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Abstract

Aim: The aim of our study was to assess histologically and by cardiac ultrasound the effects of alpha-lipoic acid (ALA) and vitamin B complex,
as pathogenic therapies, in diabetic cardiomyopathy (DCM) in mice. Materials and Methods: We performed an experimental animal study,
in which we analyzed from a structural and functional point of view the changes produced in DCM. To produce DCM, we induced diabetes
mellitus (DM) in C57BL/6 mice by intraperitoneal injection of a single 150 mg/kg body weight dose of streptozotocin (STZ). We formed a
sham group (animals without DM), a control group (animals with DM but without treatment, DM_Control) and a group of animals with DM that
were treated with ALA and vitamin B complex (DM_Treated). Results: At six weeks after STZ administration, there was no decrease in left
ventricular ejection fraction (LVEF) in the sham group, while in the control group there was a significant decrease in LVEF, about 43.753.37%,
compared to the group that received treatment with ALA and vitamin B complex, in which LVEF decreased to 49.6+5.02% (p=0.0432). Also,
the degree of interstitial myocardial fibrosis was higher in animals with DM compared to animals without DM, but the applied therapeutic
protocol considerably improved the accumulation of interstitial collagen. The same observation was maintained regarding the evaluation of
polysaccharide deposits. Conclusions: We can say that the administration of ALA and vitamin B complex in mice with STZ-induced DM,
improves the degree of myocardial fibrosis, the accumulation of polysaccharides, and prevents severe deterioration of systolic and diastolic

function of the heart.
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& Introduction

Diabetes affects approximately 463 million people
worldwide, and this number is projected to reach
approximately 700 million people by 2040 due to
urbanization, population aging, adverse dietary changes
and reduced physical activity [1, 2]. This disease affects
almost all tissues in the body, thus increasing morbidity
and mortality due to considerable organ dysfunction,
especially the heart. Thus, cardiovascular disease is
responsible for approximately 65% of diabetes-related
deaths [3, 4]. Numerous clinical studies show that diabetes
is an important risk factor for acute myocardial infarction
[1-4]. Similarly, diabetes increases the risk of heart failure
by up to five times [4]. However, the increased prevalence
of heart failure in diabetics cannot be explained by
concomitant hypertension and coronary heart disease.
Diabetic cardiomyopathy (DCM) is recognized as one of
the main complications of diabetes which, regardless
of the presence of coronary heart disease or hypertension,
increases the risk of heart failure and death [4, 5].

Numerous studies evaluate the structural and functional
molecular mechanisms and possible therapeutic targets
for the prevention and treatment of DCM [4]. The main
mechanisms involved in the initiation and progression of
DCM are hyperglycemia, oxidative stress, increased insulin
resistance, left ventricular (LV) hypertrophy, impaired
systolic and diastolic functions of the left ventricle,

myocardial fibrosis, cardiomyocyte death, autophagy,
endothelial dysfunction and endoplasmic reticulum stress
[5-7].

This disease was first described by Rubler et al., in
1972, who reported information found at the autopsy
performed on diabetic patients with LV dilation in the
absence of any proven etiology of heart failure [6].
Subsequent studies confirmed the initial observation,
resulting in the concept of DCM. The main feature of
DCM is represented by diastolic dysfunction in the absence
of systolic dysfunction, but also the high degree of
myocardial fibrosis in the absence of hypertension or
coronary artery disease [8—13].

Despite the known relationship between altered energy
metabolism and increased insulin resistance in patients
with diabetes, the mechanism underlying the initiation and
progression of DCM remains to be elucidated. Thus, in
addition to adequate glycemic control, potential therapies
to prevent DCM may be represented by alpha-lipoic acid
(ALA) and vitamin B complex (thiamine and pyridoxamine).
Alpha-lipoic acid (also called thioctic acid) is known as a
cofactor for alpha-ketoacid mitochondrial dehydrogenases
and has been shown to play an important role in the energy
metabolism of mitochondria [14, 15]. ALA increases glucose
utilization in isolated rat hearts [16]. Other studies suggest
that ALA causes a cellular antioxidant state by improving
the action of antioxidant enzymes [17]. ALA administration
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reduces the content of advanced glycation end products
(AGES), but also the production of mitochondrial superoxide
in cardiomyocytes and decreases insulin resistance in
diabetic animal models [18]. On the other hand, thiamine
and pyridoxine, B vitamins, have multiple roles in the
body, including those to prevent various molecular signaling
pathways altered by increased plasma glucose levels
[19-21].

Aim

The aim of our study was to evaluate histologically
and through echocardiography the effects of ALA and

vitamin B complex, as pathogenic therapies, in DCM in
mice.

& Materials and Methods
Animal model

We performed an experimental animal study, in which
we analyzed from a structural and functional point of
view the changes produced in DCM. It must be said that
all the institutional guidelines for experiments on laboratory
animals were followed and we obtained the approval of
the Ethics Committee of the University of Medicine and
Pharmacy (UMPh) of Craiova. The UMPh of Craiova
Animal Facility, in which the study was place, operates
under Federation of European Laboratory Animal Science
Associations (FELASA) accreditation. All procedures
involving animals complied to Standards Relating to the
Care and Management of Experimental Animals in research
and other regulations. This study complies to the relevant
national, European Union (EU) and international ethics-
related rules and professional codes of conduct. All experi-
ments were performed in accordance with the European
Council Directive (86609EEC). Also, the anatomopatho-
logical analysis was performed in the Research Center for
Microscopic Morphology and Immunology from UMPh
of Craiova.

We housed the experimental animals (C57BL/6 mice)
in a pathogen-free environment, with continuous access to
food and water, in a program of 12 hours of light, 12 hours
of darkness. Plasma glucose levels were determined at the
enrollment of animals in the study, before the induction
of diabetes mellitus (DM), subsequently every week in
order to document the onset and duration of DM. Blood
glucose was determined by taking blood from a large
vein in the animals’ tail by using a standard glucometer
(Contour Plus One, Ascensia Diabetes Care, Switzerland).

For the DCM study, we induced DM in C57BL/6 mice
by intraperitoneal injection of a single 150 mg/kg body
weight (b.w.) dose of streptozotocin (STZ).

The experiments were performed on 24 C57BL/6 mice,
male and female, aged between eight weeks and 10 weeks,
weighing between 20 g and 27 g. Before performing echo-
cardiographic recordings or collecting blood, the animals
were removed from the animal care complex, where they
had, as already mentioned, food and water ad /ibitum.

The animals were randomly divided into three distinct
groups, as follows:

({) Sham group, in which only 0.9% sodium chloride
was injected, without STZ being injected, so without

DM. The purpose of this group was to examine cardiac
echocardiographic and histological changes and also
biological changes (weight, plasma glucose, etc.) in the
absence of DM.

(if) Control group injected with STZ 150 mg/kg b.w.,
intraperitoneally, single administration, at 8—10 weeks of
age. No therapy was applied to this group. In this case, the
biological parameters of the animals were observed (weight,
diuresis, polydipsia, polyphagia) but cardiac structural
parameters were also evaluated (by echocardiography and
histological analysis).

(iii) Treated group with therapeutic dose of alpha
thioctic acid and vitamin B complex (abbreviated A+B).
At this animal site, after inducing DM by injecting intra-
peritoneal STZ and confirming the presence of DM by
high blood glucose but also the occurrence of polyuria,
polyphagia and polydipsia, the therapeutic protocol was
applied both by intraperitoneal administration of alpha-
thioctic acid (by intraperitoneal administration of 100 mg/kg
b.w. of ALA — Thiossen, Solupharm Pharmazeutische
Erzeugnisse GmbH, Melsungen, Germany) and also of the
vitamin B complex [thiamine hydrochloride (vitamin B1)
100 mg/kg b.w. and pyridoxine hydrochloride (vitamin B6)
50 mg/kg b.w. — Milgamma®, Worwag Pharma, Béblingen,
Germany]. In order to avoid acute water intoxication of
the animals, we decided to initially administer the dose
of ALA (approximately 200 pL per animal) and then,
at an interval of at least six hours, the dose of vitamin B
complex (approximately 100 uL per animal). The therapy
was applied five days a week for six weeks.

Cardiac function measurement

To perform structural and functional cardiac measure-
ments, we used an Ultrasonix ultrasound machine (Sonix
Touch version, Richmond, Canada) equipped with a linear
probe for small animals but also with a special software
for cardiac analysis (L40-8/12, bandwidth 8-40 MHz, depth
range 0.1-3.0 cm). For echocardiographic analysis, the
animals were anesthetized with a cocktail of Ketamine
(50 mg/mL)/Xylazine (7 mg/mL), which allowed a good
frame rate as the heart rate decreased during the analysis
to about 150 beats/minute. M-mode, two-dimensional
(2D) and pulsed-wave Doppler echocardiography were
used to assess left ventricular ejection fraction (LVEF),
fractional shortening (FS), left ventricular end-diastolic
diameter (LVEDd), peak velocity of early (E) and late (A)
ventricular filling velocity, ratio of early to late mitral
inflow velocity (E/A), and LV internal diameter at end-
systole. LVEDd and thickness of the septum and posterior
wall were determined from the long-axis view. E and A
waves were obtained by the apical four-chamber view at
the level of mitral inflow by pulsed-wave Doppler.

Histology

After euthanizing the animals under deep anesthesia,
the heart was dissected and immediately included in
potassium chloride, in order to be stopped in diastole.
Subsequently, it was fixed in 4% formalin for 24 hours.
After the 24 hours to 48 hours in which the hearts were
fixed, they were washed for 24 hours, in order to remove
the formalin-fixing solution from the tissues, after which
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they were included in paraffin, in order to perform serial
sections of 3—5 um thick, which could be optimally stained
and analyzed with an optical microscope. After obtaining
the tissue blocks, serial sections of 3 um thickness were
made using a high-precision HM355S automatic rotary
microtome, equipped with a section transfer system initially
on a cold water bath and then transferred to a warm (40°C)
water bath, in order to be stretched and uniformed. Sections
obtained were then collected and glued on poly-L-lysine
slides and placed in an incubator, at 60°C, and stored
for 24 hours. Tissue sections, used in our study, were
stained first by using the Hematoxylin—Eosin (HE) staining
technique. To examine cardiac fibrosis, heart samples were
stained with Masson’s trichrome and in order to assess
extracellular matrix (ECM) deposition of polysaccharides,
we used Periodic Acid—Schiff (PAS) staining. The level
of polysaccharides staining received a score that varied
from one cross (+), representing weak reaction for glycogen,
to four crosses (++++), representing the strongest staining
for glycogen [22, 23]. Slides were assessed on a Nikon 551
microscope (Apidrag, Bucharest, Romania), equipped with
a 5-megapixel color cooled charge-coupled device (CCD)
camera and the Image-Pro Plus AMS 7 software (Media
Cybernetics, Rockville, MD, USA). With the help of the
latter software, the quantitative analysis of myocardial
fibrosis was performed by analyzing 10 randomized images
for each slice.

Statistical analysis

All data were expressed as mean and standard deviation.
Initially, the data were exported to Microsoft Office Excel
2019 (Microsoft Corporation, Redmond, Washington, USA)
and, after the graphical representation, were exported to
GraphPad software (version 9.0, CA, USA). We used the
two-way analysis of variance (ANOVA) test to assess the
statistical differences between the means of more than
two data groups. In all cases where we had the value of
p<0.05, we considered a statistically significant difference
between the means of the compared groups. Moreover,
the value of p<0.05, p<0.01 and p<0.001 represented a
statistically significant, highly significant, and very highly
significant difference.

& Results

DM was induced in 24 animals randomly divided into
three groups. As compared with sodium chloride treatment,
STZ induced rapid hyperglycemia in mice beginning
at 4-5 days after intraperitoneal injection (Figure 1A).
Thus, at enrollment in the study, the plasma glucose level
was 107.16£16.01 mg/dL for the sham group, 113.16
+27.73 mg/dL for the group of animals with DM, but
without treatment (DM_ Control) and 119.23£16.56 mg/dL
in the group of animals with DM but treated with ALA
and vitamin B complex (DM_Treated) without any
statistically significant differences between the groups
of animals enrolled in the study. At six weeks after the
enrollment of the studied animals, the plasma blood glucose
level in the sham group was 126.83+37.92 mg/dL, in
the DM_Control group 548.16+49.23 mg/dL and in the
DM_Treated group of 570.56+36.12 mg/dL, statistically

significant differences were registered both between the
sham group and DM_ Control (p=0.0001) but, also, between
the sham group and the DM_Treated group (p<0.0001),
while between the DM_Control and DM _Treated groups,
no statistically differences were registered as significant
(»=0.5702). Another important aspect in this study was
the variation of the body weight of the enrolled animals.
Thus, at the time of enrollment, we observed a weight
of 23.42+1.19 g in the sham group, in the DM_Control
group of 25.71+2.14 g, and in the DM _Treated group of
24.16£2.78 g.

Thus, we analyzed the percentage variation of body
weight after the administration of STZ and we observed
that in the case of animals without DM (sham), there was
an increase (at six weeks of approximately 8.4+3.9%), while
in the DM groups there was a decrease (at six weeks of
approximately 20.21+4.66% for the DM_Control group
and 24.64+3.36% for the DM _Treated group), noticing
statistically significant differences between sham group
and DM_ Control (p=0.0007) and DM_ Treated (p=0.004),
while between DM_ Control and DM Treated, there were
no statistically significant differences (p=0.1294).

Animals enrolled in our study were evaluated by cardiac
ultrasound before STZ administration but also six weeks
after enrollment, before being euthanized. The determined
echocardiographic parameters were highlighted in Table 1.
First of all, we analyzed the LVEF, as shown in Figure 2.
It should be mentioned that all evaluated parameters were
obtained by 2D echocardiography [LVEF, LVEDd, left
ventricular end-systolic diameter (LVESd), interventricular
septum in diastole (IVS), left ventricular posterior wall
thickness (LVPW)], M mode (FS) and pulsed Doppler
(E, A and E/A ratio), as shown in Figure 3. At enrollment
of the studied animals, there were no statistically significant
differences between different groups. At six weeks after
STZ administration in the sham group, there were no
decreases in ejection fraction, while at six weeks after
STZ administration in the control group, there was a
significant decrease in LVEF to approximately 43.75+3.37%
compared to the group that received treatment with ALA
and vitamin B complex, in which LVEF decreased to
49.6+5.02% (p=0.0432). Also, the decrease in FS was higher
in DM_Control compared to DM _Treated (p=0.0438).
At six weeks after the induction of DM by STZ, there was
an increase in the thickness of the interventricular septum
and of the posterior wall of the left ventricle compared to
the sham group, but this increase was not slowed down
in animals that were treated differently compared to those
in the control group (p=0.715). Regarding the diastolic
profile evaluated by E and A waves at the mitral inflow
level, we observed an alteration of myocardial relaxation
by decreasing the E wave velocity and increasing the A
wave velocity, thus decreasing the E/A ratio, attenuated by
the administration of the therapeutic protocol.

We analyzed histologically the degree of myocardial
fibrosis by staining collagen fibers (Figure 4, A—C). In
the absence of treatment, six weeks after the onset of DM,
the degree of myocardial fibrosis in the control group was
approximately 5.679+0.852%, while in the control group,
it was 4.318+0.788% (p=0.0145), compared to sham group
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where a degree of myocardial fibrosis of approximately
1.28+0.473% was recorded (p<0.000; Figure 4E). We also
analyzed the extracellular accumulation of polysaccharides
by PAS staining (Figure 4D) and found that in the case of
diabetic animals (DM_Control) without treatment, there
was a higher extracellular accumulation of polysaccharides
(++++) compared to diabetic animals but treated with
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ALA and vitamin B complex (++, +++), thus registering
the statistically significant difference (p=0.0385). Also,
comparing the sham group with the DM_Control and
DM Treated groups, we found a significant increase in
extracellular polysaccharide deposits in the last two groups,
especially perivascular (p<0.000; Figure 4F).
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Figure 1 — (A) Plasma glucose levels in the animals enrolled in the study after STZ administration. (B) Percentage change
in body weight of animals enrolled in the study after STZ administration. DM: Diabetes mellitus; STZ: Streptozotocin.

Table 1 — Echocardiography parameters in the groups of animals enrolled in our study

0 week (at enroliment)

Six weeks after enroliment

Groups
Sham DM_Control DM_Treated Sham DM_Control DM_Treated
LVEF [%)] 74.25+5.4 73.62+3.99 73.55+3.71 74.58+3.622° 43+75%¢ 49.62+5.01°0°
FS [%] 47.7945.98 46.7515.92 48.254+5.42 48.38+4.182° 36.86+6.12%¢ 43.1£3.44b¢
LVEDd [mm] 3.6410.46 3.59+0.4 3.75+0.44 3.68+0.46° 3.240.4° 3.5£0.44°
LVESd [mm] 1.96+0.32 1.92+0.34 1.95+0.35 1.95+0.36 2.01+0.34 1.93+0.31
IVS [mm] 0.86+0.07 0.84+0.08 0.87+0.07 0.89+0.06° 1.1+0.082 1.08+0.072
LVPW [mm] 0.87+0.09 0.84+0.12 0.88+0.08 0.89+0.09° 1.15+0.122 1.11£0.142
E [cm/s] 67.255.49 65.5+3.58 67.25+5.95 68.5+5.372b¢ 30.5+4.592b¢ 43.6216.452bc
A [cm/s] 28.5+4.12 27.5+3.62 27.6+3.85 29.37+3.66° 31.5+3.62° 30.5+3.85°
E/A 2.39+0.33 2.41+0.47 2.33+0.35 2.15+0.323b¢ 0.97+0.153b¢ 1.4410.243bc

LVEF: Left ventricular ejection fraction; FS: Fractional shortening; LVEDd: Left ventricular end-diastolic diameter; LVESd: Left ventricular end-
systolic diameter; IVS: Interventricular septum in diastole; LVPW: Left ventricular posterior wall thickness; E: Early wave in diastole; A: Latter wave
caused by atrial systole; E/A: E wave to A wave ratio. Two-way ANOVA test: 2p<0.05 Sham vs. DM_Control; °p<0.05 Sham vs. DM_Treated;
¢p<0.05 DM_Control vs. DM_Treated. ANOVA: Analysis of variance; DM: Diabetes mellitus.

Vol:.o.oscm’

Vol: 0.02cm?

Figure 2 — Example of determining a LVEF: (A) Parasternal long axis view with determination of an end-diastolic volume
of 0.08 cm®; (B) Parasternal long axis view with the determination of an end-systolic volume of 0.02 cni’, thus resulting
in an LVEF of 75%. LVEF: Left ventricular ejection fraction.
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Diabetes mellitus
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Figure 3 — Echocardiographic assessment of mouse heart: (A—C) Representative 2D echocardiograms; (D-F) Representative
M-mode echocardiograms; (G-I) Representative pulsed-wave Doppler echocardiograms of mitral inflow. 2D: Two-
dimensional.
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Figure 4 — Representative Masson’s trichrome staining (x400) in sham (4), DM _Treated (B), and DM_Control (C)
groups; (D) PAS staining (x400) for polysaccharide in STZ-induced diabetic mice; (E and F) Quantitative analysis of
myocardial fibrosis, respectively polysaccharide deposition: *p<0.05, ****p<0.000. DM: Diabetes mellitus; PAS: Periodic
Acid-Schiff; STZ: Streptozotocin.
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= Discussions

In patients with diabetes, one cause of death is heart
failure, which is caused in part by DCM. Because the role
of oxidative stress is extremely important in the pathogenesis
of DCM, antioxidant therapies, such as ALA, have been
analyzed in this disease. Our study explores the protective
role of the administration of ALA and vitamin B complex
in the STZ-induced diabetic mice model.

The most commonly used model of DM is the STZ
model. It is a structurally similar antibiotic to glucose and
is preferentially taken up by the glucose transporter 2
(GLUT?2) in insulin-secreting pancreatic beta-cells [13,
24,25]. Intraperitoneal administration of STZ causes beta-
cell necrosis and subsequently insulin deficiency. Many
studies performed on mice with STZ-induced DM have
shown the occurrence of systolic and diastolic insufficiency,
their degree being proportional to the duration of DM [13,
25]. DM can also be induced at different ages, allowing
the study of its effects on the heart at different stages of
animal life [25].

Interstitial collagen accumulation and subsequent
myocardial fibrosis are essential structural changes that
occur in DCM. Diabetes locally causes activation of the
renin—angiotensin—aldosterone system (RAAS), which
causes cardiomyocyte necrosis and interstitial fibrosis
[26, 27]. Fibrous tissue in myocardium can be located
interstitially or perivascular, or together, and histopatho-
logical analysis identifies capillary endothelial changes,
interstitial fibrosis, thickening of the capillary basal lamina,
and finally myocardial hypertrophy. Structural changes
in DCM are related to cardiac remodeling, consisting of LV
hypertrophy, but also systolic and diastolic dysfunction.
LV hypertrophy is usually demonstrated by a more advanced
phase of DCM [27].

Alpha-lipoic acid (or thioctic acid) is an antioxidant
and a natural constituent involved in mitochondrial
dehydrogenation reactions. Experimental studies have
confirmed that intraperitoneal administration of thioctic
acid to Wistar rats with STZ-induced DM has normalized
thiobarbituric acid levels in the retina, pancreas, liver, and
plasma [13]. In addition, in cardiovascular disease, the
administration of thioctic acid has been used effectively
in various in vivo models, such as heart failure, hypertension
or ischemia/reperfusion models [28]. Chun ef al. reported
that administration of thioctic acid to DCM rats showed
myocardial dysfunction, increased heart rate, interstitial
collagen deposition; they also found that the degree of
cardiac fibrosis was positively correlated with the tissue
inhibitor of metalloproteinases 2, transforming growth
factor-beta (TGF-f), alpha-smooth muscle actin (a-SMA),
all of which were attenuated by thioctic acid supplemen-
tation [15, 24]. The study showed that attenuation of the
mitogen-activated protein kinase (MAPK) signaling pathway
after treatment with thioctic acid may help limit the
development of DCM. In addition, these results, together
with a good safety profile and excellent tolerance of thioctic
acid in humans, show that thioctic acid may have potential
benefits in the management of DCM by mitigating
mitochondrial oxidative stress, remodeling the ECM and
activating MAPK [28].

Regarding the use of ALA, we can say that a previous
study showed that high doses of ALA reduce body weight
in obese people [29], the treatment being associated with
the loss of body fat, which is mediated by suppressing the
activity of adenosine monophosphate (AMP)-activated
protein kinase (AMPK) in the hypothalamus [30]. In the
animal model of STZ-induced DM, ALA did not attenuate
weight loss in control animals [31]. Regarding the side
effects of ALA, previous studies did not show any serious
side effects [31]. Recent studies have also shown that
LVEF, LV remodeling, inflammation and fibrosis have
been alleviated by the administration of ALA [32].

Regarding vitamin B complex, only thiamine and
pyridoxine were used in our study. Thiamine has an
important role in carbohydrate metabolism [33-35].
Complications of thiamine deficiency in diabetes include
increased oxidative stress, hyperglycemia-induced cell
damage and endothelial dysfunction. Animal studies have
shown that thiamine reduces activity through hexosamine,
which may lead to decreased insulin resistance [33].
Thiamine supplementation also prevents the formation
of AGEs, which can cause vascular damage by altering
extra- and intracellular proteins. /n vitro studies have shown
that thiamine administration reduces protein kinase C
activation in glomeruli [34, 35]. Thiamine has also been
shown to reduce the activation of the polyol pathway of
glucose metabolism, thus reducing oxidative stress by
decreasing nicotinamide adenine dinucleotide phosphate,
reduced form (NADPH) [33-35]. Last but not least,
vitamin B6 (pyridoxine) is a water-soluble vitamin that is
also found in whole grains, potatoes, legumes, nuts, fish
and others [36]. It is an essential vitamin and participates
in many enzymatic reactions, including the formation of
neurotransmitters, protein metabolism, and the conversion
of homocysteine to methionine and tryptophan to niacin
[37]. Pyridoxine is subsequently converted to pyridoxal
5’-phosphate (PLP) and pyridoxamine, which function as
coenzymes for the transaminase reaction [38]. Supplemen-
tation of vitamin B6 and its active metabolite (PLP) has been
reported by studies to reduce complications associated
with diabetes, coronary heart disease, hypertension, neuro-
degenerative disorders, and aging [39-41].

& Conclusions

Administration of ALA and vitamin B complex in
mice with STZ-induced DM, decreases myocardial fibrosis
and polysaccharide accumulation and prevents severe
deterioration of systolic and diastolic heart function.
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