimic, which implies its regulatory effect by suppressing trans-
lation. Importantly, other studies have demonstrated that GSK-3β exerts its anti-fibrotic
effect by interacting with Smad3 and inhibiting its activation [13]. In agreement with this,
the administration of the miR-99b-3p mimic led to enhanced levels of phosphorylated
smad3. The same effect was observed upon the inactivation of GSK-3β. Overall, it could be
proposed that miR-99b-3p can promote cardiac fibrosis by downregulating GSK-3β, and
therefore can lead to the activation of the downstream pro-fibrotic effector Smad3 [88].

MiR-1202 is yet another miRNA that has been reported to have pro-fibrotic properties.
In a recent work by Xiao and colleagues, it was reported that TGF-β1-stimulated human
cardiac fibroblasts had a high expression of miR-1202, which was time and dose depen-
dent [89]. According to their observations, transfection of the fibroblasts with the miR-1202
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mimic increased the levels of collagen I and III, α-SMA, and the Smad2/3 protein as well
as promoted Smad2/3 phosphorylation, subsequently leading to the deposition of ECM.
Next, using the TargetScan software, the 3′-UTR region of the nitric oxide synthase gene
was identified as a target site for miR-1202. As a proof-of-concept, the miR-1202 mimic
was shown to reduce the luciferase activity of the NOS1 WT 3′-UTR relative to that of the
control group. Moreover, the nNOS protein expression in human cardiac fibroblasts was
also shown to be inhibited by miR-1202 mimic transfection and TGF-β1 treatment, but
this trend was reversed when the miR-1202 inhibitor was used. In summary, due to their
pro-fibrotic effects, the aforementioned miRNAs could be considered as attractive targets
for anti-fibrotic therapies of various heart diseases.

4.3.2. Anti-Fibrotic miRNAs

Anti-fibrotic miRNAs can also be considered as therapeutic targets for CVDs as their
overexpression was reported to suppress fibrosis-associated cardiac remodeling [90,91].
For instance, miR-150 is involved in the suppression of fibrosis after MI. In a recent study
by Tian and colleagues, miR-150 significantly inhibited the expression of myocardial
fibrosis-related proteins such as col1α1, col1α2, col3, and α-SMA in the border zone of
MI [92]. In addition, miR-150 treatment improved survival and suppressed apoptosis
of cardiomyocytes. In a related study, the mechanism by which miR-150-5p prevents
the progression of myocardial fibrosis was described [93]. First, miR-150-5p was shown
to have inhibitory effects on the expression of fibrosis-related proteins such as MMP-13,
collagen I and III, and to induce apoptosis of human myocardial fibrosis cells generated
by Trypanosoma cruzi infection. In contrast, another known fibrosis regulator, namely,
early growth response 1 (EGR1), was found to improve cell proliferation and enhance
the expression of three fibrosis-related proteins, MMP-13, collagen I, and collagen III, in
the myocardial fibrosis cell culture. Next, the upregulation of miR-150-5p reversed the
effect of EGR1, pointing to the possible mechanism through which they directly interacted
with each other. At the same time, EGR1 knockdown retarded myocardial fibrosis while
silencing miR-150-5p exacerbated fibrotic expansion, as evidenced by H&E and Masson’s
trichrome staining. Putting all of this together, it was concluded that the inhibition of EGR1
by miR-150 might become an effective method for cardiac fibrosis therapy [93]. Similarly,
miR-1954 has also been determined to play a critical role in cardiac fibrogenesis [94].
Specifically, heart-specific overexpression of miR-1954 was demonstrated to be protective
in a mouse model of cardiac hypertrophy and remodeling generated by angiotensin II
infusion. Namely, miR-1954 attenuated cardiac remodeling, reduced systolic blood pressure,
and decreased the expression of cardiac hypertrophy (NppA, NppB, beta-MHC) and
fibrotic marker genes (col1a1, col3a1, and col4) [94]. The investigators further proposed the
potential target of miR-1954, namely, thombospondin 1 (THBS1), since cardiac fibroblasts
transfected with miR-1954 had lower expression levels of THBS1, whereas the inhibition
of miR-1954 had the opposite effect. Thus, it was suggested that the enhancement of
miR-1954 levels could be another promising treatment strategy, as it targets the THBS1
gene involved in the promotion of cardiac fibrosis [94]. Yang and colleagues reported a
different miRNA type that could negatively regulate cardiac fibrosis [95]. In their study,
miR-489 suppressed isoproterenol induced cardiac fibrosis in rats. To be specific, miR-489
downregulated pro-fibrotic markers such as col1a1, α-SMA, and HDAC2 and inhibited the
viability and differentiation of cardiac fibroblasts. Importantly, HDAC2 was identified as a
direct target of miR-489 by using the computational prediction software, TargetScan. This
was further confirmed by a reverse transcription-quantitative polymerase chain reaction
analysis, which demonstrated a decrease in the HDAC2 expression in cells transfected
with the miR-489 mimic and a corresponding increase in cells transfected with the miR
inhibitor. They also determined a reduction in the colA1 and α-SMA levels with HDAC2
silencing in the siHDAC-transfected group compared to siNC, providing additional clues
to the mechanism of action of miR-489. Another anti-fibrotic miRNA that was recently
investigated in the context of CVDs is miR-30d. In a murine model of MI, overexpression
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of miR-30d in the heart ameliorated left ventricular function, reduced cardiac fibrosis,
and downregulated fibrotic markers such as α-SMA [96]. It is important to mention
that miR-30d overexpression was also associated with inhibitory effects on apoptosis.
Further investigations revealed that integrin α5 was a direct target of miR-30d, which
is involved in the regulation of fibrogenesis. Similarly, miR-145 has also been identified
as a suppressor of MI-induced cardiac fibrosis in rat models [97]. Thus, the injection of
adenovirus expressing miR-145 in the infarcted zone significantly reduced fibrous tissue
formation and collagen synthesis. Moreover, improvement in left ventricular functions was
observed upon treatment with miR-145. Regarding the mechanism of action of miR-145, it
was found that SOX9, which plays a role in cardiac fibrogenesis, was directly repressed
by miR-145. Furthermore, the study showed that SOX9 negatively regulated PTEN and
promoted PI3K, AKT, and GSK-3beta signaling and collagen I/III secretion, whereas a
contrary effect was observed after miR-145 overexpression, suggesting an inhibitory role of
miR-145 on SOX9 and its downstream PI3K/AKT pathway. Overall, this study provided
evidence for the involvement of SOX9 and miR-145 in cardiac fibrogenesis, which can be
further used to develop new strategies to combat cardiac fibrosis [97]. Summarizing all
of the data, some miRNAs have been identified as potential mediators of cardiac fibrosis,
while others have been shown to have the opposite effect. Taking this into account, the up-
and downregulation of these miRNAs may provide novel strategies for CVDs associated
with fibrotic cardiac remodeling. We summarize some of the related studies in Table 2.

Table 2. The pro- and anti-fibrotic microRNAs used for the treatment of cardiac fibrosis.

Class of
Micro-RNA Example Treatment Outcome Reference

Pro-fibrotic

MiR-27b Inhibition
Lowered expression of collagen I and III, and MMP9;
significantly reduced fibrotic tissue formation in rat

MI model
[86]

MiR-96 Inhibition

Suppressed angiotensin II-induced proliferation of,
migration of and collagen production by murine
cardiac fibroblasts; decreased inflammatory cells

infiltration; and reduced collagen I and III deposition in
atrial tissue

[87]

MiR-1202 Inhibition Decreased expression of collagen I and III, α-SMA, and
Smad2/3 [89]

MiR-150 Inhibition
Reduced expression of col1α1, col1α2, col3, and

α-SMA; improved survival of cardiomyocytes in rat
model of MI

[92]

Anti-fibrotic

MiR-150-5p Use of miRNA mimic
Suppressed the expression of MMP-13, collagen I and
III; induced apoptosis of human myocardial fibrosis

cells after Trypanosoma cruzi infection
[93]

MiR-1954 Overexpression

Alleviated fibrotic cardiac remodeling, reduced systolic
blood pressure, and decreased the expression of cardiac

hypertrophy (NppA, NppB, beta-MHC) and fibrotic
marker genes (col1a1, col3a1 and col4) in angiotensin

II-induced model of cardiac hypertrophy in mice

[94]

MiR-489 Use of miRNA mimic

Downregulated pro-fibrotic markers such as col1a1,
α-SMA, and HDAC2 in an isoproterenol-induced rat

model of cardiac fibrosis and inhibited the viability and
differentiation of cardiac fibroblasts in vitro

[95]

MiR-30d Overexpression

Reduced cardiac fibrosis, downregulated fibrosis
marker genes such as α-SMA, inhibited cardiomyocyte
apoptosis, and improved left ventricular function in a

murine model of MI

[96]

MiR-145 Overexpression
Reduced fibrous tissue formation and collagen

synthesis; enhanced left ventricular function in rat
model of MI

[97]
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4.4. Anti-Fibrotic Medications

Differentiation of pathological myofibroblasts from cardiac fibroblasts is the major
hallmark of cardiac fibrosis [98]. Thus, controlling this process is crucial for attenuating
the pathology of fibrosis. CTGF, TGF-β, RAAS, Gal-3, TNF-α, endothelin, and IL-11 are
either directly or indirectly involved in the differentiation of fibroblasts into myofibroblasts.
Therefore, the current therapies are mainly focused on targeting these pro-fibrotic agents in
order to attenuate the development of cardiac fibrosis in damaged hearts. These therapies
include, but are not limited to, drugs focused on the inhibition of RAAS, TGF-β, CTGF,
Gal-3, and NLRP3 expression and production.

4.4.1. Renin–Angiotensin–Aldosterone System (RAAS) Inhibitors

RAAS inhibitors are widely used to target cardiac fibrosis. Drugs such as lisinopril,
losartan, amlodipine, and spironolactone have proven their anti-fibrotic effect on car-
diomyocytes [23,99,100]. A recent study demonstrated that a new first-in-class angiotensin
receptor inhibitor, sacubitril/valsartan, can suppress the effect of RAAS during cardiac
remodeling by blocking angiotensin II type 1 receptors and activating vasoactive peptides
through the inhibition of the neprilysin enzyme, which is responsible for their degrada-
tion [101]. Sacubitril/valsartan prevented maladaptive cardiac fibrosis and dysfunction
by blocking cardiac fibroblast activation and proliferation in a mouse model of pressure
overload–induced hypertrophy [102]. Moreover, the effects on exosome production and
content isolated from human induced pluripotent stem cell-derived cardiomyocytes by
sacubitril/valsartan demonstrated that it decreases myocardial fibrosis via the downreg-
ulation of exosomal miR-181a, resulting in the attenuation of myocardial fibrosis and
hypertrophy in a rodent model of chronic MI [103]. Another recently identified RAAS
inhibitor, alamandine, demonstrated that it could decrease the density of cardiac fibrosis
and reduce the expression of fibrotic proteins (CTGF, collagen I (COL1A1), and MMP-9) in a
spontaneous hypertensive rat model [104]. Furthermore, alamandine blocks the increase in
ERK1/2 phosphorylation and restores the level of 5′-adenosine monophosphate-activated
protein kinase (AMPK) α phosphorylation, preventing cardiac hypertrophy and fibrosis
in a mouse model of cardiac remodeling induced by transverse aortic constriction [105].
Additionally, a novel hormone like polypeptide, irisin, can be involved in the protection
of cardiac tissues during cardiac hypertension, coronary artery disease, MI, and myocar-
dial ischemia-reperfusion injury through the inhibition of the RAAS system [106,107].
Chen and colleagues demonstrated that irisin could decrease the angiotensin II-induced
cardiac fibrosis via activating the Nrf2-antioxidant signaling pathway and inhibiting pro-
fibrotic TGF-β1-Smad3 signaling [107]. In a mouse model of DOX-induced cardiotoxicity,
irisin ameliorated cardiac perivascular fibrosis through the inhibition of endothelial-to-
mesenchymal transition by regulating ROS accumulation and autophagy disorder in en-
dothelial cells [108]. In addition, irisin was shown to suppress ROS generation induced by
angiotensin II, leading to the inhibition of its pro-fibrotic effect [107]. Furthermore, cardiac
tissue fibrosis induced by angiotensin II-stimulated TGF-β enhances the binding of IL-33 to
sST2 but not to ST2L, which normally provides cardioprotection against fibrotic formation.
This again leads to the overproduction of angiotensin II and the subsequent progression
of fibrosis formation. The inhibition of angiotensin II by angiotensin converting enzyme
inhibitors reduces the inflammatory response and the level of sST2. In the absence of sST2,
IL-33 interacts with ST2L [109]. Moreover, in vitro studies have shown that angiotensin
II treatment significantly elevated the level of circHIPK3 in the cardiac fibroblasts and
surrounding heart tissue. Thus, silencing circHIPK3 reduced the proliferation of fibroblasts
and the expression of α-SMA as well as improved the diastolic functions [37]. The patho-
logical effect of angiotensin II can be inhibited by quercetin dehydrate, which is involved in
the suppression of collagen production and fibroblast proliferation and differentiation [110].
Another potential target for anti-fibrotic therapy is SNHG20, a long non-coding RNA, which
is upregulated in the angiotensin II-treated murine heart. Its downregulation eliminated
the angiotensin II effects on fibrosis such as the expression of fibrotic and apoptosis-related
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proteins by directly targeting the miR-335/Gal-3 axis [111]. In addition, the infusion of
IGF-1 can improve angiotensin II-caused myocardial fibrosis via the regulation of the Akt
pathway and downregulation of α-SMA expression mediated by ho-associated coiled-coil
containing kinases (ROCK)2, leading to the suppression of fibroblast differentiation and
proliferation [112].

Overall, despite the various previously known drugs, it seems that new RAAS in-
hibitors such as sacubitril/valsartan, alamandine, irisin, angiotensin converting enzyme
inhibitors, and quercetin dihydrate can provide new opportunities for the treatment of
cardiac fibrosis.

4.4.2. TGF-β and CTGF Inhibitors

As another strategy, targeting different pro-inflammatory mediators such as TGF-
β and CTGF can be utilized in order to prevent the development of cardiac fibrosis by
decreasing myofibroblast activation, which results in the reduced expression of integrins
by the cells, preventing further deposition of pathological ECM [29,113,114]. Recently, it
was shown that the treatment of mice with CTGF monoclonal antibody, pamrevlumab, in a
mouse model of MI enhanced cardiac repair and reduced adverse post-MI left ventricle
remodeling [115]. The study showed a reduction in the MI-induced fibrosis in the remote,
non-ischemic myocardium in mice treated with pamrevlumab compared with MI mice
treated with the control IgG. Moreover, pamrevlumab reduced the basal and TGF-β1–
induced α-SMA and collagen I expression, possibly through regulating the JNK signaling
pathway and genes related to fibrosis and/or inflammation and cardiac repair. Another
drug called pirfenidone, which was previously approved for the treatment of idiopathic
pulmonary fibrosis, demonstrated promising results in the treatment of cardiac fibrosis
in animal models due to its similarity to the mechanisms of myocardial and pulmonary
fibrosis [116]. Several groups have reported that pirfenidone blunts TGF-β signaling,
which is a crucial determinant of pulmonary and cardiac fibrosis [117]. The expansion of
cardiac fibrosis following MI is thought to affect viable tissue adjacent to the infarcted area,
predisposing to impulse fragmentation and the development of ventricular arrhythmias.
In a rat model, pirfenidone treatment was initiated one week after ischemia-reperfusion
injury and continued for four weeks. Pirfenidone caused a reduction in the scar size and
myocardial fibrosis in the border zone, with better preserved left ventricle systolic function
and lower rates of ventricular tachycardia inducibility [118].

In rats subjected to ligation of the left anterior descending coronary artery, pirfenidone
reduced cardiac fibrosis and scar size and slowed down progression toward heart fail-
ure [119]. Moreover, pirfenidone attenuated left ventricle remodeling and improved sur-
vival in mice with diphtheria toxin-mediated acute myocardial injury and closed-chest
ischemia-reperfusion injury [120]. The authors observed a reduced percentage of B lympho-
cytes in mice treated with pirfenidone and the depletion of B lymphocytes abolished the
beneficial effects of pirfenidone. Moreover, activation of B lymphocytes that were stimu-
lated with lipopolysaccharide and extracts of necrotic cells were attenuated by pirfenidone
through a TIRAP-dependent pathway. The authors then postulated that the cardioprotec-
tive effects of pirfenidone depended at least partially on the modulation of myocardial B
lymphocytes [120].

A recent study revealed that the activation of TGF-β in cardiac fibroblasts, which
resulted in their transdifferentiation into myofibroblasts, is induced by the overexpression
of ADAMTS16, an extracellular enzyme that is associated with ECM protein degradation
and remodeling. ADAMTS16 activates the latency-associated peptide (LAP)-(TGF)-β (LAP-
TGF-β) signaling pathway through the RRFR motif [121]. Another study focused on the
relationship between the TGF-β/Smad2/3 signaling pathways and the Smad7 molecule.
They revealed that Smad7 had an inhibitory effect on TGF-β expression in fibroblasts by
promoting TβR and R-Smad turnover, leading to the downregulation of Smad2 and Smad3
molecules. This resulted in reduced myofibroblastic activity and decreased synthesis of
EMPs [122]. Additionally, the TGF-β1/Smad signaling pathways are regulated by Slit2. The
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Slit2–Robo1 signaling pathway interferes with the functions of TGF-β1/Smad, leading to
the increased production of Periostin, Robo1, and collagen I. Thus, silencing the Slit2–Robo1
pathway may open a window to a new therapy for the treatment of cardiac fibrosis [45].

The TGF-β1/Smads signaling pathway can be suppressed by tissue nonspecific alka-
line phosphatase (TNAP). TNAP is overproduced in patients with MI, and the suppression
of its production reduces the expression of collagen-related genes. A study on rats with
MI-induced fibrosis showed that this effect was partially caused by the deactivation of the
TGF-β1/Smads pathway [123]. In addition, baicalin, a natural polyphenol that has been
used in traditional Chinese medicine to treat inflammation and hypertension, has recently
received attention for its protective effects on CVDs such as its inhibition of the progression
of atherosclerosis, against myocardial ischemia-reperfusion injury and the suppression of
endothelial dysfunction. Xiao and colleagues revealed that baicalin inhibits cell prolifera-
tion, collagen synthesis, fibronectin, and CTGF protein expression in cardiac fibroblasts
induced by angiotensin II in the model of abdominal aortic constriction ameliorating cardiac
fibrosis in rats [124]. Moreover, baicalin inhibited the TGF-β/Smads signaling pathway
stimulated with Ang II through the activation of AMPK, providing evidence that its effect
against cardiac fibrosis may be attributed to its regulation in AMPK/TGF-β/Smads sig-
naling. Finally, a recent in vivo and ex vivo study found that CTRP9 (C1q/tumor necrosis
factor-related protein-9), a secreted glycoprotein highly expressed in the heart, can also be
effective in reducing arterial inflammation and fibrosis, possibly via its inhibitory effects on
TGF-β and collagen deposition, in the early phase of MI. It attenuated left atrial fibrosis by
reducing the expressions of collagen types I and III, α-SMA, and TGF-β1 seven days after
MI, possibly through depressing the Toll-like receptor 4/nuclear factor-κB and Smad2/3
signaling pathways [125].

Taken together, the inhibition of CTGF and TGF-β with their inhibitors such as CTGF
mAb, pirfenidone, TNAP inhibitor, baicalin, and CTRP9 can be a promising strategy for the
treatment of cardiac fibrosis due to their effects on different signaling pathways involved
in the development of fibrosis in cardiac tissue.

4.4.3. Gal-3 and NLRP3 Inflammasome Inhibitors

Gal-3 is a soluble β-galactosidase-binding glycoprotein. Activated macrophages and
pathologically damaged cardiomyocytes are the source of their high expression in blood
serum in various cardiac and cerebrovascular diseases including acute ischemic stroke,
atrial fibrillation, myocardial fibrosis, and HF [126]. A recent study on rabbits revealed
that treatment with Gal-3 inhibitor, modified citrus pectin (MCP), can decrease myocardial
fibrosis, resulting in relatively regular and neatly arranged non-fibrotic myocardial cells
with scattered nuclei in the infarct zone. In addition, myocardial Gal-3, collagen type I, the
collagen type III gene, and the protein expression levels were also decreased in the MCP
treatment group [127]. Moreover, in a mouse model of isoproterenol induced HF, MCP
ameliorated myocardial fibrosis via the inhibition of the TLR4/MyD88/NF-κB signaling
pathway and decreased expression of IL-1β, IL-18, and TNF-α, which is involved in the
pathogenesis of HF [128]. On the other hand, the formation of inflammasome in the
mouse MI heart can lead to an additional loss of functional myocardium, resulting in the
development of HF [129]. Particularly, the NLRP3 inflammasome plays a pivotal role
in the identification of danger signals and the further induction of sterile inflammatory
responses after MI. Furthermore, MI-induced myocardial injury initiates the assembly of
NLRP3 inflammasome, leading to the secretion of various inflammatory factors including
IL-1β and IL-18. This aggravates myocardial damage and the further development of
systolic dysfunction [130]. Therefore, NLRP3 inflammasome inhibitors can serve as another
approach to control the development of cardiac remodeling and fibrosis. A recent study
revealed that MCC950, a specific inhibitor of the NLRP3 inflammasome, can attenuate
myocardial fibrosis and improve cardiac remodeling in a mouse model of MI [131]. In
this study, myocardial fibrosis was reduced in the MCC950-treated animals (MCC950,
23.2 ± 3.0 vs. PBS, 36.2 ± 3.7; p < 0.05). Moreover, histological and molecular analysis
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revealed a decrease in the level of inflammatory cells in the treated group, and cardiac
function was preserved compared to that in the control group. In vitro, MCC950 also
inhibited NLRP3 and reduced caspase-1 activity with further downregulation of IL-1β and
IL-18. Another NLRP3 inhibitor, oridonin, which is an active ingredient of medicinal herb
rabdosia rubescens, also has an anti-inflammatory effect and suppresses NLPR3 activation
by forming a covalent bond with NACHT’s cysteine 279 and preventing NEK7–NLRP3
interaction [132]. Recently, Gao and colleagues demonstrated that oridonin treatment can
preserve ejection fraction and fractional shortening of the left ventricle, and notably reduce
myocardial fibrosis in the treated mice. Furthermore, oridonin decreased the expression of
IL-1β and IL-18 as well as myocardial macrophage and neutrophil influxes [133]. Overall,
the application of Gal-3 and NLRP3 inhibitors in the treatment of cardiac fibrosis can be
a promising alternative therapy in addition to the methods discussed above due to their
negative effect on pro-inflammatory cytokines and pro-fibrotic genes and proteins.

4.4.4. β-Adrenergic Receptor Inhibitors

β-adrenergic receptors (βARs) are members of the G-protein-coupled receptor family
and consist of three subtypes: β1AR, β2AR, and β3AR. It is probable that the β3AR
isoform expression in cardiac myocytes influences the cardiovascular physiology and
pathology due to its lack of G protein–coupled receptor kinase recognition sites, which
protect the receptor from desensitization. Receptor desensitization, in turn, is one of the
pathogenetic mechanisms of chronic cardiac disease progression. Therefore, the β3AR
isoform, which is resistant to desensitization, appears as a promising target for the therapy
of various cardiac conditions [134,135]. Particularly, β3AR may play different roles in
the regulation of cardiac contractility, relaxation, vasodilatation, and metabolism [134].
Moreover, β3AR can demonstrate protective effects against myocardial interstitial fibrosis
in response to hemodynamic stress through modulating nitric oxide and oxidant stress-
dependent paracrine signaling to the fibroblasts [135]. In the mouse model of MI, Niu and
colleagues showed that stimulation of β3AR with its agonist BRL37344 (BRL) significantly
attenuated fibrosis and decreased the scar area [136]. Further analysis revealed that BRL
treatment altered the phosphorylation of endothelial nitric oxide synthase (NOS) and
increased neuronal NOS expression, suggesting that the activation of both endothelial and
neuronal NOS can be associated with cardioprotective effects of the receptor. However, a
recent study with mirabegron, the first-in-class β3AR agonist approved for the treatment
of overactive bladder in humans, demonstrated that it does not reduce infarct size and LV
fraction in the swine model of reperfused MI [137]. Overall, the stimulation of β3AR can
be another new approach for the treatment of myocardial fibrosis, but its agonists should
be further investigated.

Thus, CTGF, TGF-β, RAAS, Gal-3, and βARs have been identified as potential me-
diators of fibrotic cardiac remodeling. In addition, the role of NLRP3 inflammasome in
the progression of myocardial fibrosis has also been demonstrated in in vitro and in vivo
studies. Hence, it is reasonable to suggest that targeting these pro-fibrotic factors with
CTGF, TGF-β, RAAS, Gal-3, NLRP3, and βAR inhibitors can be a promising approach
for the treatment of myocardial fibrosis after cardiac tissue damage/remodeling. Table 3
summarizes the various medications for the therapy of cardiac fibrosis.
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Table 3. The anti-fibrotic medications.

Group of Inhibitors Drugs/Inhibitors Outcome Reference

RAAS inhibitors

Sacubitril/Valsartan
Blocked cardiac fibroblasts activation and

proliferation via downregulation of
exosomal miR-181a

[101–103]

Alamandine

Decreased the density of cardiac fibrosis and
reduced expression of fibrotic proteins, increased

of ERK1/2 phosphorylation and restored the
level of AMPKα phosphorylation preventing

cardiac hypertrophy and fibrosis

[104,105]

Irisin

Ameliorated cardiac perivascular fibrosis via
regulating ROS accumulation and activating

Nrf2-antioxidant signaling pathway and
inhibiting pro-fibrotic TGFβ1-Smad3 signaling

[107,108]

Angiotensin converting
enzyme inhibitors

Reduced the proliferation of fibroblasts and
expression of a-SMA as well as improved

diastolic functions,
reduced the inflammatory response and the level

of sST2 providing cardioprotection
against fibrosis

[37,109]

TGF-beta and CTGF inhibitors

Pamrevlumab

Reduced MI-induced fibrosis in in the remote,
nonischemic myocardium, reduced basal and

TGF-β1–induced αSMA and collagen-1
expression, and genes related to fibrosis

[115]

Pirfenidone

Reduced scar size and myocardial fibrosis in the
border zone, with better preserved LV systolic

function and slowed down the progression
toward HF

[118,119]

Tetramisole Reduced the expression of collagen-related genes
and MI-induced fibrosis [123]

Baicalin

Inhibited cell proliferation, collagen synthesis,
fibronectin, and CTGF protein expression in

cardiac fibroblasts through reduction of
TGF-β/Smads signaling pathway

[124]

C1q/tumor necrosis
factor-related protein-9

Reduced atrial inflammation and fibrosis via
inhibition of TLR4/MyD88/NF-κB signaling
pathway, TGF-β, collagen deposition, in early

phase of MI, decreased the expression of IL-1β,
IL-18 and TNF-α

[127,128]

Galectin-3 and NLRP3
inflammasome Inhibitor

Modified citrus pectin

Decreased myocardial fibrosis, myocardial Gal-3,
collagen type I, and collagen type III gene and

protein expressions via inhibiting
TLR4/MyD88/NF-κB signaling pathway,

decreased expression of IL-1β, IL-18, and TNF-α

[127,128]

MCC950

Attenuated myocardial fibrosis and improved
cardiac remodeling as well as inhibited NLRP3

and reduced caspase-1 activity with further
downregulation of IL-1β and IL-18

[131]

Oridonin

Reduced myocardial fibrosis, decreased
expression of IL-1β and IL-18 as well as
infiltration by myocardial macrophages

and neutrophils

[133]

β3AR inhibitors BRL37344 Agonist
Attenuated fibrosis, decreased scar area, altered

the phosphorylation of endothelial NOS, and
increased neuronal NOS expression

[136]

162



Biomedicines 2022, 10, 2178

5. Conclusions

Fibrosis is a pathogenetic process that leads to heart failure and increased morbidity
and mortality after MI and other CVD. Unfortunately, there are no approved therapies
that would specifically target cardiac fibrosis. Nevertheless, a variety of novel treatments
have demonstrated encouraging results in pre-clinical studies. For instance, miRNAs and
epigenetic regulators such as HDAC and methyltransferases have been shown to control
fibrotic cardiac remodeling and have therefore been tested as potential candidates or targets
for anti-fibrosis therapy for a number of heart conditions. CRISPR technology has been
utilized to silence fibrosis-related genes as well as to genetically engineer stem cells to
enhance their efficiency. Anti-fibrotic medications such as pirfenidone, angiotensin receptor
blockers, NLRP3 inflammasome inhibitors, and others have either been approved or are
being evaluated in clinical trials for the treatment of fibrosis-related diseases. Although
their use to address cardiac fibrosis is still limited, a number of pre-clinical studies have
demonstrated compelling evidence of their efficiency.

Despite promising results in pre-clinical studies, there are multiple challenges that
can compromise the clinical translation of the aforementioned novel treatments. Some of
these challenges, namely, low concentration at the target site, feasible route of delivery,
appropriate time of administration, and the limitations of existing animal models also
pertain to other known cardiac therapies. Additional hurdles concern specific therapies
such as potential off-target effects in the case of CRISPR and miRNA. Possible solutions
to these issues include the synergistic use of several therapeutic approaches together,
the establishment of more rigorous administration protocols, the utilization of human
organoids for CVD models, in silico testing, and bioinformatics tools to prevent off-site
mutagenesis and many others.
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Abstract: Currently, direct oral anticoagulants (DOACs) are the first-line anticoagulant strategy in
patients with non-valvular atrial fibrillation (NVAF). They are characterized by a more favorable
pharmacological profile than warfarin, having demonstrated equal efficacy in stroke prevention and
greater safety in terms of intracranial bleeding. The study population in the randomized trials of
DOACs was highly selected, so the results of these trials cannot be extended to specific populations
such as obese, elderly, frail, and cancer patients, which, on the other hand, are sub-populations widely
represented in clinical practice. Furthermore, due to the negative results of DOAC administration
in patients with mechanical heart valves, the available evidence in subjects with biological heart
valves is still few and often controversial. We sought to review the available literature on the efficacy
and safety of DOACs in elderly, obese, underweight, frail, cancer patients, and in patients with
bioprosthetic heart valves with NVAF to clarify the best anticoagulant strategy in these special and
poorly studied subpopulations.

Keywords: direct oral anticoagulant; stroke prevention; atrial fibrillation; elderly; frail; malignancy;
extreme weight; bioprosthetic valve

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia in clinical practice, and it
is associated with an increased risk of ischemic stroke and mortality [1]. The estimated
prevalence of AF in adults is between 2% and 4%, increasing in view of the progressive
increase in life expectancy [1].

The European Society of Cardiology (ESC) guidelines recommend the assessment of
stroke risk using the CHA2DS2-VASc score, considering oral anticoagulation (OAC) pre-
scription for scores of ≥1 in males and ≥2 in females [1]. OAC with vitamin K antagonists
(VKAs) decrease the risk of stroke by 68% [2], but at the cost of routine monitoring of
anticoagulation levels [International Normalized Ratio (INR) determination], due to their
pharmacokinetic variability and frequent food and drug interactions [2,3].

Direct oral anticoagulants (DOACs) have emerged as an alternative to VKAs as they
have demonstrated comparable efficacy in stroke prevention with less major bleeding
than warfarin in patients with non-valvular AF [4]. Moreover, DOACs do not require
routine monitoring of anticoagulation parameters as they are characterized by a predictable
pharmacokinetic and few drug and food interactions [4]. Dabigatran etexilate is the first
established factor IIa (thrombin) inhibitor. It is a prodrug converted into the active form of
dabigatran by microsomal carboxylesterases in the liver [1,3]. The mechanism of action of
rivaroxaban, apixaban, and edoxaban is the inhibition of prothrombinase complex-bound
and clot-associated factor Xa, resulting in a reduction of the thrombin burst during the
propagation phase of the coagulation cascade [1].

For special populations, such as elderly and frail patients, subjects with extreme body
weight, cancer, and bioprosthetic heart valves (BHV), the indications and the choice of
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the optimal OAC therapy are a challenge because of the poor representation of these
populations in major randomized clinical trials (RCTs). This review aims to summarize
the current relevant literature regarding the use of DOACs in the special populations
mentioned above.

2. DOACs in Elderly Patients

Older age increases both ischemic (especially stroke events) and bleeding risk [5,6].
In older patients with AF, VKAs prevent stroke with increased bleeding risk and the
need for frequent INR monitoring [7,8]. Likewise, the elderly often present with multiple
comorbidities, so an integrated approach to prevent stroke events, including tailored
therapy and careful drug-dose monitoring, is mandatory [9–11]. To date, DOACs are
the first-line therapy for stroke prevention and are characterized by a more favorable
pharmacological profile than VKA. The efficacy and safety profile of DOACs in patients
>75 years have been analyzed in various studies, but their use in octogenarians and frail
patients is still poorly explored. Table 1 summarizes the main characteristics of principal
DOAC trials and outcomes in patients ≥75 years.

In a sub-analysis of the RE-LY (Randomized Evaluation of Long-Term Anticoagulation
Therapy) trial [12,13], both dabigatran 110 mg BID and 150 mg BID were found comparable
to VKAs for the combined endpoint of stroke/systemic embolism and major bleeding.
However, comparing dabigatran dosages with warfarin showed a lower risk of intracra-
nial bleeding but similar or higher extracranial bleeding events [13]. These results were
confirmed for stroke and systemic embolism events in both patients ≥80 years [dabigatran
110 mg bid (HR = 0.75; p = non-significant [NS]) and 150 mg bid (HR = 0.67; p = NS)] and
≥85 years old [dabigatran 110 mg bid (HR = 0.52, p = NS) and 150 mg bid (HR = 0.70;
p = NS)] [14].

Finally, compared to warfarin, the use of dabigatran in women aged 75 years and
older seems to be related to an increased risk of major gastrointestinal bleeding (HR 1.50;
p < 0.05) as well as in men aged 85 years and older (HR 1.55; p < 0.05) [15]. In women
≥85 years, no effect on mortality was found using the dabigatran [15].

A sub-analysis of ROCKET-AF (Rivaroxaban Once-daily oral direct factor Xa inhibition
Compared with vitamin K antagonism for Prevention of Stroke and Embolism Trial in
Atrial Fibrillation) trial found that in elderly patients (≥75 years old; n = 6229), rivaroxaban
had similar efficacy in reducing stroke and systemic embolism (HR = 0.88; p < 0.05) with a
lower rate of intracranial bleeding (HR = 0.80; p < 0.05) when compared with warfarin [16].
Anyway, patients on rivaroxaban showed a higher risk of the combined bleeding endpoint
due to more frequent non-major gastrointestinal bleeding (2.81% versus 1.66%/100 patient
years; HR 0.70; p: 0.0002) [16].

The ARISTOTLE (Apixaban for Reduction in Stroke and Other Thromboembolic
Events in Atrial Fibrillation) trial included 5678 patients ≥75 years (31%) and 2436 patients
(18%) ≥80 years at baseline [17]. Apixaban showed absolute clinical benefits in the older
population with a significant reduction of stroke or systemic embolism (HR 0.81; p < 0.05),
major bleeding (HR: 0.66; p < 0.05), and intracranial hemorrhage (HR 0.36; p < 0.05) in
patients ≥80 years compared to warfarin [17].

In a study cohort of 14,214 AF patients (mean age 78.1), the risk of stroke/systemic
embolism (HR: 0.65, p < 0.001), major bleeding (HR: 0.53, p < 0.001), and gastro-intestinal
bleeding (HR: 0.53, p < 0.001) was lower in the apixaban group when compared with the
same number of elderly patients on warfarin (7107 patients in each group) [18]. These
results were later confirmed by Yao et al. in a cohort of AF patients with a median age
of 73 years old, in which apixaban patients showed a 33% lower risk of stroke/systemic
embolism (HR = 0.67 p = 0.04) and 55% lower risk of major bleeding (HR 0.45, p < 0.001)
compared to VKAs [19].

In the ENGAGE AF-TIMI 48 (Effective Anticoagulation with Factor Xa Next Genera-
tion in Atrial Fibrillation–Thrombolysis in Myocardial Infarction 48), 40.2% of the enrolled
patients were aged over 75 years old and 17% over 80 years old (8474 and 1440 patients, re-
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spectively). While the incidence of stroke/systemic embolism in AF patients aged ≥75 years
was similar between edoxaban and warfarin (1.5% per year in warfarin group; 1.18% per
year in edoxaban group; HR vs. warfarin, HR 0.79; p < 0.001 for noninferiority, p = 0.02 for
superiority), the incidence of major bleeding was lower in the edoxaban group (3.43% per
year in warfarin group and 2.75% in edoxaban group) [20].

In a meta-analysis of the randomized controlled trial (RCT), DOACs were associated
with equal or greater efficacy than VKAs, without relevant bleeding among patients of
≥75 years [21].

The ELDERCARE-AF (Edoxaban Low-Dose for EldeR CARE AF patients) compared
the safety and efficacy of once-daily edoxaban 15 mg versus placebo in AF Japanese pa-
tients aged ≥80 years for whom standard oral anticoagulants were contraindicated [22,23].
Edoxaban 15 mg was superior to a placebo in reducing stroke or systemic embolism, but
the study was limited by race clustering (all patients were Asian) and by a low mean of the
body weight of the cohort (about 50 kg).

The safety profile of DOACs is also maintained in patients aged ≥90 years, as shown
by the analysis of 15,756 AF patients sourced from the Taiwan National Health Insurance
Research Database (NHIRD) [24]. Indeed, while the risk of ischemic stroke was found
to be comparable between VKAs and DOAC users among elderly patients (4.07%/y ver-
sus 4.59%/y; HR: 1.16; p = 0.654), the DOAC group showed a lower risk of intracranial
hemorrhage (0.42%/year versus 1.63%/year; HR 0.32; p = 0.044) [24].

In addition, it is worth mentioning that inappropriate DOAC dosage prescription
affects up to 15% of AF patients [25], especially older patients [1,25].

In a multicenter study of AF patients aged ≥80 years who received DOAC treat-
ment (n = 253), Carbone et al. showed that nearly one-third of octogenarians with AF
received an inappropriate dose of DOACs [26]. Several clinical factors were associated with
DOAC overdosing [diabetes mellitus type II (OR 18; p < 0.001), previous bleeding (OR 6.4;
p = 0.03)] or underdosing [male gender (OR 3.15; p < 0.001), coronary artery disease (OR 3.60;
p < 0.001), and higher body mass index (OR 1.27; p < 0.001)] [26]. Octogenarians with
inappropriate DOAC underdosing showed less survival (p < 0.001) [26].

Table 1. Characteristics of DOAC principal trials and outcomes in patients aged ≥75 years.

RE-LY [12] ROCKET-AF [16] ARISTOTLE [17] ENGAGE [20]

DOACs vs. VKAs
Dose

Reduced dose

dabigatran
150 mg bid
110 mg bid

rivaroxaban
20 mg qd
15 mg qd

apixaban
5 mg bid

2.5 mg bid

edoxaban
60 mg qd
30 mg qd

Patients (n) 18,113 14,264 18,201 14,071
Age (mean in years) 72 73 70 72

Patients ≥ 75 years, n (%) 7258 (40) 6229 (44) 5678 (31) 5668 (40)

ClCr in ≥75 years at baseline
• ≥80 mL/min: 12%
• 50–79 mL/min: 57%
• <50 mL/min: 26%

Median 55 mL/min
(IQR 44, 68).

• >80 mL/min: 10.5%
• 51–80 mL/min: 51.5%
• 31–50 mL/min: 33.6%
• ≤30 mL/min: 3.9%

• >80 mL/min: 12%
• 51–80 mL/min: 52%
• ≤50 mL/min: 37%

Stroke or systemic embolism in patients ≥75 years

Event rates (DOACs vs. VKAs %/years)
HR (or RR for dabigatran) (IC 95%)

1.9 (110 mg bid) vs. 2.1
1.4 (150 mg bid) vs. 2.1

0.88 (0.66–1.17) (110 bid)
0.67 (0.49–0.90) (150 bid)

2.3 vs. 2.9
0.80 (0.63–1.02)

1.6 vs. 2.2
0.71 (0.53–0.95)

1.9 vs. 2.3
0.83 (0.67–1.04)

Major bleedings in patients ≥75 years

Event rates (DOACs vs. VKAs %/years)
HR (or RR for dabigatran) (IC 95%)

4.4 (110 mg bid) vs. 4.4
5.1 (150 mg bid) vs. 4.4

1.01 (0.83–1.23) (110 bid)
1.18 (0.98–1.42) (150 bid)

4.9 vs. 4.4
1.11 (0.92–1.34)

3.3 vs. 5.2
0.64 (0.52–0.79)

4.0 vs. 4.8
0.83 (0.70–0.89)

Gastrointestinal bleedings in patients ≥75 years

Event rates (DOACs vs. VKAs %/years)
HR (or RR for dabigatran) (IC 95%)

2.2 (110 mg bid) vs. 1.6
2.8 (150 mg bid) vs. 1.6

1.39 (1.03–1.98) (110 bid)
1.79 (1.35–2.37) (150 bid)

2.8 vs. 1.7
1.69 (1.19–2.39)

1.3 vs. 1.3
0.99 (0.69–1.42)

2.2 vs. 1.7
1.32 (1.01–1.72)

Intracranial bleeding in patients ≥75 years

Event rates (DOACs vs. VKAs %/years)
HR (or RR for dabigatran) (IC 95%)

0.37 (110 mg bid) vs. 1
0.41 (150 mg bid) vs. 1

0.37 (0.21–0.64) (110 bid)
0.42 (0.25–0.70) (150 bid)

0.66 vs. 0.83
0.80 (0.50–1.28)

0.43 vs. 1.29
0.34 (0.20–0.57)

0.5 vs. 1.2
0.40 (0.26–0.62)
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3. DOACs and Frailty

“Frailty” is defined as a vulnerability to infectious processes and physical and emo-
tional stresses [27]. The prevalence of such a condition increases with age and ranges from
9% in 75–79-year-old patients to 26% in patients ≥85 years [28].

Frail subjects are less likely to receive OAC despite evidence supporting the use of OAC
in this population [15,29]. According to the results of RCTs [30,31], meta-analyses [4,21],
and large registries [15,24,32], when compared to warfarin, DOACs demonstrate a better
risk-benefit profile in frail patients [11,24,30,33,34]. The prescription of a reduced dose of
OAC is less effective in preventing adverse outcomes [35–37].

In the systematic review by Oqab et al. [38], it was highlighted that 40% of hospi-
talized elderly patients with AF (over the age of 80) were classified as frail, and the rate
of OAC prescription was lower in these patients than in non-frail patients (OR 0.49, 95%
CI 0.32–0.74) [38]. Among frailty characteristics, cognitive impairment, malnutrition risk,
depression, and falls were recognized as the main reasons for the under-prescription of
oral anticoagulants [38].

The FRAIL-AF study [39] showed that severely frail patients are much less likely to
be prescribed with DOACs than non-frail, mildly or moderately frail patients (OR 3.4),
regardless of the individual patient’s thrombotic and bleeding risk. This evidence suggests
that frailty, in clinical practice, significantly influences the prescription of DOACs [39].

Thus, the best antithrombotic therapeutic strategy in frail AF patients remains unclear
at present. Moreover, comparison studies between different DOACs are still not available.
Anyhow, apixaban seems to have a good risk/benefit profile in older patients, especially
in those with renal failure [40–42]. On the other hand, it could be reasonable to avoid
dabigatran and rivaroxaban because of the increased risk of gastrointestinal bleeding
described in patients aged ≥75 years [43].

4. DOACs in Patients with AF and Active Cancer

AF is commonly diagnosed in the setting of active cancer [44]. Antithrombotic pre-
vention against the risk of cerebral stroke and systemic embolism in patients with AF
and cancer disease is essential [45], and the risk of bleeding also depends on the type
of tumor [46].

Due to the low life expectancy and high bleeding risk of cancer patients, the major RCTs
of DOACs have included few patients with AF and cancer [12,17,47,48]. Therefore, data
on this sub-population remain lacking and uncertain. In this regard, several observational
studies and meta-analyses have investigated the efficacy and safety of DOACs in this
population [49–52], assessing their viability when compared to warfarin [49,51,52] (Table 2).

Russo et al. published a systematic review of the literature of six eligible studies,
founding that the efficacy and safety of DOACs in cancer patients are similar to that of the
general population [49]. In particular, authors found a low annual incidence of bleeding
and thrombotic events in cancer patients treated with DOACs compared to those treated
with warfarin. Moreover, the risk of such events was comparable to non-cancer patients
regardless of the treatment used (DOACs or VKAs) [49].

A systematic review and metanalysis of three sub-studies of ARISTOTLE [53],
ROCKET-AF [54], and ENGAGE-TIMI 48 trials [55] showed no significant differences
in safety and efficacy outcomes between cancer and non-cancer patients in OAC ther-
apy (all p < 0.05) [51]. Moreover, DOAC therapy resulted in a significantly lower risk
of stroke/systemic embolism (p = 0.04), venous thromboembolism (p < 0.0001), and
a decreased risk of intracranial or gastrointestinal bleeding compared with warfarin
(p = 0.04) [51].

Yang et al., in a network meta-analysis [52], showed that in AF patients with cancer,
apixaban was associated with the lowest risk of stroke/systemic embolism (OR 0.12, 95%
confidence interval [CI] 0.05–0.52), followed by rivaroxaban, dabigatran, edoxaban, and
warfarin. Apixaban was also the best treatment option to avoid major bleeding, followed
by dabigatran and edoxaban (OR 0.39, 95% CI 0.18–0.79) [52].
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A large meta-analysis (46,424 DOAC users and 182,797 VKA users) comparing the
efficacy and safety of DOACs and VKAs in cancer patients has shown that DOACs are more
effective in preventing strokes in the course of the AF [56]. Indeed, DOACs, compared to
VKAs, significantly reduced the risk of both ischemic (RR 0.84; p = 0.007) and hemorrhagic
stroke (RR 0.61, p < 0.00001) [56]. Moreover, the risk of major bleeding was significantly
reduced by up to 32% (RR 0.68, p = 0.01) and the risk of systemic embolism or any type of
stroke by 35% with DOACs compared with VKA (RR 0.65, p < 0.0001) [56]. Similarly, the
use of DOACs versus VKAs significantly reduced the risk of intracranial or gastrointestinal
bleeding (RR 0.64, p = 0.006) [56].

Furthermore, in a study of 16,096 patients with AF and active cancer [57], the bleeding
rate was similar with rivaroxaban and dabigatran but significantly lower with apixaban
(HR 0.37; p = 0.002). None of the anticoagulants showed greater efficacy in reducing the
incidence of ischemic stroke [57].

The Scientific and Standardization Committee (SSC) of the International Society on
Thrombosis and Haemostasis (ISTH) recommends that individual decisions should be
made for a patient with cancer and AF, considering the risk of stroke and bleeding [58]. In
patients who had initiated anticoagulation before anti-cancer treatment, therapy should not
be modified if there are no significant interactions with oncological drugs. In the case of
newly diagnosed AF during chemotherapy, DOACs should be preferred over VKAs or low-
molecular-weight heparin (LMWH) if no significant drug–drug interactions are found. The
exception is patients with gastrointestinal neoplasms or other gastrointestinal tract diseases
predisposing to bleeding, where the OAC prescription should be strongly individualized.
LMWH in therapeutic doses should only be recommended when the patient cannot take
oral anticoagulants. VKAs are recommended in patients with mechanical heart valves or
moderate-to-severe mitral stenosis.

In conclusion, several preliminary pieces of evidence suggest that DOACs are effective
and safe in cancer patients with AF, but RCTs should improve these findings. The choice of
the DOAC should be individualized, considering the prothrombotic risk related to cancer
disease and the risk of bleeding.

Table 2. Results of the main studies exploring the efficacy and safety of direct oral anticoagulants in
cancer patients with atrial fibrillation.

Authors, Reference Main Study Characteristics Ischemic Events Major Bleeding Conclusions

Russo et al. [49]

Systematic Review of
retrospective studies
(6 studies included)

DOACs in AF cancer
patients
Cancer

Vs.
Non-cancer patients

Annual incidence range
0 to 4.9%
versus

1.3 to 5.1%

Annual incidence range
1.2 to 4.4%

versus
1.215 to 3.1%

No significant differences
in safety and efficacy

outcomes between cancer
and no-cancer patients

with AF on DOACs

Deng et al. [51]

Systematic Review and
Meta-Analysis

(5 studies included)
DOACs

Vs.
Warfarin

SSE Intracranial or GI

In cancer patients, DOACs
have similar rates or lower

rates of ischemic and
bleeding events and a
reduced risk of venous

thromboembolism
compared with warfarin.

RR = 0.52
95% CI, 0.28–0.99

p = 0.04

RR = 0.65
95% CI, 0.42–0.98

p = 0.04
VTE MB

RR = 0.37
95% CI, 0.22–0.63

p < 0.0001

RR = 0.73
95% CI, 0.53–1.00

p = 0.05
IS MB or CRNMB

RR = 0.63
95% CI, 0.40–1.00

p = 0.05

RR = 1.00
95% CI, 0.86–1.17

p = 0.96
MI Any bleeding

RR = 0.75
95% CI, 0.45–1.25

p = 0.26

RR = 0.93;
95% CI, 0.78–1.10

p = 0.39
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Table 2. Cont.

Authors, Reference Main Study Characteristics Ischemic Events Major Bleeding Conclusions

Mariani et al. [56]

Meta-analysis
(9 studies included)

DOACs
versus

Warfarin

SSE HS

In patients with cancer
and non-valvular AF, the

use of DOACs is
associated with a

significant reduction of
thromboembolic and

bleeding events
in patients when

compared to warfarin

RR 0.65
95% CI, 0.52–0.81

p = 0.001

RR 0.61
95% CI 0.52–0.71

p = 0.00001
IS MB

RR 0.84
95% CI 0.74–0.95

p = 0.007

RR 0.68
95% CI 0.50–0.92

p = 0.01
MI Intracranial or GI

RR 0.71
95% CI 0.48–1.04

p = 0.08

RR 0.64
95% CI 0.47–0.88

p = 0.006
MB or CRNMB
RR 0.94; 95%

CI 0.78–1.13; p 0.50
Any bleeding

RR 0.91
95% CI 0.78–1.06

p = 0.24

DOACs: direct oral anticoagulants; AF: atrial fibrillation; SSE: stroke/systemic embolism; VTE: venous throm-
boembolism; IS: ischemic stroke; MI: myocardial infarction; GI: gastrointestinal; MB: major bleeding; CRNMB:
clinically relevant non-major bleeding; HS: hemorrhagic stroke.

5. DOAC Treatment in Obese Patients

In both ENGAGE AF-TIMI [48] and ARISTOTLE [17] trials, an important amount
of the enrolled subjects were overweight, and approximately 40% of patients were obese
(BMI ≥ 30 kg/m2).

According to the European Society of Cardiology guidelines for the management of
the AF [1], obesity is a comorbidity that needs to be corrected as part of the ABC-integrated
approach. At the extreme of the distribution of obese patients, there are underweight
patients, whose prevalence is higher in Asia [59–61], with a limited representation in
multicenter trials that validated DOACs [62,63].

Studies that have investigated the efficacy and safety of DOACs in obese patients are
summarized in Table 3.

Table 3. Main studies that investigated the efficacy and safety of DOACs in obese patients.

First Author Study Design Patients (n) BMI (kg/m2) Stroke/SE
HR (CI 95%)

Major Bleeding
HR (CI 95%)

Follow-Up
(Mean in Years)

Sandhu et al. [61]
RCT

Apixaban * vs. Warfarin
(ARISTOTLE sub-analysis)

17,913
18–<25 (n = 4052)
25–30 (n = 6702)
≥30 (n = 7159)

0.86 (0.68–1.08)
0.79 (0.61–1.02)

0.82 (0.68–0.99)
0.91 (0.74–1.10)

1.8 **

Boriani et al. [62]

RCT
Edoxaban * vs. Warfarin

(ENGAGE-TIMI
48 sub-analysis)

21,105

18–25 (n = 4491)
25–<30 (n = 7903)
30–<35 (n = 5209)
35–40 (n = 2099)
≥40 (n = 1149)

0.91 (0.78–1.07)
0.82 (0.68–1.00)
0.68 (0.52–0.89)
0.54 (0.35–0.83)

1.03 (0.88–1.20)
1.12 (0.94–1.34)
1.18 (0.94–1.48)
1.28 (0.96–1.70)

2.8 **

Balla et al. [63]

RCT
Rivaroxaban * vs. Warfarin

(ROCKET-AF
post-hoc analysis)

14,264

18.5–24.99
(n = 3289)
24–29.99

(n = 5535)
≥30 (n = 5206)

0.78 (0.64–0.96)
0.65 (0.52–0.80)

0.99 (0.82–1.18)
0.91 (0.75–1.10)

2

Kido et al. [64] Meta-analysis of 6 studies
DOACs vs. Warfarin. 8732 >40 0.85 (0.60–1.19)◦ 0.63 (0.43–0.94)◦ -

DOACs = direct oral anticoagulants; ClCr = clearance of creatinine; HR = Hazard ratio; CI = confidence interval;
SE = systemic embolism; BMI = body mass index. ** median; ◦ODDS RATIO. * reduced dose for apixaban:
age ≥ 80 years, body weight ≤ 60 kg, or serum creatinine level ≥ 1.5 mg/dL; reduced dose for edoxaban:
CrCl ≤ 50 mL/min, a body weight ≤ 60 kg use of P-glycoprotein inhibitors; reduced dose for rivaroxaban:
ClCr 30–49 mL/min.

174



Biomedicines 2023, 11, 131

The post-hoc analysis of the ROCKET-AF trial evaluated patients with normal BMI (BMI
from 18.5 to <25 kg/m2), overweight (BMI 25 to <30 kg/m2), or obese (BMI ≥ 30 kg/m2),
and overall, 36.5% of subjects enrolled were classifiable as obese [64]. The risk of stroke
was statistically significantly lower for obese patients with BMI ≥ 35 kg/m2 than that for
normal-weight patients in both the rivaroxaban and warfarin group [63].

The post-hoc analysis of the ARISTOTLE trial found that 39.4% of enrolled patients
had a BMI ≥ 30 kg/m2. In these patients, the comparison between apixaban and warfarin
showed no differences in terms of stroke or major bleeding [61].

In the ENGAGE AF-TIMI 48 trial, a higher BMI value was associated with a lower risk
of stroke or thromboembolism and better survival but with an increased risk of bleeding [62].
The efficacy and safety profile of edoxaban was comparable among BMI categories ranging
from 18.5 to >40 kg/m2, indicating the reliability of edoxaban treatment also in patients
with obesity [62].

A systematic review and meta-analysis based on trials about various levels of BMI
showed that in patients with soft or morbid obesity (class III, with BMI 40–49 kg/m2), there
are limited data on the efficacy and safety of dabigatran and rivaroxaban, while more data
are available for edoxaban and apixaban [64].

In extremely obese (BMI ≥ 50 kg/m2), data are very limited for all DOACs [65]. The
assessment of DOAC plasma levels, as well as the evaluation of the effect on coagulation
parameters, could improve the management in obese patients [66–70]. According to the
International Society of Thrombosis and Haemostasis, VKAs should be the treatment
of choice in morbidly obese patients [71]. Both the International Society of Thrombosis
and Haemostasis and the European Heart Rhythm Association suggest that if a DOAC is
administered in morbidly obese patients with AF, drug-specific peak and trough levels
(anti-FXa for apixaban, edoxaban, and rivaroxaban, ecarin time or dilute-thrombin time
with appropriate calibrators for dabigatran, or mass spectrometry drug level for any of
the DOACs) should be checked to switch to VKAs if any drug level is found below the
expected range [71,72].

In the ENGAGE AF-TIMI 48 trial, the concentration of edoxaban and the anti-factor
Xa activity at baseline after one month of treatment was assessed in a large number of
patients [4]. A sub-analysis of ENGAGE AF-TIMI 48 study showed that the concentrations
of edoxaban and anti-factor Xa activity did not vary significantly between underweight,
normal BMI, and obesity categories [62]. The data of the ENGAGE AF-TIMI 48 trials were
also analyzed in ratio to weight in a study that evaluated patients with weight ≤ 55 kg
and ≥120 kg in comparison with patients weighing 80–84 kg, highlighting that the con-
centrations of edoxaban, the activity anti-factor Xa, and factor Xa inhibition rates were
comparable between the three groups [73].

The peak concentrations of DOACs (apixaban, dabigatran, and rivaroxaban) were
measured in a cohort of 38 obese patients (median weight, 135.5 kg) with venous throm-
boembolism or AF by Piran et al. [74]. Results showed that the peak drug concentration was
higher than the expected median trough level in the majority of patients (79%); however,
a considerable part of the study population (21%) still had a peak plasma concentration
below the usual on-therapy range of peak concentration for the corresponding DOACs [74].

In a cohort of 100 patients with AF or venous thromboembolism and weight > 120 kg
receiving apixaban or rivaroxaban, Martin et al. found no significant relationship between
DOAC concentrations at peak or trough, weight, BMI, or renal function [72].

In the study of Russo et al. [67], among 58 patients with extreme obesity (BMI ≥ 40 kg/m2)
and AF, nine patients (15.5%) showed that DOAC plasma concentrations were out of the
expected ranges. Among these patients, according to the multivariate logistic analysis, the
only independent predictor of DOAC plasma levels out of the expected ranges was the inap-
propriate prescription of low-dose DOACs (hazard ratio = 29.37; p = 0.0002) [67]. According
to these results, extreme obesity does not significantly impact DOAC plasma levels [67].
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6. DOAC Use in Patients with Low Body Weight

In the RE-LY trial, the study population was stratified according to groups of body
weight to analyze the safety and efficacy of dabigatran in each subgroup of patients [12].
Both dabigatran 150 mg BID and 110 mg BID showed greater efficacy and similar safety
compared to warfarin in patients < 50 kg (n = 376) [12].

Even if low body weight increases the exposure to rivaroxaban, in a single-blind,
placebo-controlled study, no differences in plasma levels, nor the incidence of adverse
events related to the body weight (range 45–173 kg), were found in healthy volunteers of
both genders with the use of a fixed dose of rivaroxaban (10 mg, half the dose recommended
for stroke prevention in AF) [75].

In the ARISTOTLE trial, despite a higher risk of stroke or systemic embolism and
major bleeding, patients with isolated body weight < 60 kg (or age > 80, or serum
creatinine > 1.5 mg/dL) showed better outcomes with apixaban 5 mg BID versus warfarin
when compared with patients without these characteristics [17].

In both phase III studies, edoxaban half standard dose (30 mg) was administered to
participants weighing ≤ 60 kg [48,76] because of the risk of an increased drug plasma level
in these patients [48].

Underweight patients (BMI < 18.5 kg/m2) suffer from a higher risk of bleeding and
all-cause death, as demonstrated in a recent survey from Korea (underweight patients vs.
normal weight patients: adjusted HR 4.135 p = 0.008; adjusted HR 10.524, p < 0.001) [77].
However, there was no significant difference in the risk of thromboembolism among
these groups [77].

Russo et al. [78] conducted a propensity score-matched study on elderly AF patients
(>75 years) with a low body weight (<60 kg) sourced from the Italian cohorts of PREFER in
AF and PREFER in AF PROLONGATION registries to compare the safety and effectiveness
of DOACs versus VKA therapy (213 patients in each group). No statistically significant
differences were found in any analyzed outcome (DOACs vs. VKAs; thromboembolic
events: 3.76% vs. 4.69%, p = 0.63; major bleeding events: 1.88% vs. 4.22%, p = 0.15;
hospitalizations: 9.9% vs. 16.9%, p = 0.06) [78]. However, a net clinical benefit (+1.6) of
DOACs vs. VKAs was demonstrated [78].

Furthermore, an analysis of 279 AF patients aged ≥ 80 years and weighed ≤ 60 kg
(136 in DOAC vs. 143 in VKA group) showed a lower incidence of all-cause of mortality in
the DOAC group (14.91 per 100 person-years in DOAC vs. 37.94 per 100 person-years in
VKA group, adjusted HR 0.43; p = 0.003) with no significant differences in major bleeding
events (9 in DOAC vs. 13 in VKA group, p = 0.6), suggesting the safety and efficacy of the
use of DOACs in octogenarians with low weight [79].

In conclusion, patients with low body weight (<60 kg) were poorly included in RCTs.
In each RCT, subgroup analyses showed that the efficacy and safety of DOACs demon-
strated in patients weighing >60 kg is maintained in patients with low body weight, with
edoxaban requiring a dose reduction, as well as apixaban, if at least one other clinical
criterion is met. Anyway, monitoring drug levels is a prudent strategy in very low body
weight patients.

7. DOACs in Patients with AF and BHV

To date, it is still unclear which is the best treatment option for AF patients with
BHVs [80]. Current guidelines recommend lifelong OAC therapy in this subgroup of
patients with a class IC of evidence [81], with VKAs preferred to DOACs for the first
three months after the procedure [81,82]. ESC/EACTS guidelines [82] admit the use of
rivaroxaban directly after surgical BHV implantation in the mitral position (class IIb C)
due to the results of the Rivaroxaban for Valvular heart disease and atRial fibrillation
(RIVER) trial [83].

Some experiences with DOACs are available in clinical practice in this setting.
Yadlapti et al. registered almost no thrombotic events (one transient ischemic attack)

but a higher risk of bleeding (five major bleedings, six minor bleedings, and one hem-
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orrhagic stroke) in a cohort of 73 AF patients treated with DOACs (dabigatran, n = 44;
rivaroxaban, n = 25; apixaban, n = 4) after aortic (n = 61) or mitral (n = 12) BHV replace-
ment [84]. However, 72% of patients were on antiplatelet treatment, possibly causing a bias
in the incidence of bleeding outcomes [85].

Indeed, in a larger, multicenter observational study, Russo et al. [84] recorded two
thromboembolic events and only four major bleedings in a cohort of 122 AF patients with a
prior BHV replacement or valve repair, treated with apixaban (53.1%), dabigatran (31%),
or rivaroxaban (15.5%), with only 20% treated with antiplatelet therapy also [86]. Table 4
summarizes the results of these studies.

Table 4. Observational studies on the clinical performance of Direct oral anticoagulants after biopros-
thetic heart valve replacement in atrial fibrillation patients.

First Author,
Reference

Study Characteristics
(Design, Included patients,

Procedure Included)

DOAC
n, (%)

Ischemic Events
(%)

Bleeding Events
(%)

Yadlapati et al. [85]

Single center
Retrospective
Observational

73 patients included
ABHV; MBHV

Dabigatran
44, (60.3)

Rivaroxaban
25, (34.2)

Apixaban
4, (5.5)

1 TIA (1.4)
5 MB (6.9)
6 mB (8.2),
2 ICH (2.7)

Russo et al. [84]

Multicenter
Retrospective
Observational

122 patients included
ABHV; MBHV; VR

Dabigatran
38, (31)

Rivaroxaban
19, (15.5)
Apixaban
65, (53.3)

TE
2 (1,7)

M.A.I: 0.8%

4 (3.3)
M.A.I: 1.3%

DOACs: direct oral anticoagulant; ABHV: aortic bioprosthetic heart valve; MBHV: mitral bioprosthetic heart valve;
TIA: transient ischemic attack; MB: major bleeding: mB: minor bleeding; VR: valve repair; TE: thromboembolic
events; M.A.I: mean annual incidence.

Of the four major RCTs comparing DOACs to warfarin [12,17,47,77], only the ENGAGE
AF-TIMI 48 trial and the ARISTOTLE trial included AF patients with BHV replacement. In
a post-hoc analysis from the ENGAGE AF-TIMI 48, the analysis of 191 AF patients with
aortic (31.4%) or mitral (68.6%) BHV replacement, edoxaban showed a comparable rate of
stroke/systemic embolism (HR, 0.37; p = 0.15) and major bleeding (HR, 0.5; p = 0.26) [86]
but lower rates of myocardial infarction, stroke, or cardiovascular death (HR, 0.36; p = 0.03)
when compared to warfarin [86].

Moreover, in the ARISTOTLE trial, no significant differences were found in safety or
efficacy outcomes between apixaban and warfarin in the included cohort of 156 patients
with AF and BHVs or valve repair [83].

These results were consistent with those of two multicenter observational studies [87,88],
in which DOACs also showed a lower rate of major bleeding compared to warfarin. Table 5
displays the results of the aforementioned observational studies.

Regarding RCTs, the DAWA (Dabigatran Versus Warfarin After Mitral and/or Aortic
Bioprosthesis Replacement and Atrial Fibrillation Postoperatively) pilot study was the
first RCT designed to compare efficacy and safety outcomes of dabigatran 110 mg BID
to warfarin in patients with mitral and aortic BHV replacement [89]. In a follow-up
period of 90 days, no differences in the measured outcomes were recorded between the
two treatments, but the trial was prematurely terminated because of the low enrollment
(34 patients) [89].
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Table 5. Overview of the study characteristics comparing Direct oral anticoagulants with Vitamin K
antagonist oral anticoagulants in AF patients with bioprosthetic valves or prior surgical valve repair.

Author, Reference Study Characteristics
(Design, Number of Patients, Procedure Included)

DOAC
n, (%) Results

Carnicelli et al. [86]

Post-hoc analysis
phase III trial

191 patients included
ABHV; MBHV

Edoxaban
121 (63.4)

Efficacy outcome

S/SE
HDE vs. warfarin:

HR 0.37
95% CI, 0.10–1.42

p = 0.15
LDE vs. warfarin:

HR 0.53
95% CI, 0.16–1.78

p = 0.31

Safety outcome

MB
HDE vs. warfarin:

HR 0.5, 95% CI 0.15–1.67
p = 0.26

LDE vs. warfarin
HR 0.12, 95% CI 0.01–0.95

p = 0.045

Primary net clinical outcome
(S/SE, MB, death)

HDE vs. warfarin:
HR 0.46 (95% CI, 0.23–0.91) p = 0.03

LDE vs. warfarin
HR (0.43, 95% CI, 0.21–0.88) p = 0.02

Guimarães et al. [83]

Post-hoc analysis
phase III

trial
156 patients included

ABHV; MBHV; VR

Apixaban
87 (55.8)

Efficacy outcomes

S/SE
HR 1.714 (95% CI 0.313–9.372)

p = 0.53
ACS

HR 1.714 (95% CI 0.313–9.372)
p = 0.53

IS
HR 3.286 (95% CI 0.37–29.4)

p = 0.29
MI

HR 0.825 (95% CI 0.367–29.40)
p = 0.29

Safety outcome

MB
HR 0.882 (95% CI 0.309–2.519)

p = 0.82
MB/CRNMB

HR 0.781 (95% CI 0.317–1.925)
p = 0.59

ICH
HR 0.467 (95% CI 0.042–5.187)

p = 0.54
GI bleeding

HR 1.244 (95% CI 0.208–7.448)
p = 0.81

Any bleeding
HR 0.866 (95% CI 0.517–1.451)

p = 0.59
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Table 5. Cont.

Author, Reference Study Characteristics
(Design, Number of Patients, Procedure Included)

DOAC
n, (%) Results

Russo et al. [85]

Retrospective
Propensity

Score matched
130

for each group
ABHV; MBHV

Apixaban
72 (55.4)

Rivaroxaban
39 (30.0)

Dabigatran
17 (13.1)
Edoxaban

2 (1.4)

Efficacy outcome

S/SE-TIA
HR 0.49 (95% CI, 0.19–1.22)

p = 0.14

Safety outcome

MB
HR 0.59 (95% CI, 0.15–2.4)

p = 0.47
ICH

HR 0.33 (95% CI, 0.05–2.34)
p = 0.3

Duan et al. [87]

Retrospective
cohort study

2672 patients included
ABHV; MBHV

Dabigatran
362 (13.5)
Apixaban

60 (2.2)
Rivaroxaban

17 (0.6)

Efficacy outcome

Composite of IS/TIA/SE
HR 1.19 (95% CI, 0.96–1.48),

p = 0.106

Safety outcome

Composite of MB 1

HR 0.69 (95% CI 0.56–0.85)
p < 0.001

DOACs: direct oral anticoagulant; ABHV: aortic bioprosthetic heart valve; MBHV: mitral bioprosthetic heart valve;
S/SE: stroke/systemic embolism; HDE: high-dose edoxaban; LDE: low-dose edoxaban; VR: valve repair; HR:
hazard ratio; CI: confidential interval; MB: major bleeding; CRNMB: clinically relevant non-major bleeding; ACS
all-cause stroke; IS: ischemic stroke; MI: myocardial infarction; ICH: intracranial hemorrhage; GI: gastrointestinal;
TIA: transient ischemic attack; 1: Gastrointestinal bleeding, intracranial hemorrhage and bleeding from other sites.

In a recent small trial on 50 AF patients undergoing aortic BHV replacement, apixaban
(n = 25) and warfarin (n = 25) were compared for adverse events in three months following
surgery. Only one CV death due to massive pericardial effusion was recorded nine days
after surgery in the warfarin group. At the end of the follow-up period, three patients
experienced a major bleeding event in the warfarin group, with no such events in the
apixaban one. In light of these pieces of evidence, authors concluded that apixaban is
proven safer than warfarin early after aortic BHV replacement with comparable efficacy in
preventing valvular dysfunction (no event recorded in either group) [90].

Recently, 1005 AF patients were enrolled in The RIVER trial [91] to randomly receive
rivaroxaban or warfarin after surgical mitral BHV replacement. No differences in ischemic
and bleeding events or death occurred between rivaroxaban versus warfarin at the end
of the follow-up (12 months follow-up; stroke, 3% vs. 2.4; major bleeding, 1.4% vs. 2.6%;
death, 4% vs. 4%). Table 6 summarizes the results of these latter RCTs.

Data on DOAC clinical profiles in patients with transcatheter aortic valve implantation
(TAVI) and AF are still lacking. According to the results of the propensity score-matched
study of Jochheim et al. [91], DOAC safety was comparable to warfarin at the cost of
a higher incidence of the composite efficacy endpoint (all-cause mortality, myocardial
infarction, and any cerebrovascular events; 21.2% vs. 15%; HR, 1.44; p = 0.05) in a cohort
of 962 TAVI patients with AF discharged on DOACs (n = 326; 53.7% rivaroxaban, 39.2%
apixaban, and 7.1% dabigatran) or warfarin (n = 626), and followed-up for 12 months [91]
(Table 7).
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Table 6. Characteristics of the randomized clinical trials comparing Direct oral anticoagulants
with vitamin K antagonist oral anticoagulants in AF patients with bioprosthetic valves or surgical
valve repair.

Author, Reference Study Design Number of Patients
(DOACs/VKAs) Results

Durães et al. [92]

Phase 2
RCT

pilot study
Dabigatran 110 mg

Vs.
Warfarin

ABHV; MBHV

27 patients included
Dabigatran = 15

Warfarin = 12

New intracardiac thrombus
Warfarin = 1

Dabigatran = 0
RR 1.1, CI 95% 0.9–1.3

p = 0.42

Piepiorka-Broniecka et al. [89]

Prospective RCT
Apixaban

Vs.
Warfarin
ABHV

50 patients included
Apixaban = 25
Warfarin = 25

Cumulative Death
Warfarin = 1
Apixaban = 0

p = 0.31
Cumulative Bleeding

Warfarin = 3
Apixaban = 0

p = 0.07
Valve dysfunction

Warfarin = 0
Apixaban = 0

Guimarães et al. [90]

Multicenter
RCT

Rivaroxaban
Vs.

Warfarin
MBHV

1005 patients included
Rivaroxaban = 500

Warfarin = 505

Efficacy outcome
1 Composite of Death/MACE 2/MB 3

Warfarin = 340.1
Rivaroxaban = 347.5

RMST difference: 7.4 days
(−1.4–16.3)

p < 0.001 for noninferiority
p = 0.10 for superiority

Safety outcome

MB
Warfarin = 13

Rivaroxaban = 7
HR 0.54 (0.21–1.35)

p = N/A

ICH
Warfarin = 5

Rivaroxaban = 0
N/A

Fatal bleeding
Warfarin = 2

Rivaroxaban = 0
N/A

DOACs: direct oral anticoagulants; VKAs: vitamin K antagonists oral anticoagulant; ABHV: aortic bioprosthetic
heart valve; MBHV: mitral bioprosthetic heart valve; RCT: randomized clinical trial; RR: relative risk; MB: major
bleeding; ICH: intracranial hemorrhage; RMST: restricted mean survival time; 1: mean time until a primary-
outcome event in days; 2: ischemic attack, valve thrombosis, systemic embolism not related to the central nervous
system, or hospitalization for heart failure; 3: according to the criteria of the Rivaroxaban Once Daily Oral Direct
Factor Xa Inhibition Compared with Vitamin K Antagonism for Prevention of Stroke and Embolism Trial in Atrial
Fibrillation (ROCKET AF): Any bleeding; Major bleeding; Intracranial bleeding; Fatal bleeding; Clinically relevant
nonmajor bleeding; Minor bleeding; N/A: not available.
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Table 7. Characteristics and results of the studies comparing Direct oral anticoagulants with vitamin
K antagonist oral anticoagulants in AF patients after TAVI.

Author, Reference Study Design Number of Patients
(NOACs/VKAs) Results

Jochheim et al. [91]

Prospective
Observational

Multicenter study
DOACs

Vs.
VKAs

962 patients included
DOACs = 326
VKAs = 636

All-cause mortality/MI/CVE
DOACs = 63/326
VKAs = 87/636

1.44, CI 95% 1.00–2.07
p = 0.050

All-cause death
DOACs = 47/326
VKAs = 70/636

1.36, CI 95% 0.90–2.06
p = 0.136

MB
DOACs = 67/326
VKAs = 144/636

0.9, CI 95% 0.64–1.26
p = 0.548
MACCE

DOACs = 30/326
VKAs = 42/636

1.43, CI 95% 0.85–2.43
p = 0.173

Kawashima et al. [93]

Prospective observational
Multicenter

DOACs
Vs.

VKAs

403 patients included
DOACs = 227
VKAs = 127

All-cause mortality
10.3% vs. 23.3%;

HR: 0.391, CI 95% 0.204–0.749;
p = 0.005

Butt et al. [94]

Retrospective
Observational
Cohort study

DOACs
Vs.

VKAs

735 patients included
DOACs = 219
VKAs = 516

Arterial thromboembolism 1

HR, 1.23; 95% CI, 0.58–2.59
Bleeding

HR, 1.14; p = 0.63–2.06
All-cause mortality

HR, 0.93, 95% CI, 0.61–1.4

Van Mieghem et al. [95]

RCT
Edoxaban

Vs.
VKAs

1426 patients included
Edoxaban = 713

VKAs = 713

Composite primary efficacy outcome 2

HR, 1.05, 95% CI, 0.85 to 1.31;
p = 0.01 for noninferiority

MB
HR, 1.40; 95% CI, 1.03 to 1.91

p = 0.93 for noninferiority

Collet et al. [96]

RCT
(stratum 1—with

indication for OAC)
Apixaban

Vs.
VKAs

451 included patients
In stratum 1

Apixaban = 223
VKAs = 228

Primary efficacy outcome 3

HR, 1.02; 95% CI, 0.68 to 1.51

Primary safety outcome 4

HR, 0.91; 95% CI, 0.52 to 1.60

DOACs: direct oral anticoagulants; VKAs: vitamin K antagonist oral anticoagulant; MI: myocardial infarction;
CVE: cerebrovascular events; MB: major bleeding; MACCE: major adverse cardiac and cerebrovascular events;
RCT: randomized clinical trial; OAC: oral anticoagulant; HR: hazard ratio; CI: confidential interval; 1 composite of
ischemic stroke, transient cerebral ischemia, and thrombosis or embolism in peripheral arteries); 2 death from
any cause, myocardial infarction, ischemic stroke, systemic thromboembolic event, valve thrombosis, or major
bleeding; 3 composite of death, myocardial infarction, stroke or transient ischemic attack, systemic embolism,
intracardiac or bioprosthetic thrombosis, deep vein thrombosis or pulmonary embolism, and life-threatening,
disabling, or major bleeding over 1-year follow-up; 4 major disabling, or life-threatening bleeding.

The prospective multicenter observational Optimized Transcatheter Valvular Interven-
tion (OCEAN) study [93] showed a low incidence of all-cause mortality in DOAC patients
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(n = 227) compared to VKAs (n = 176) in TAVI patients with AF (10.3% vs. 23.3%; HR, 0.391;
p = 0.005) during a median follow-up of 568 days [93] (Table 7). The same conclusions were
applied in the three-year follow-up study of Butt et al. [94] for the incidence of arterial
thromboembolism, bleeding, or mortality. The study included 219 (29.8%) AF patients
treated with DOACs and 516 (70.2%) treated with VKAs following TAVI (Table 7).

Regarding RCTs, in the ENVISAGE trial [95], when compared to VKAs, edoxaban was
non-inferior for the composite endpoint of death from any cause, myocardial infarction,
ischemic stroke, systemic thromboembolism, and valve thrombosis (HR, 1.05; p = 0.01),
as well as for major bleeding (HR, 1.05; p = 0.01), but the rate of major bleeding events
was found higher in the DOAC group (HR, 1.40; p = 0.93), because of a higher rate of
gastrointestinal bleeding [95] (Table 7).

Also, in the AF cohort of the ATLANTIS trial (stratum 1) (Anti-Thrombotic Strategy to
Lower All cardiovascular and Neurologic Ischemic and Hemorrhagic Events after Trans-
Aortic Valve Implantation for Aortic Stenosis), apixaban 5 mg BID compared to warfarin
was not superior for both the primary and safety outcomes (primary efficacy outcome: HR,
1.02; 95% CI, 0.68 to 1.51; primary safety outcome: HR, 0.91; 95% CI, 0.52 to 1.60) [97] (Table 7).

In conclusion, guidelines recommend OAC alone therapy in AF patients undergoing
BHV replacement [82]. Several studies highlight the favorable role of DOACs over VKAs
among AF patients undergoing surgical BHV replacement. However, those studied are
limited by a large use of concomitant antiplatelet therapy, which implies biases both for
thromboembolic and bleeding outcomes. Except for mitral valve replacement, about the
early use of DOACs after BHV replacement (first three months), data are scarce to draw
definitive conclusions. Among AF patients undergoing TAVI, OAC alone is preferred over
OAC plus clopidogrel [81,94,96,98], but conclusions on the DOAC profile are unclear at
this point.

8. Conclusions

OAC therapy in patients with AF should be based on the risk of thromboembolism,
stroke, and bleeding but also on the patient’s preference. Special populations require careful
evaluation and personalized therapy, considering the evidence regarding the pathology,
comorbidities, and the risk–benefit ratio of long-term OAC. Many studies have been per-
formed to test the efficacy and safety of DOACs, but special populations—elderly, frail,
patients with extreme weight, cancer patients, and subjects with BHV—are underrepre-
sented in the pivotal RCTs. “Real-world-setting” studies help to shed light on the OAC
management of these patients; however, there is a need for further studies in this area.
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Abstract: The use of oral anticoagulants for patients with new-onset hyperthyroidism-related atrial
fibrillation (AF) is controversial. We aimed to evaluate the clinical benefits of warfarin therapy
in this population. This retrospective cohort study used a data-cut of Taiwan Health and Welfare
Database between 2000 and 2016. We compared warfarin users and nonusers among AF patients with
hyperthyroidism. We used 1:2 propensity score matching to balance covariates and Cox regression
model to calculate hazard ratios (HRs). The primary outcome was risk of ischemic stroke/transient
ischemic attack (TIA), and the secondary outcome was major bleeding. After propensity score
matching, we defined 90 and 168 hyperthyroidism-related AF patients with mean (SD) age of
59.9 ± 13.5 and 59.2 ± 14.6 in the warfarin-treated group and untreated group separately. The mean
(SD) CHA2DS2-VASc scores for the two groups were 2.1 ± 1.6 and 1.8 ± 1.5, respectively. Patients
with hyperthyroidism-related AF receiving warfarin had no significant risk of ischemic stroke/TIA
(adjusted HR: 1.16, 95% confidence interval [CI]: 0.52–2.56, p = 0.717) compared to nonusers. There
was a comparable risk of major bleeding between those receiving warfarin or not (adjusted HR: 0.91,
95% CI: 0.56–1.47, p = 0.702). The active-comparator design also demonstrated that warfarin use had
no significant association with the risk of stroke/TIA versus aspirin use (adjusted HR: 2.43; 95% CI:
0.68–8.70). In conclusion, anticoagulation therapy did not have a statistically significant benefit on
ischemic stroke/TIA nor risk of bleeding, among patients with new-onset hyperthyroidism-related
AF under a low CHA2DS2-VASc score, by comparing those without use.

Keywords: atrial fibrillation; hyperthyroidism; warfarin; ischemic stroke; transient ischemic attack

1. Introduction

Atrial fibrillation (AF) is a common sustained cardiac arrhythmia in adults world-
wide, and it is associated with substantial mortality and risk of ischemic stroke [1]. AF
contributes to an overall five-fold higher risk of stroke [2]. It is well recognized that hyper-
thyroidism is associated with a risk of heart disease progression, but by itself can cause
cardiac disease [3,4]. Hyperthyroidism is consistently reported as a risk factor for AF [5,6].
Thyroid hormones modulate the transcription rate of multiple genes, the production of
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sarcoplasmic reticulum proteins, calcium-activated ATPase and phospholamban in cardiac
myocytes [3,7]. Furthermore, the hormones increase in systolic depolarization and diastolic
repolarization, decreasing the action potential duration and the refraction period of the
atrial myocardium, as well as the atrial nodal refraction period [7]. Elevated thyroid hor-
mones activate arrhythmogenic foci and increase supraventricular ectopic activity, which is
considered a significant causal link between hyperthyroidism and AF [7–9]. Additionally,
to identify those at high risk for incident AF, hyperthyroidism was proposed as a variable
involved in the C2HEST score (coronary artery disease or chronic obstructive pulmonary
disease (1 point each), hypertension (1 point), elderly (aged ≥ 75 years, 2 points), systolic
heart failure (2 points), thyroid disease (hyperthyroidism, 1 point)) [2,6,10]. However, its
correlation with thromboembolic stroke among patients with hyperthyroidism-related
AF is still unclear [3,11–14]. Prophylactic treatment with oral anticoagulants for stroke
prevention in this population is still controversial.

A previous prospective study in hyperthyroid patients with new-onset AF reported
an increased risk of ischemic stroke clustering during the presentation phase [11]. Those
authors suggested prompt early use of anticoagulation therapy in such patients with
hyperthyroidism-related AF [11]. Another study showed that warfarin was beneficial
compared to aspirin or no-treatment in stroke prevention in these patients with a CHA2DS2-
VASc score of ≥1 and persistent AF [12]. However, the presence of hyperthyroidism did
not confer an additional risk of ischemic stroke compared to that with non-hyperthyroid
AF [12]. Recent research suggested that thromboprophylaxis with direct oral anticoagulants
(DOACs) may be an effective and safer alternative to warfarin and should be considered
for patients with AF concomitant with hyperthyroidism [15].

Current guidelines present limited evidence on management of AF in these set-
tings [1,2,16]. Some studies revealed that hyperthyroidism is not an independent higher risk
factor for stroke or systemic embolic events compared to non-hyperthyroid patients [12–14].
There are currently no recommendations focusing on AF patients with hyperthyroidism.
However, Canadian guidelines suggest anticoagulation therapy during thyrotoxicosis with
low-quality evidence [17]. To the present, no randomized controlled trial has specifically
focused on these patients in relation to the efficacy and safety of anticoagulation therapy.
Given the lack of clear evidence, a recommendation to initiate anticoagulation appears to
be warranted. Therefore, the aim of our study was to investigate the association between
warfarin therapy and risks of ischemic stroke/transient ischemic attack (TIA) and bleeding
among patients with hyperthyroidism-related AF.

2. Materials and Methods
2.1. Source of Data

This retrospective cohort study used a subset of the Health and Welfare Database
(HWD) from Health and Welfare Data Science Center of Taiwan. The HWD consists
of medical claim data of the National Health Insurance which covers 99.99% of Taiwan’s
population. We used data from the 2000 Longitudinal Generation Tracking Database (LGTD
2000), which contains the information of 2 million beneficiaries randomly sampled from the
HWD. Details of the HWD and the subset were documented in previous studies [18–21].
The subset contains all anonymized and deidentified personal information, medical records,
procedures, and diagnoses, which were recorded using the International Classification
of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) codes from 1997 through
2015 and the International Classification of Diseases, 10th Revision, Clinical Modification
(ICD-10-CM) codes since 2016. This study obtained ethical approval from the Taipei
Medical University Joint Institutional Review Board (no. N201908068; 31 August 2019)
and followed the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guidelines.
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2.2. Study Population

We extracted data on patients who aged ≥20 years and had one discharge nonvalvular
AF diagnosis or two or more records in an outpatient department [18,20]. Patients with
hyperthyroidism were identified by having two consecutive records of a diagnosis [22].
Individuals were all from January 2002 through December 2012 with at least a 2-year
washout period to define newly diagnosed cases. Among these patients, those whose
first nonvalvular AF diagnosed with hyperthyroidism was within 1 year were defined as
hyperthyroidism-related nonvalvular AF.

Exclusion criteria for the study were patients (1) who had a stroke or TIA; (2) who had
previous major bleeding; or (3) who had a diagnosis of hypothyroidism before the date of
the hyperthyroidism diagnosis to maximize specificity for a diagnosis of hyperthyroidism.
Details of the study design flowchart and patient numbers are given in Figure 1.
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2.3. Medication Exposure and Covariates

We defined patients with hyperthyroidism-related nonvalvular AF who received
warfarin within 365 days after the first nonvalvular AF diagnosis as the exposed group.
The index date was defined as the first date on which warfarin was prescribed. A total
prescription length of 7 days or longer was applied. We excluded patients who had
previously used anticoagulants. All enrolled patients were followed up from the index date
until the occurrence of any study outcome independently, or until the end date of the study
(31 December 2016), whichever came first.

Patient demographics, comorbidities (hypertension, myocardial infarction, congestive
heart failure, peripheral vascular disease, cerebrovascular disease, diabetes mellitus, chronic
obstructive pulmonary disease, rheumatic disease, chronic kidney disease, hyperlipidemia,
cardiomyopathy, pulmonary embolism, deep vein thrombosis, atherosclerosis, and any
malignancy including leukemia) were identified as covariates. The CHA2DS2-VASc score
was calculated as a measure of stroke risk. Relevant medications (amiodarone, aspirin,
P2Y12 inhibitors, nonsteroidal anti-inflammatory drugs, and statins) were also assessed.
The code lists of these covariates are shown in Supplementary Table S1.

2.4. Outcomes

The primary outcome was a composite of ischemic stroke and TIA. The diagnostic
accuracy of ischemic stroke in the HWD is high [23–25]. We designated events first oc-
curring after 14 days following the index date as outcomes, because the occurrence of
events within the first few days of a diagnosis of AF was most likely related to the initial
presentation of AF rather than a new event. The secondary outcome was major bleeding,
defined as intracranial hemorrhage, or bleeding at gastrointestinal or other sites requiring
hospitalization. We included only one major bleeding event occurring after the index
date [20]. The code lists of these outcomes are shown in Supplementary Table S1.

2.5. Patient and Public Involvement

Patients or the public were not involved in the design, or conduct, or reporting or
dissemination plans of our research.

2.6. Statistical Analysis

Continuous variables are expressed as the mean (±standard deviation (SD)), and
categorical variables are expressed as proportions. Differences between continuous values
were compared using a two-tailed t-test, and differences between nominal variables were
compared using a Chi-squared test. We used a propensity score (PS) matching method
to balance covariates across the warfarin-treated and untreated groups [26]. The PS was
estimated using a multivariable logistic regression model based on various patient baseline
characteristics which are listed in Table 1. We applied the greedy nearest neighbor 1:2 PS
matching with a caliper of 0.2 on the PS scale, and an exact match was made for the index
year [26]. The balance of baseline characteristics was evaluated using the standardized
mean difference (SMD). Characteristics with an absolute SMD of >0.2 following PS match-
ing were considered imbalanced between the two groups [27]. After PS matching, Cox
proportional hazard modeling with a robust sandwich variance estimator analysis was
performed to compare rates of clinical events [28].

We performed the first sensitivity analysis to examine the impacts of DOACs and
new antiplatelet medication users on outcomes, because the approval date for the first
DOACs in Taiwan was June 2012. Second, to reduce potential unmeasured confounding,
we performed an active comparator design with warfarin versus aspirin. All statistical
analyses were conducted by using SAS 9.4 (version 9.4, SAS Institute, Cary, NC, USA).
Statistical significance was defined as a two-tailed p value of < 0.05.
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Table 1. Baseline characteristics of the study population.

Characteristic (n, %)

Before PSM After PSM

Warfarin
Users

Warfarin
Nonusers p Value SMD

Warfarin
Users

Warfarin
Nonusers p Value SMD

N = 105 N = 342 N = 90 N = 168

Age, years (mean ± SD) 60.1 ± 12.9 57.4 ± 14.5 0.088 0.197 59.9 ± 13.5 59.2 ± 14.6 0.699 0.051
Aged ≥ 65 years 40 (38.1) 111 (32.5) 0.285 0.118 36 (40.0) 64 (38.1) 0.765 0.039

Gender: Male 48 (45.7) 124 (36.3) 0.082 0.118 38 (42.2) 75 (44.6) 0.709 0.039
CHA2DS2-VASc (mean ± SD) 2.0 ± 1.6 1.7 ± 1.4 0.080 0.205 2.1 ± 1.6 1.8 ± 1.5 0.171 0.178

Hypertension 38 (36.2) 93 (27.2) 0.076 0.194 32 (35.6) 43 (25.6) 0.093 0.218
Diabetes mellitus 22 (21.0) 44 (12.9) 0.041 0.217 18 (20.0) 27 (16.1) 0.428 0.102
Hyperlipidemia 9 (8.6) 36 (10.5) 0.560 −0.067 9 (10.0) 20 (11.9) 0.644 −0.061

Chronic kidney disease 3 (2.9) 17 (5.0) 0.433 −0.109 2 (2.2) 4 (2.4) 0.936 −0.011
Congestive heart failure 38 (36.2) 58 (17.0) <0.0001 0.446 35 (38.9) 44 (26.2) 0.035 0.274

Myocardial infarction 0 10 (2.9) 0.126 −0.245 0 0 NA NA
Peripheral vascular disease 4 (3.8) 4 (1.2) 0.092 0.170 3 (3.3) 4 (2.4) 0.698 0.057

Chronic obstructive
pulmonary disease 14 (13.3) 37 (10.8) 0.478 0.077 13 (14.4) 21 (12.5) 0.660 0.057

Rheumatic disease 0 3 (0.9) 1.000 −0.133 0 2 (1.2) 0.544 −0.155
Thromboembolism 0 1 (0.3) 1.000 −0.077 0 0 NA NA
Cardiomyopathy 4 (3.8) 5 (1.5) 0.224 0.147 4 (4.4) 3 (1.8) 0.243 0.154
Any malignancy

including leukemia 0 5 (1.5) 0.596 −0.172 0 3 (1.8) 0.554 −0.191

Cerebrovascular disease 2 (1.9) 4 (1.2) 0.629 0.060 2 (2.2) 3 (1.8) 1.000 0.031
Amiodarone 20 (19.1) 50 (14.6) 0.275 0.119 19 (21.1) 24 (14.3) 0.161 0.180

Aspirin 38 (36.2) 105 (30.7) 0.292 0.117 35 (38.9) 50 (29.8) 0.137 0.193
Clopidogrel 3 (2.9) 9 (2.6) 1.000 0.014 3 (3.3) 2 (1.2) 0.346 0.145

NSAIDs 10 (9.5) 34 (9.9) 0.900 −0.014 9 (10.0) 18 (10.7) 0.858 −0.023
Statins 6 (5.7) 16 (4.7) 0.668 0.047 6 (6.7) 9 (5.4) 0.668 0.055

Abbreviations: NA, not applicable; NSAIDs, non-steroid anti-inflammatory drugs; PSM, propensity score match-
ing; SD, standard deviation; SMD, standardized mean difference.

3. Results
3.1. Baseline Characteristics

From a total of 447 eligible patients included in the study, 105 (23.5%) were new
warfarin users, and 342 individuals (76.5%) were nonusers. Table 1 shows characteristics of
the unmatched and matched cohorts. Before PS matching, warfarin users had significantly
higher CHA2DS2-VASc scores than did the untreated group. In addition, warfarin users
were significantly more likely to have a history of comorbidities (diabetes mellitus, heart
failure, myocardial infarction). After PS matching, 258 patients were included in the final
analysis, with 90 patients in the treated group (mean (SD) age, 59.9 (13.5) years; 38 males
(42.2%)) and 168 patients in the untreated group (mean (SD) age, 59.2 (14.6) years; 75 males
(44.6%)). The mean (SD) CHA2DS2-VASc scores were 2.1 (1.6) and 1.8 (1.5) in the warfarin-
treated and untreated groups, respectively. Most patient characteristics were comparable
between the two groups after PS matching (SMD < 0.2), except the history of hypertension
and heart failure, which were further added in the regression model.

3.2. Risks of an Ischemic Stroke and Transient Ischemic Attack

The primary study outcome is summarized in Table 2. In the matched cohort, there
were 19 events (21.1%) in the warfarin-treated group and 21 events (12.5%) in the untreated
group. Mean follow-up times of stroke/TIA occurrence were 6.7 years among warfarin
users and 7.2 years among nonusers. In terms of stroke/TIA events, the annual cumulative
incidence was 1.74% per year in hyperthyroidism-related AF among nonusers. Results from
the robust Cox regression model with multiple covariates are presented in Supplementary
Table S2. The risk of stroke/TIA among warfarin users did not significantly differ from
that of nonusers (adjusted hazard ratio (aHR): 1.16, 95% confidence interval (CI): 0.52–2.56).
Compared to the warfarin-untreated group, congestive heart failure (aHR: 4.30, 95% CI:
1.15–16.09), peripheral vascular disease (aHR: 6.01, 95% CI: 1.56–23.11) and a history of
taking aspirin (aHR: 3.42, 95% CI: 1.37–8.54) were significantly associated with an increased
risk of stroke/TIA.
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Table 2. Number of events and adjusted hazard ratios between warfarin users and nonusers among
patients with hyperthyroidism-related atrial fibrillation.

After PSM

Warfarin Users Warfarin Nonusers p Value
N = 90 N = 168

Stroke/TIA
Events (%) 19 (21.1) 21 (12.5) 0.069

Mean follow-up time
(months, SD) 79.8 (43.1) 86.0 (41.1) 0.254

aHR (95% CI) a 1.16 (0.52–2.56) Reference 0.717
Major bleeding

Events (%) 39 (43.3) 64 (38.1) 0.413
Mean follow-up time

(months, SD) 65.0 (45.5) 65.3 (43.7) 0.958

aHR (95% CI) b 0.91 (0.56–1.47) Reference 0.702
Abbreviations: CI, confidence interval; PSM, propensity score matching; SD, standard deviation; TIA, transient
ischemic attack. a Adjusted for age, gender, CHA2DS2-VASc, hypertension, congestive heart failure, peripheral
vascular disease, diabetes mellitus, and aspirin. b Adjusted for age, gender, CHA2DS2-VASc, hypertension, congestive
heart failure, diabetes mellitus, chronic obstructive pulmonary disease, hyperlipidemia, aspirin, and statins.

3.3. Risk of Major Bleeding

The secondary study outcome is summarized in Table 2. In the matched cohort, there
were 39 events (43.3%) in the warfarin-treated group and 64 events (38.1%) in the untreated
group. Mean follow-up times of major bleeding occurrence among both groups were
about 5.4 years. Results of the robust Cox regression model with multiple covariates are
presented in Supplemental Table S3. The risk of major bleeding among warfarin users did
not significantly differ from that of nonusers (aHR: 0.91, 95% CI: 0.56–1.47). Compared to
the warfarin-untreated group, hypertension (aHR: 2.11, 95% CI: 1.15–3.88) and a history of
taking aspirin (aHR: 1.85, 95% CI: 1.20–2.85) were significantly associated with an increased
risk of major bleeding.

3.4. Sensitivity Analyses

The results of the first sensitivity analysis revealed consistency in the findings even
when we excluded DOACs and new antiplatelet medication users after the index date.
After multivariate adjustment, the risk of the occurrence of stroke/TIA did not significantly
differ between the warfarin users and nonusers (Supplementary Table S4, aHR, 1.18, 95%
CI: 0.53–2.64). The risk of the occurrence of bleeding had no significant association in the
warfarin users (aHR: 0.95, 95% CI: 0.58–1.55). To reduce selection bias, we repeated our
analysis with use of warfarin versus aspirin (Supplementary Figure S1). The results are
in accordance with our earlier observations. It demonstrated that warfarin use had no
significant association with the risk of stroke/TIA, even comparing with aspirin use (aHR:
2.43, 95% CI: 0.68–8.70).

4. Discussion

This is the first retrospective cohort study that compares risks of ischemic stroke/TIA
and major bleeding associated with warfarin users vs. nonusers among patients with
hyperthyroidism-related AF. In the clinical reality, new onset disease might not require
anticoagulation therapy. Our results showed that the use of warfarin was not associated
with a statistically significantly lower risk of ischemic stroke/TIA nor a higher risk of major
bleeding. The sensitivity analysis which excluded new DOAC users showed similar results.

In our study, 2.8% of patients referred to the hospital with AF also had hyperthy-
roidism. This rate is compatible with other studies in Taiwan and other countries [14,29,30],
and female patients were predominant [12,15,30]. The annual stroke/TIA incidence of
1.74% per year among nonusers with a mean CHA2DS2-VASc score of 1.8 was numerically
lower in Taiwanese and in a Swedish cohort which had a CHA2DS2-VASc score of 2 [13,31].
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The reason could be that patients with hyperthyroidism-related AF are not at a higher
risk of ischemic stroke than those with non-thyroid AF [12,30]. In most AF patients with
hyperthyroidism, spontaneous reversion to sinus rhythm often occurs after restoration of
thyroid function [2,29]. Antithyroid therapy were prescribed to decrease the arrhythmo-
genic activity under the guidance of Taiwan National Health Insurance program [9,16,30].
However, a national cohort study demonstrated the incidence of thromboembolic events
may be not influenced by antithyroid therapies among patients with hyperthyroidism-
related AF [30]. Another study used a Cox proportional hazard model to predict that
over 60% of patients who cardioverted even after 4 to 10 years of AF will remain in sinus
rhythm when so treated [29]. Consistent with our data, the duration of stroke/TIA was
compatible. This result probably implies that hyperthyroidism in new onset AF patients
with a CHA2DS2-VASc score of <2 would have less influence on short-term outcomes.

Most studies showed that hyperthyroidism per se did not confer an additional risk
of thromboembolic events among patients with AF compared to non-hyperthyroidism
patients [14,30,32]. Our study was conducted to determine the role of anticoagulation
therapy in patients with hyperthyroidism-related AF through a mimic clinical controlled
trial. The finding of no association between warfarin use (users vs. nonusers) and ischemic
stroke/TIA is also consistent with several previous observational studies conducted with
other study designs and in other populations [12,14,30,32]. An early study with age-
matched controls found that the risk of cerebrovascular events in thyrotoxicosis patients
with AF did not significantly increase compared to those in sinus rhythm [14]. However,
the mean ages of the two groups were markedly different at 56 and 39 years, respectively.
Moreover, a recent single-center observational study demonstrated that in hyperthyroidism
patients with non-paroxysmal AF, warfarin therapy was associated with a reduced risk
of ischemic stroke via Kaplan-Meier estimate. However, no statistical association was
found in univariate analysis [12]. Nevertheless, those studies did not adjust for amiodarone
use, [12,14,32], and those positive results were based on the patients with old age and a
vary-high risk of thromboembolism (high CHA2DS2-VASc score) [12,15,33,34].

Conversely, our population was less severe in terms of both new onset of AF and
hyperthyroidism with mean CHA2DS2-VASc scores of around 2, which is close to clinical
practice, when the first diagnosis and a decision as to whether to initiate anticoagulation
therapy are made. The two groups in our study had comparable ages, genders, and
mean CHA2DS2-VASc scores, and other different baseline comorbidities were included in
the Cox model for adjustment. In addition, a cohort study showed that DOAC use was
associated with a comparable risk of thromboembolisms and a significantly lower risk of
major bleeding compared to warfarin use [15]. So, we excluded DOAC use in the two
groups, and thus there was no association with outcome risks and warfarin use compared
to nonusers.

The results of the study have clinical implications. We demonstrated that anticoagula-
tion therapy did not have a statistically significant benefit among patients with new-onset
AF that occurred with new-onset hyperthyroidism compared to those with no anticoagu-
lation therapy. Annual cerebral thromboembolic event rates in the untreated group were
lower than those in Taiwanese and Swedish cohorts [13,31]. Therefore, oral anticoagulation
might not be required in terms of cerebral thromboprophylaxis, especially in patients with
a first episode and who are younger than 65 years. Our data support the gap of current
guidelines [2,35], and the initiation of oral anticoagulants was based on the CHA2DS2-VASc
score despite hyperthyroidism.

Our study has some limitations. First, this is not a prospective randomized study.
Second, the cohort study was based on ICD codes that could be limited by coding errors.
However, diagnoses of AF, hyperthyroidism, stroke, bleeding, and other comorbidities in
the HWD are well validated [18,20,22–25]. Third, information on different types of AF is
not available in the HWD. Forth, we had no data of antithyroid medications and the exact
timing of recovery to sinus rhythms. However, a national retrospective cohort study found
that different antithyroid medications did not influence the incidence of thromboembolic
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events in this population [30]. This supports our study results that antithyroid medications
had little impact on our outcomes. Fifth, we did not apply an active comparator design
and might have experienced confounding by indications (high stroke/TIA rates). Never-
theless, there is no other appropriate active drug used in clinical practice in terms of oral
anticoagulants, and most patients realistically receive no anticoagulants in Taiwan [30].
Although some selection bias might remain, we adjusted for confounding biases as far as
was possible, even accounting for different baseline comorbidities between the two groups.
We used PS matching and tried to adjust for baseline differences using variant multivariable
Cox proportional hazard regression analyses to minimize the bias. Sixth, data for different
types of AF are not available in the HWD. However, hyperthyroidism-related AF has a
higher chance of paroxysmal AF, and previous studies have indicated that patients with
paroxysmal AF might suffer fewer thromboembolic events when compared with patients
with non-paroxysmal AF [36]. Seventh, HWD did not have laboratory data on international
normalized ratios (INRs). However, up to 99.99% of Taiwan’s population was enrolled
under National Health Insurance Program. Patients had good access to health care, and
their physicians prescribed warfarin based on the clinical presentation and INR monitoring.
Therefore, we assumed that the individual differences in the INR were minimal. Finally,
the actual drug consumption could not be determined from the database. Therefore, our
conclusion was based on reasonable therapeutic adherence.

5. Conclusions

Among patients with hyperthyroidism-related AF, oral anticoagulation therapy was
not associated with benefits in terms of ischemic cerebrovascular events or with major
bleeding. The findings suggest that patients who are younger than 65 years with new-onset
hyperthyroidism-related AF do not require an oral anticoagulant under a CHA2DS2-VASc
score <2. The initiation of oral anticoagulants should be based on CHA2DS2-VASc scores
according to current guidelines. Healthcare providers should consider periodic reassess-
ment of the AF and thyroid statuses. Future large controlled studies of oral anticoagulants
for preventing stroke in such patients are required to confirm these findings.
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