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Abstract

Background: Diabetic Cardiomyopathy (DCM) is defined as
structural and functional abnormalities of the myocardium occurring
in individuals with Diabetes Mellitus (DM) in the absence of other
conventional cardiovascular risk factors. Establishing a reliable early-
stage DCM model is essential for mechanistic studies and therapeutic
evaluation. This study aimed to characterize an early-stage DCM
model in male Sprague—Dawley rats using a High-Fat High-Fructose
(HFHF) diet combined with low-dose Streptozotocin (STZ).
Methods: Twelve male Sprague—Dawley rats (7-8 weeks, 200-250
g) were randomly assigned to three groups (n=4/group): control,
HFHF + STZ 25 mg/kg, and HFHF + STZ 40 mg/kg. Rats received an
HFHF diet for 12 weeks, followed by intraperitoneal STZ induction.
Fasting blood glucose, lipid profile, cardiac echocardiography, serum
N-Terminal pro-B-type Natriuretic Peptide (NT-proBNP), and
myocardial histopathology were assessed. Data were analyzed using
ANOVA or Kruskal-Wallis as appropriate.

Results: Both STZ doses induced persistent hyperglycemia without
significant body-weight changes, consistent with a DCM metabolic
phenotype. NT-proBNP levels were significantly elevated in both
STZ groups compared with controls (p<0.05), indicating early
myocardial stress despite preserved systolic and diastolic function
on echocardiography. Histopathological evaluation showed
increased inflammatory cell infiltration and progressive fibrosis in
the HFHF+STZ groups, with a graded pattern across STZ doses.
Conclusions: The combination of an HFHF diet and low-dose STZ
reproduced an early-stage DCM model characterized by persistent
hyperglycemia, elevated NT-proBNP, and early myocardial
remodeling while cardiac function remains preserved. This model
reflects early DCM and is suitable for mechanistic studies and for
testing therapies aimed at preventing progression to advanced
myocardial dysfunction.

Keywords: Diabetic Cardiomyopathy, High-Fat High-Fructose
Diet, Streptozotocin.
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Introduction

Diabetes Mellitus (DM) is a chronic metabolic
disorder characterized by elevated blood glucose
levels.! Its global incidence and prevalence continue
to rise, with an estimated 537 million adults affected
in 2021 and the number projected to reach 783
million by 2045.** This growing burden contributes
substantially to increased morbidity and mortality
wotldwide.*? complications
among the most significant consequences of
DM, conferring a two- to four-fold higher risk of
cardiovascular disease in adults compared with
individuals without DM.®” Heart failure is one
of the most frequent and severe cardiovascular
complications and remains a leading cause of
death in patients with type 2 diabetes,” often
occurring independently of atherosclerosis or other
traditional risk factors.”!" This condition progresses
into Diabetic Cardiomyopathy (DCM), defined as
structural and/or functional abnormalities of the
myocardium in patients with DM in the absence of
other identifiable causes of myocardial dysfunction,
such as coronary artery disease, hypertension,
valvular disease, or congenital heart defects.'""
The pathogenesis of DCM is highly complex,
involving chronic inflammation, cardiomyocyte
apoptosis, and myocardial fibrosis driven by
persistent hyperglycemia and metabolic stress.'*!*
These processes lead to progressive structural
and functional alterations in the heart, including
ventricular  systolic dysfunction,
ultimately culminating in heart failure.!""

The development of animal models of DCM
aims to generate diabetic conditions accompanied
by structural alterations of the myocardium, with or
without clinically evident cardiac dysfunction. Most
DCM animal models exhibit structural changes that
resemble those observed in humans." Translational

Cardiovascular are

and diastolic

research on DCM is essential for elucidating the
fundamental mechanisms undertlying myocardial
dysfunction in diabetes, thereby enabling the
developmentof therapeuticstrategies thatspecifically
target its root pathophysiology. Given the numerous
confounding factors in human populations (such as
lifestyle, obesity, hypertension, and medication use),
animal models offer tighter control of variables and
allow experimental manipulation to establish causal
relationships. Streptozotocin (STZ)-based diabetes
models provide functional, molecular, and cellular
characteristics that are consistent with the features
of DCM."

Several experimental models have been developed
to investigate DCM, including diet-induced models,
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chemically induced models, combined diet—-STZ
models, and genetic models. Each model reproduces
different aspects of human DCM with distinct
strengths and limitations regarding insulin resistance,
B-cell dysfunction, and myocardial remodeling.
Diet-only models primarily mimic metabolic
syndrome but often require prolonged feeding to
induce consistent cardiac remodeling, whereas the
addition of low-dose STZ accelerates hyperglycemia
through partial B-cell dysfunction while preserving
key features of Type 2 Diabetes Mellitus (T2DM).
Despite these advances, considerable variability
remains in dietary composition, STZ dosage, and
disease severity, highlighting the need for further
characterization of reproducible early-stage DCM
models for mechanistic and therapeutic studies."

Among these experimental approaches, the
combination of a High-Fat Diet (HFD) and
STZ administration is commonly referred to as
the fat-fed STZ model. A HFD induces insulin
resistance through leptin signaling disruption and
obesogenic processes, whereas STZ injection causes
partial destruction of pancreatic B-cells.* Several
studies have reported that administering high-
fat or high-calorie diets for 4-8 weeks followed
by intraperitoneal STZ injection (the “two-hit”
approach) can generate a T2DM model with more
pronounced disease progression.”

In this initial study, we used a High-Fat, High-
Fructose (HFHF) diet combined with low-dose STZ
to better replicate the metabolic milieu of T2DM and
characterize early myocardial injury. This strategy
was designed to detect subclinical myocardial stress
using N-Terminal pro-B-type Natriuretic Peptide
(NT-proBNP) as an early predictive biomarker
and to identify structural remodeling before
echocardiography detects functional impairment.
This early-stage phenotype provides a translationally
relevant platform for evaluating interventions
aimed at modifying myocardial remodeling before
irreversible dysfunction develops. Therefore, this
study aimed to characterize and compare two low-
dose STZ regimens (25 and 40 mg/kg) following 12
weeks of HFHF feeding to establish a reproducible
early-stage DCM phenotype suitable for mechanistic
and therapeutic studies.

Methods
Ethical Approval

All animal procedures were conducted in
accordance with institutional animal care guidelines
and were approved by the Health Research Ethics



Committee of Dr. Cipto Mangunkusumo National
General Hospital — Faculty of Medicine, Universitas
Indonesia (Approval No. KET-231/UN2.F1/
ETIK/PPM.00.02/2025).
Study Period and Location

This pilot experimental study was conducted
between March and July 2025 at the Animal Research
Facility, IMERI, Faculty of Medicine, Universitas
Indonesia, Jakarta, Indonesia. All animal housing
and experimental procedures were performed at
this facility. Echocardiographic assessments were
conducted at the veterinary cardiology unit, and
laboratory analyses including biochemical assays
and ELISA measurements were performed at the
integrated biomedical laboratory of the Faculty of
Medicine, Universitas Indonesia.
Experimental Design
Study Animals and Population Determination

A total of twelve male Sprague—Dawley rats
aged 7-8 weeks and weighing 200-250 g were used
in this study. The sample size (n = 4 per group)
was determined based on the exploratory nature of
this pilot study, which aimed to identify early-stage
myocardial remodeling trends (Figure 1).
Housing and Animal Welfare

Animals were housed in plastic cages under
controlled environmental conditions with a 12:12-
hour light—dark cycle and free access to food and
water. All procedures complied with institutional
guidelines for animal care and use. Rats underwent a
one-week acclimatization period before intervention.

Acclimatization Dietary Intervention

Group Allocation and Intervention

Rats were randomly allocated into three groups
using simple randomization: The control group
received standard chow without STZ induction,
whereas the treatment groups received an HFHF
diet combined with STZ induction at doses of 25
mg/kegBW or 40 mg/kgBW.

The HFHF diet consisted of pellet feed
containing 458.32 kcal/100 g (32.48% fat, 10.70%
protein, 51.05% carbohydrates) obtained from
Brawijaya University, Malang, Indonesia.

The high-fructose component was administered
as a 55% fructose solution via intragastric gavage at
1.5 mL twice daily for 12 weeks.

STZ Induction

After 12 weeks of dietary intervention, STZ
was administered intraperitoneally following 6-7
hours of fasting. STZ was freshly dissolved in 0.1 M
citrate buffer (pH 4.5) and injected within 5 minutes
of preparation. Rats were considered diabetic when
fasting blood glucose consistently reached =200
mg/dL within 3—7 days post-induction.

Euthanasia and Tissue Collection

At week 16 (four weeks after STZ injection),
rats were fasted for 12 hours and anesthetized
using ketamine—xylazine prior to blood collection
and necropsy. Hearts were excised and fixed in
10% formalin for 24 hours for histopathological
processing.

Evaluation

STZ Injection

Without STZ ———]
i Chow diet o~
Echocardiography
‘- ~ 817 —
: _ : o " 25mg/kg ——P»
- Chow diet High-fat high-fructose diet BW 1 :
o) B
Sprague- = —
Dawiey NT ProBNP (ELISA)
g = i S17
e > % 40mg/kg —
High-fat high-fructose diet : | BW
Hematoxylin Eosin and
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Figure 1. Schematic overview of the study design and experimental timeline.
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Evaluation
Echocardiographic Assessment

Cardiac evaluation was performed at week 16
using transthoracic echocardiography. Transthoracic
echocardiography was performed under ketamine
anesthesia at a dose of 15 mg/kg. Anesthetic depth
was adjusted to maintain the heart rate between
300 and 450 x/min dutring image acquisition.
Two veterinarians independently evaluated all
measurements and were blinded to the treatment
groups. The transducer was positioned in a
stationary holder perpendicular to the rat, although
manual adjustment was performed when necessary
to obtain optimal imaging. Doppler analysis was
performed using the Versana Active ultrasound
system (GE Healthcare, USA) equipped with a
15-MHz linear array transducer to assess cardiac
function.

Parameters assessed included Left Ventricular
End-Diastolic Diameter (LVEDD), Left Ventricular
End-Systolic Diameter (LVESD), Ejection Fraction
(EF), Fractional Shortening (FS), Interventricular
Septal Thickness at End-Diastole (IVSd), Left
Ventricular Posterior Wall Thickness at End-
Diastole (LVPWd), Peak E velocity (E), Early
diastolic tissue velocity ('), Peak A velocity (A), E/¢'
ratio, and E/A ratio.

Histopathological Examination

Cardiac tissues were processed using graded
alcohol dehydration, xylene clearing, and paraffin
embedding. Sections of 5 um thickness were
(HE)

evaluation of

stained with Hematoxylin—Eosin and
Trichrome (MT) for
myocardial morphology, fibrosis, hypertrophy, and

inflammatory cell infiltration. Histopathological

Masson’s

sections were examined under X200 magnification
using a light microscope. For MT assessment, five
sections from each heart were evaluated, and the
mean percentage of fibrotic involvement across the
sections was calculated. Histopathological evaluation
was independently performed by two observers
who were blinded to the treatment groups.
Biochemical Analysis

Serum samples were obtained by centrifugation
at 2500 rpm for 15 minutes and stored at —80 °C.
Lipid profile was analyzed using spectrophotometric
methods, and NT-proBNP levels were measured
using an ELISA method the
manufacturer’s instructions. Serum samples were
obtained by centrifugation at 2500 rpm for 15
minutes and stored at —80 °C.

according to
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Data Collection

Baseline measurements included body weight,
body length, and fasting blood glucose obtained
after the acclimatization period. Blood samples
were collected from the lateral tail vein, and glucose
levels were measured using an enzymatic-based
glucometer.

Throughout the study, metabolic parameters
were monitored before and after STZ induction.
Echocardiographic and histopathological ~data
were recorded systematically and tabulated prior to
statistical analysis.

Data Analysis

All collected data were analyzed using IBM
SPSS  Statistics  version 29. Data distribution
was assessed using the Shapiro-Wilk test (n <
50). Normally distributed data were analyzed
using one-way ANOVA, whereas non-normally
distributed data were analyzed using the Kruskal—
Wiallis test. Comparisons between the two groups
were conducted using the results of the post hoc
Bonferroni test. Variables with p-values < 0.05 were
defined as statistically significant.

Results
Metabolic Characteristics

Analysis of body weight showed no significant
differences between the three groups, both before
and after STZ induction (p>0.05). No significant
changes in body weight were observed following
HFHF administration and STZ induction (Figure
2A).

Analysis of blood glucose levels demonstrated
a significant difference between groups after STZ
induction (p<0.05). Both the 40 mg/kg and 25
mg/kg STZ groups showed significant differences
compared with the control group. However, despite
the overall significant group effect, pairwise analysis
showed no significant difference between the 25
mg/kg and 40 mg/kg STZ groups (Figure 2B).

Lipid profile parameters were evaluated at week
11. The HFHF-treated groups showed significantly
higher triglyceride levels the
control group (p < 0.05). In contrast, Low-Density
Lipoprotein  (LDL), High-Density Lipoprotein
(HDL), and total cholesterol levels showed no
significant differences among groups (Figure 2C-F).
Hemodynamic Parameters

No significant differences in heart rate, systolic
blood pressure, or diastolic blood pressure were
observed among the three groups, either at baseline
or after STZ induction (all p > 0.05).

compared with



At baseline, heart rate as well as systolic and
diastolic blood pressure were comparable among the
control, STZ 25 mg/kg, and STZ 40 mg/kg groups.
Following HFHF feeding and STZ induction, post-
intervention heart rate, systolic blood pressure, and
diastolic blood pressure remained similar across all
groups, with no statistically significant intergroup
differences observed (Figure 2G-1).

Cardiac Structure and Function

Echocardiographic evaluation was performed
at week 15 of the study to assess cardiac function.
No significant differences were observed among
the three groups in either systolic or diastolic
parameters. Left ventricular evaluation demonstrated
no significant differences in LVEDD, LVESD,
IVSd, LVPWd, EE FS, E/A ratio, or E/¢' ratio (all
p > 0.05) (Table 1). Two-dimensional, M-mode,

comparable left ventricular geometry and motion
across all groups. Systolic function, as reflected by
ventricular wall motion and contractility patterns
on M-mode imaging, appeared preserved in both
STZ-treated groups and did not differ visually from
controls (Figure 3).

NT-proBNP levels were also measured at week
15 as a marker of myocardial injury. The STZ 40
mg/kg group showed the highest NT-proBNP
levels (1367.6 £ 225.0 pg/mL), followed by the
STZ 25 mg/kg group (1121,7 £ 2225 pg/mL) and
the control group (624,3 £ 126,4pg/mL). There
was a significant difference among the three groups
(p=0.001). Post-hoc analysis demonstrated that both
the 25 mg/kg and 40 mg/kg STZ groups differed
significantly from the control group. However, no
significant difference was observed between the 25

and Doppler echocardiography demonstrated mg/kg and 40 mg/kg STZ groups (Figure 4).
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Figure 2. Metabolic and hemodynamic parameters in rats across experimental groups after HFHF feeding and STZ
induction. (A) Body weight, (B) blood glucose level, (C) triglyceride level, (D) LDL, (E) HDL, (F) total cholesterol, (G)
heart rate, (H) systolic blood pressure, and (I) diastolic blood pressure in the control, STZ 25 mg/kg, and STZ 40 mg/kg
groups. All data are presented as mean * standard deviation. *P < 0.05; ns indicates not significant.
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Table 1. Echocardiographic analysis of the three groups.

Parameters Control STZ 25 mg STZ 40 mg P-value
LVEDD 0.6 £ 0.1 0.7 £0.1 0.6 £0.03 0.237
LVESD 0.4+0.1 0.4+0.1 0.4+0.1 0.577
JAVAT 0.16 + 0.06 0.13 £ 0.01 0.16 £ 0.01 0.551
LVPWd 0.15 %+ 0.05 0.16 £ 0.02 0.15+0.03 0.987
EF 75 £ 10 75+ 8 77 £ 12 0.976
FS 39+ 8 40+ 7 42+ 13 0.894
Peak E Velocity 0.8 £ 0.06 0.8 £0.04 0.7 £0.14 0.894
B 0.04 +£0.01 0.04 £ 0.01 0.05 = 0.01 0.816
Peak A Velocity 0.4 £ 0.04 0.5+ 0.02 0.4 £ 0.07 0.279
E/e 172+ 1.3 204 £ 6.9 16.6 £ 3.3 0.572
E/A 1.9 £ 0.1 1.7 £ 0.1 1.9+ 04 0.429

LVEDD: Left ventricular end-diastolic diameter; LVESD: Left ventricular end-systolic diameter; IVSd: Interventricular
septal thickness at end-diastole; LVPWd: Left ventricular posterior wall thickness at end-diastole; EF: Ejection fraction; FS:
Fractional shortening; E": Early diastolic mitral annular tissue velocity; E/e": Ratio of eatly transmitral flow to early diastolic
tissue velocity; E/A: Ratio of eatly to late diastolic transmitral flow.

Control STZ 25 mg/kg STZ 40 mg/kg

|I | I
I

|

Ly
\ { \I' \
W |

WY YW Y YR

Figure 3. Representative echocardiographic images of systolic and diastolic function for each group. No apparent differ-

ences in left ventricular systolic or diastolic performance were observed among the three groups.

2000 *
 ——— Hm Control
_ x 1 3 STZ25mg
7 1500 l = STZ 40mg
g T
£
2 10004
o
[
o
E 500
0- T T
S O ©
& 5
(¢ L7
A

Figure 4. NT-proBNP levels in the control, STZ 25 mg/kg, and STZ 40 mg/kg groups.
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Pathological Changes in Myocardium

Cardiac tissue was collected at week 15, and
histopathological evaluation was performed using
Hematoxylin-Eosin and MT staining (Figure 5).
In the control group, cardiomyocytes appeared
cylindrical with regular striations and oval-shaped
nuclei. A few fibroblasts with more flattened nuclei
were also observed between cardiomyocytes. In
the HFHF+STZ-treated groups, alterations in
myocardial structure were observed. Cardiomyocytes
appeared more irregularly arranged, with areas
of fiber loss accompanied by inflammatory cell
infiltration. In addition, the number of fibroblasts
appeared higher than in the control group.

Control

STZ 25 mg/kg

Representative MT-stained sections revealed
minimal interstitial collagen deposition in control
myocardium, whereas HFHF+STZ-treated groups
showed visibly increased collagen accumulation
within the interstitial and perivascular regions.
Descriptive  morphometric
representative Masson’s Trichrome-stained sections

assessment of

showed that the collagen-positive area increased
from 19.2% in the control group to 38.4% in the
STZ 25 mg/kg group and 50.2% in the STZ 40 mg/
kg group. These observations are descriptive and
based on representative sections.

STZ 40 mg/kg

Figure 5. Representative myocardial sections stained with Hematoxylin—FEosin (HE, upper panels) and Masson’s Tri-
chrome (MT, lower panels). Representative HE-stained myocardial sections from the control group and STZ-treated
groups are shown. The control group demonstrates preserved myocardial architecture with uniformly shaped cardiomy-
ocytes, eosinophilic cytoplasm, visible cross-striations (rectangles), and centrally located oval nuclei (black arrows). In the
STZ-treated groups, myocardial architecture shows progressive alterations, including irregular arrangement of cardiomy-
ocytes, variation in cell size and shape, and inflammatory cell infiltration (ovals). Increased numbers of fibroblasts are also
observed (red arrows), accompanied by reduced cytoplasmic striations and nuclear changes. (Hematoxylin—Eosin X200).
Representative Masson’s Trichrome—stained myocardial sections demonstrate minimal interstitial collagen deposition in the
control group, whereas the STZ-treated groups show increased blue-stained collagen within the interstitial and perivascular
areas. Representative sections were used for descriptive morphometric assessment of collagen-positive area. Representa-
tive sections suggest greater collagen deposition in the STZ 40 mg/kg group than in the STZ 25 mg/kg group. (Masson’s
Trichrome X200). All data are presented as mean * standard deviation. *P < 0.05; ns indicates not significant.

produced  persistent  hyperglycemia  without
significant weight gain, recapitulating key metabolic
features of early-stage T2DM. The metabolic pattern
observed showed that the metabolic disturbances
were primarily mediated by hyperglycemia. Low-
dose STZ causes partial destruction of pancreatic
B-cells, resulting in elevated blood glucose levels. This
condition, together with metabolic derangement and
insulin resistance, reflects the characteristics of type
2 diabetes.” In this study, no significant differences
in blood glucose levels were observed between the
two STZ doses used, indicating that both 25 mg/kg
and 40 mg/kg were equally effective in producing a
hyperglycemic state.

Discussion

This study characterized an early-stage DCM
phenotype induced by 12 weeks of exposure to an
HFHF diet followed by 2 different doses of STZ.
Persistent hyperglycemia, elevated NT-proBNP,
and histopathological evidence of myocardial
remodeling were observed despite preserved
conventional echocardiographic function, consistent
with the subclinical stage of DCM. In addition, this
study compared two commonly used low-dose STZ
regimens to identify an appropriate protocol for
reproducing early myocardial remodeling.

Consistent with previous studies, low-dose
STZ combined with HFHF feeding in this model

Indonesian | Cardiol Vol. 47 2026
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Our study showed that heart rate and blood
pressure remained comparable among groups,
indicating  preserved
This minimizes confounding effects related to
afterload or chronotropic stress, supporting the
interpretation  that
primarily driven by metabolic disturbances rather
than secondary hemodynamic factors.” The stability
of systemic hemodynamics therefore supports the
interpretation that the observed myocardial stress
and remodeling signals are more likely attributable to
the diabetic metabolic milieu rather than secondary

systemic hemodynamics.

myocardial changes were

hemodynamic alterations.

Early-stage DCM often manifests only as subtle
structural and functional alterations.® This study
confirms those findings, as NT-proBNP levels
showed a significant increase in rats receiving
HFHF and STZ. NT-proBNP is a peptide fragment
released into the circulation in response to increased
wall stress and myocardial remodeling, making it a
sensitive eatly indicator of cardiomyocyte stress.”
The elevation of NT-proBNP in the absence of
changes in echocardiographic parameters suggests
the presence of structural alterations that precede
functional impairment. The increased NT-proBNP
observed in this study indicates ventricular wall
stress and myocardial stretch due to structural
remodeling, even though cardiac pump function
remained preserved. Both 25 mg/kg and 40 mg/
kg STZ doses produced significant increases in this
biomarker compared with the control group. This
finding can be explained by the study of Wen et
al.,” which demonstrated that functional changes in
a rat DCM model were only observed after three
months of established diabetes, with structural and
ultrastructural alterations occurring earlier.

The absence of overt systolic dysfunction in
our echocardiographic assessment should not be
interpreted as a lack of myocardial involvement.
Experimental evidence from HFD/STZ animal
models demonstrates that cardiac remodeling—
characterized by collagen deposition, ventricular
hypertrophy, and changes in diastolic indices—
can precede measurable systolic dysfunction on
(e.g, preserved EF despite
structural changes). In a recent HFD/STZ mouse
model, serial echocardiography revealed early
diastolic dysfunction with preserved
function concurrent with increased fibrosis and

echocardiography

systolic

remodeling markers, underscoring a temporal
dissociation between structural injury and echo
functional decline.® Similarly, in rodent HFD
+ STZ models, diastolic impairment has been

Indonesian | Cardiol Vol. 47 2026

observed in the absence of systolic dysfunction,
while persist, indicating
subclinical disease progression rather than absence
of cardiomyopathy.”’

The present findings should also be interpreted
in the context of the study objective, which was
to characterize the early stage of DCM rather
than advanced heart failure. Although the 32-day
observation period after STZ administration was
sufficient to demonstrate persistent hyperglycemia,
elevated NT-proBNP levels, and histopathological
evidence of myocardial remodeling, it may not have

structural  changes

been long enough for these structural alterations to
progress into overt systolic or diastolic dysfunction
detectable by
Previous studies have reported that myocardial
remodeling precedes functional impairment, with

conventional echocardiography.

overt echocardiographic abnormalities becoming
more evident after a longer duration of diabetes.'**’
Therefore, extending the observation period
in future studies would be valuable to further
characterize the temporal progression of this model
from early myocardial remodeling to overt cardiac
dysfunction.

The structural changes observed were further
confirmed through histopathological examination.
In our study, myocardial tissue from rats receiving
HFHF and STZ exhibited increased fibrosis
compared with controls. Several mechanisms
have been proposed to explain myocardial injury
in diabetes. Excessive production of Reactive
Oxygen Species (ROS) combined with reduced
radical scavenging capacity of cardiac tissue
triggers inflammatory processes and myocardial
remodeling.”* We demonstrated that rats with
type 2 diabetes exhibited increased inflammatory
cell infiltration as well as greater fibrotic tissue
deposition.  Although histological observations
suggested more extensive fibrosis in the 40 mg/
kg STZ group, these findings remain descriptive
and should be interpreted cautiously due to the
limited sample size. Therefore, the 25 mg/kg
regimen may provide a more appropriate platform
for interventional studies targeting early myocardial
remodeling, although this interpretation should
be considered exploratory given the descriptive
histological assessment and limited sample size.

Chronic hyperglycemia in DM triggers the
generation of ROS through the mitochondrial
electron transport chain, leading to activation
of Poly ADP-Ribose (PARP),
which directly promotes glycosylation, inhibits
phosphoglyceraldehyde disrupts

Polymerase

dehydrogenase,



normal glycolytic pathways, and induces further
harmful cascades such as increased formation of
Advanced Glycation End products (AGEs) and
activation of Protein Kinase C (PKC)."* Persistent
hyperglycemia and DCM reduce the expression
of Glucose Transporters 1 and 4 (GLUT1 and
GLUT4) in cardiomyocytes, resulting in impaired
glucose uptake and abnormal myocardial glucose
metabolism.”  Consequently, the
becomes heavily dependent on the oxidation of non-

myocardium

esterified fatty acids as its primary energy source.
This metabolic shift promotes the accumulation
of lipids and lipid intermediates such as ceramides
within
lipotoxicity.
contributes to impaired myocardial energy supply,

and  diacylglycerol
condition known as

cardiomyocytes, a
Lipotoxicity

increased ROS production, cardiomyocyte necrosis,
myocardial fibrosis, and myocardial dysfunction.”
Glucotoxicity and lipotoxicity arising from altered
glucose metabolism further enhance the formation
of AGEs in the myocardium, which, together
with increased Extracellular Matrix (ECM) protein
synthesis, promote collagen accumulation and
activation of myocardial fibrosis."

Overall, the findings of this study demonstrate
that the combination of HFHF and low-dose
STZ  reproduced  persistent  hyperglycemia
accompanied by elevated NT-proBNP levels and
early histopathological evidence of myocardial
remodeling, while conventional echocardiographic
function remained preserved. These findings are
consistent with an eatly-stage DCM phenotype
and complement previous HFHF-STZ models by
providing additional characterization of myocardial
remodeling before overt functional impairment
develops. Unlike many existing experimental DCM
models that primarily capture later-stage disease
with overt functional impairment, this model
reflects an earlier, subclinical phase of DCM, in
which myocardial stress and structural remodeling
precede clinically detectable functional decline. This
model may therefore serve as a useful experimental
platform for investigating early pathogenic
mechanisms and evaluating interventions targeting
the subclinical stage of DCM.

Study Limitations

Several limitations of this study should be
considered when interpreting the findings. First,
the sample size was relatively small (n = 4 per
group), which may have limited the statistical power
to detect subtle differences between groups and
reduced the generalizability of the findings. Second,
significant changes in cardiac function were not

observed on echocardiography, indicating that a
longer observation period may be needed to capture
progressive functional impairment. Nonetheless,
this aligns with the early characteristics of DCM,
in which heart failure with preserved EF is more
commonly observed than marked reductions in EF
during the initial stages of the disease. Furthermore,
advanced echocardiographic techniques, such
as speckle-tracking or strain imaging, were not
performed and may provide
detection of subclinical myocardial dysfunction.
Another limitation of this study is the absence of an
HFHF-only group. Consequently, the independent
contribution of prolonged HFHF feeding relative
to the combined HFHF-STZ protocol could not be
directly evaluated. In addition, metabolic parameters
such as Homeostatic Model Assessment of Insulin
Resistance  (HOMA-IR) and Hemoglobin Alc
(HbA1lc) were not assessed, limiting comprehensive

characterization of the diabetic phenotype. Finally,

mote sensitive

although descriptive morphometric assessment was
performed on representative sections, quantitative
fibrosis analysis was not conducted in all animals, and
additional molecular markers of myocardial fibrosis
were not evaluated. Therefore, these findings should
be interpreted with caution.

Conclusion

This study demonstrates that the combination
of an HFHF diet and low-dose STZ reproduced
an early-stage DCM phenotype in Sprague-Dawley
rats. The model is characterized by persistent
hyperglycemia, elevated NT-proBNP levels as
a marker of myocardial stress, and structural
histopathological alterations including increased
inflammation and fibrosis, while cardiac function
on echocardiography remains preserved. Both STZ
regimens (25 and 40 mg/kg) produced comparable
metabolic and cardiac phenotypes. However, the 25
mg/kg regimen appears to be more suitable for future
interventional studies because it reproduced early
myocardial remodeling with less extensive structural
injury. This model may serve as a foundation for
future mechanistic investigations and for testing
therapeutic interventions aimed at modifying eatly
myocardial remodeling before progression to more
advanced cardiac dysfunction.
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