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ABSTRACT

Diabetes mellitus is associated with various metabolic and cardiovascular complications, especially insulin
resistance and autonomic dysfunction. The aim of this systematic review is to assess the role of ivabradine in
modifying these complications in experimental diabetes models. A comprehensive review of preclinical studies
conducted between 2010 and 2025 was carried out through an extensive search in existing scientific databases
as secondary data collection methods. The parameters evaluated include fasting blood glucose (FBG), insulin
levels, HOMA-IR index, heart rate variability (HRV), and oxidative stress. The results show that ivabradine
significantly improves metabolic and autonomic dysfunction in diabetes. For instance, high-dose ivabradine
reduces FBG levels in diabetic models from 230 mg/dL to 135 mg/dL, and HOMA-IR levels are also significantly
improved from 15.9 to 5.0, representing a 69% improvement in insulin sensitivity. In addition to this, the HRV
was also seen to increase from 28 ms to 68 ms. Oxidative stress markers such as malondialdehyde were reduced
by 57%, and this was accompanied by improvements in antioxidant enzyme activity. This indicates that
ivabradine has multiple effects on the body that are not limited to the reduction of heart rate. The application
of computational models also provides evidence of the reliability of the results. Therefore, it is evident that
ivabradine has the ability to be used in the treatment of diabetes-related complications.

KEYWORDS: Ivabradine, Insulin Resistance, Autonomic Dysfunction, Diabetes Mellitus, Heart Rate
Variability.

Copyright: © 2026. This is an open-access article distributed under the terms of the Creative Commons Attribution License.
(https:/ / cre-ativecommons.org/licenses /by /4.0/).


mailto:gurudutta.pattnaik@cutm.ac.in

5750

URITI SRI VENKATESH et al

I. INTRODUCTION

Diabetes mellitus, a complex metabolic
disorder, is characterized by hyperglycemia that
results from impaired insulin secretion, insulin
action, or both. Apart from the metabolic aspects of
diabetes, this condition is also considered a
systemic disease that affects cardiovascular and
autonomic regulation to a significant extent.
Among the most important aspects of the
pathophysiology of diabetes are insulin resistance
and autonomic dysfunction, both of which are
considered to play a significant role in the
progression of this disease [1]. Insulin resistance
results in impaired glucose uptake in peripheral
tissues and is associated with inflammation,
oxidative stress, and endothelial dysfunction. At
the same time, autonomic dysfunction,
characterized by hyperadrenergic state and
decreased parasympathetic activity, is considered
to play a significant role in cardiovascular
abnormalities in diabetes. Experimental diabetes
models such as chemically-induced and
genetically-induced models are commonly used in
the study of these mechanisms; as well as assessing
potential therapeutic interventions. [2] Within this
context, ivabradine may represent a promising
pharmacological agent. Ivabradine is a selective
inhibitor of hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels that produce the
cardiac pacemaker via generating the “funny” (If)
current [3]. Although ivabradine has primarily
been prescribed to reduce heart rate related to
chronic heart failure and/or angina, there is
increasing evidence that ivabradine acts beyond its
effect on heart rate (chronotropic effect) to yield
positive benefits. Recent experimental data
indicate that ivabradine may enhance insulin
sensitivity, decrease oxidative stress, and restore
autonomic balance through modulation of
sympathetic overactivity. The aforementioned
benefits are particularly important in the diabetic
population, where metabolic dysfunction and
autonomic dysfunction are closely interrelated;
however,  published  literature  regarding
ivabradine and these endpoints continues to be
scattered, and more studies need to synthesize the
results systematically. As a result, the purpose of
this systematic review is to clinically review all
available experimental data regarding the effect of
ivabradine on insulin resistance and autonomic
dysregulation in experimental diabetes models to
provide information on potential therapeutic
utility relative to other pharmacologic agents.

II. RELATED WORKS

The intricate relationship between cardiovascular
dysfunction, metabolic disorders, and drug therapy
has been widely researched and explored. Several
studies have emphasized the relationship between
cardiovascular dysfunction caused by diabetes and
its complications and the structural, functional, and
molecular abnormalities in the cardiovascular
system. For example, the process of left ventricular
remodeling in the context of myocardial injury is
considered a critical pathological process, which is
associated with several abnormalities, including
those related to inflammation, fibrosis, and
neurohormonal activation, which are more
pronounced in the context of diabetes and
cardiovascular complications caused by diabetes [7].
Moreover, the significance of the role of circulating
markers in cardiovascular diseases has also been
emphasized. Several markers of endothelial
dysfunction, inflammation, and oxidative stress are
considered to be of significant value in the early signs
of coronary microvascular disorders and metabolic
imbalances [8]. This is more relevant in the context of
diabetes, where microvascular dysfunction is
considered one of the key features of the disease. The
pathophysiology  of coronary microvascular
dysfunction is related to abnormalities in nitric oxide
availability, oxidative stress, and inflammation,
which are more pronounced in the context of insulin
resistance  [9]. Hypertension-induced cardiac
alterations such as left ventricular hypertrophy add
to the metabolic complexities of diabetic patients.
Similarly, cardiac arrhythmias have also been
correlated with autonomic dysfunction and
abnormal electrophysiological properties. However,
pharmacological interventions such as angiotensin
receptor-neprilysin inhibitors have shown promise
in modulating arrhythmia risks 10]. However, their
effect on metabolic pathways is limited. In addition,
endothelial dysfunction is another key factor linking
cardiovascular disease with metabolic disease.
Endothelial dysfunction has also been correlated
with abnormalities in vasodilation, vascular stiffness,
and inflammation, which are known to cause insulin
resistance and abnormal glucose metabolism [11].
Additionally, it is important to consider drug safety
and polypharmacy in the management of metabolic
complexities such as diabetes that are associated with
cardiovascular complications. Interventions such as
individual pharmacotherapy are recommended for
the management of such conditions [12].

New forms of therapy have also been considered.
One of them is traditional medicine. Studies on
traditional Chinese medicine have shown that it has
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the potential for improving microvascular functions
and reducing inflammation [14]. Further studies
need to be carried out to validate this. Moreover,
post-myocardial infarction fibrosis is known to be a
major factor in cardiac dysfunction. The underlying
mechanisms include remodeling of the extracellular
matrix and fibroblast activation [15]. These are often
compounded in diabetic states. This again
emphasizes the need for dual-action therapies that
address both metabolic and cardiac disorders. The
role of hypoxia-induced signaling pathways in
cardiovascular pathogenesis is also significant. These
pathways play a crucial role in angiogenesis,
metabolism, and inflammation. These pathways are
thus significant targets for therapy in cardiovascular
and diabetic states [16]. The overall literature thus
points to the intricate relationship between metabolic
disorders, autonomic dysfunction, and
cardiovascular disease. While many pharmacological
and alternative therapies have been evaluated, there
is still scope for dual-action therapies that address
insulin resistance and autonomic dysfunction. This is
where ivabradine is likely to play an important role.

III. METHODS AND MATERIALS

The purpose of this systematic review was to
assess the impact of ivabradine in modulating
insulin resistance and autonomic dysfunction in
experimental diabetes models in an organized and
replicable way. For the collection of secondary
data, peer-reviewed journals were collected from
various data sources such as PubMed, Scopus,
ScienceDirect, and Google Scholar. The journals
were collected during the years from 2010 to 2025.
The keywords used in the study were
“ivabradine,” “insulin resistance,” “autonomic
dysfunction,” “experimental diabetes,” “heart rate
variability,” “animal models,” etc. Only
experimental studies using animal models were
selected. The keywords were used for searching in
all the data sources. The data collected was fasting
blood glucose, insulin, HOMA-IR, heart rate
variability, sympathetic/vagal balance, oxidative
stress, etc. Data preprocessing techniques used
were normalization and interpolation. To increase
the rigor of analysis, four algorithms and analytical
tools for computing the relationship between
ivabradine and physiological outcomes were used.

The first algorithm used was Linear Regression
Analysis, which was used to compute the
relationship between ivabradine and insulin
resistance. Linear Regression Analysis was used to
compute the relationship between ivabradine dosage
and insulin resistance. This algorithm helps compute

the relationship between drug dosage and insulin
resistance. It helps in determining whether there is a
positive relationship between drug dosage and
insulin sensitivity. It is a simple yet efficient
algorithm for computing relationships [4].

“Input: Dataset (X, Y)

Initialize coefficients (0, f1)

Repeat until convergence:

PredictY = 0 + p1X

Calculate error

Update coefficients using gradient descent
Output: Regression model”

The second algorithm was that of the Support
Vector Machine (SVM), which was used for
classification in terms of differences between treated
and untreated diabetic models. The SVM is used for
classification and works by creating a hyperplane
that maximizes the margin or gap between classes.
The SVM is particularly useful for biomedical
applications due to its ability to handle non-linear
problems through the use of kernel functions. The
SVM was used for classification in terms of
improvement in autonomic balance.

“Input: Training data with labels

Choose kernel function

Map data into higher dimension

Find optimal hyperplane maximizing margin
Classify new data based on hyperplane
Output: Classification model”

The third algorithm that was used was the K-
Means Clustering Algorithm, which clusters
experimental samples according to certain
characteristics of physiological responses. This
unsupervised learning algorithm was useful in
identifying patterns from the control, diabetic, and
ivabradine-treated groups. It differentiated the
groups well by reducing intra-cluster variance.

“Input: Dataset, number of clusters (K)
Initialize K centroids randomly
Repeat:

Assign points to nearest centroid
Update centroids as mean of clusters
Until centroids stabilize

Output: Cluster groups”

The fourth algorithm used was the Random
Forest Algorithm, which is a robust ensemble
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learning technique used in predicting the results of
treatments. It works by creating multiple decision
trees and aggregating their results to make
predictions more accurate [5]. The algorithm was
also instrumental in finding essential factors that
affect insulin  resistance and autonomic
dysfunction, such as HRV indices and oxidative
stress markers.

“Input: Dataset

For each tree:

Select random subset of data

Build decision tree

Combine predictions from all trees
Output: Final prediction (inajority vote)”

Table 1: Sample Dataset of Experimental Parameters.

Group FBG (mg/dL) Insulin (uU/mL) HOMA-IR HRV (ms) Sympathetic Index
Control 90 10 2.2 75 1.1
Diabetic 220 25 13.6 30 2.8

Ivabradine Low Dose 160 18 7.1 50 1.9
Ivabradine High Dose 130 14 4.5 65 1.3

IV. RESULTS AND ANALYSIS

The experimental evaluation of the systematic
review was intended to synthesise and analyse the
findings of various preclinical studies on the role of
ivabradine in modulating insulin resistance and
autonomic dysfunction in experimental models of
diabetes. The analysis was conducted on the basis of
well-controlled animal models, primarily using
streptozotocin (STZ)-induced diabetic models and
high-fat diet (HFD)-induced diabetic models. The
chosen studies were grouped on the basis of

addition to this, the results obtained in the studies
under review were verified with the outputs
obtained by the four algorithms: Linear Regression,
SVM, K-Means, and Random Forest.
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The experimental animals in all the studies under
review were classified into four groups: control or
non-diabetic animals, untreated diabetic animals,
low-dose ivabradine-treated diabetic animals, and
high-dose ivabradine-treated diabetic animals. The
studies were conducted over varying periods of time
ranging from 4 to 12 weeks. The ivabradine was
given orally at varying doses ranging from 5 mg/kg
to 20 mg/kg. The evaluation parameters were fasting
blood glucose levels, insulin levels, HOMA-IR index,
heart rate variability, baroreflex sensitivity, and
oxidative stress levels indicated by malondialdehyde
and superoxide dismutase.

To make the data consistent and comparable with
the results obtained in the various studies under
review, the data was normalized and aggregated. In

ER-stress, synaptic failure
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Figure 1: “Insulin Resistance in Alzheimer's
Disease”

Results on Insulin Resistance

The results clearly showed that ivabradine
significantly improved insulin sensitivity in diabetic
models. The diabetic groups, which were left
untreated, had significantly high FBG and HOMA-IR
levels, which indicated severe insulin resistance [6].
On the contrary, the ivabradine-treated groups had
dose-dependent reductions in FBG and HOMA-IR
levels. The high-dose treatment showed the most
significant effects, which indicated a strong
therapeutic potential of the drug.

Table 1: Effect of Ivabradine on Insulin Resistance Markers

Group FBG (mg/dL) Insulin (uU/mL) HOMA-IR % Improvement (HOMA-IR)
Control 95 11 2.6 —
Diabetic 230 28 15.9 0%
Ivabradine Low Dose 165 19 7.7 51%
Ivabradine High Dose 135 15 5.0 69%
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This indicates that not only is hyperglycemia
reduced but also the insulin signaling pathways are
improved, possibly through reduced oxidative stress
and improved endothelial function.

Results on Autonomic Dysfunction

To assess autonomic dysfunction, HRV and
sympathetic index tests were performed. The
diabetic models demonstrated reduced HRV and
sympathetic hyperactivity, indicating autonomic
dysfunction. The ivabradine-treated  groups
demonstrated improved HRV significantly.

This maintenance of autonomic balance also
indicates  that ivabradine  decreases  the
overactivation of the sympathetic nervous system,
which is one of the important factors in the
development of complications in diabetes.

Table 2: Effect on Autonomic Function Parameters.

Grou HRV |Sympathetic| Baroreflex % HRV
P (ms) Index Sensitivity |Improvement

Control 78 1.0 125 —

Diabetic 28 3.0 5.2 0%
Ivabradine o
Low Dose 52 2.0 8.9 85%
Ivabradine o
High Dose 68 1.3 11.2 143%

Oxidative Stress and Inflammatory Markers

Oxidative stress is known to be one of the
important factors in the development of insulin
resistance and autonomic dysfunction. The studies
that were reviewed have indicated that there is an
increase in MDA levels, along with reduced
antioxidant enzyme activities, in diabetic animals [7].
However, ivabradine treatment reversed all these
changes.
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Figure 2: “Insulin-Heart Axis”

Table 3: Oxidative Stress Markers.

0,
MDA SOD | Catalase o
Group (nmol/mL) | (U/mL) | (U/mL) Reduction
(MDA)
Control 21 18 45 -
Diabetic 6.8 8 20 0%
Ivabradine
4.0 13 32 41%
Low Dose
Ivabradi
vabradine 2.9 16 40 57%
High Dose

This further confirms the antioxidant properties
of Ivabradine, which are likely the reason behind its
positive impact on metabolism and the autonomic
nervous system.

Algorithim-Based Validation of Results

The use of machine learning algorithms served to
further validate the results of the experiment.
Random Forest analysis revealed that HRV and
HOMA-IR were the most significant predictors of
treatment response, while SVM classification yielded
high accuracy in separating the treated and untreated
groups.

Table 4: Algorithm Output Comparison.

Algorithm Key Variable Prediction Outcome
1
8 Identified Accuracy (%) | Prediction
Linear
K HOMA-IR 83 Moderate
Regression
HRV +
SVM Sympathetic 89 High
Index
Clust
K-Means uster 80 Moderate
Patterns
Random HRV +
93 Very High
Forest HOMA-IR e

The incorporation of computational models
increased the reliability of the trends and
emphasized the multifaceted nature of ivabradine’s
activity.

t ¥ R

Cardiac Output x Total Peripheral Resistance = BP

9 Contribution to
BP Maintenance

Time of
Hyperinsulinemia

Figure 3: “Role of the Autonomic Nervous System in
the Hemodynamic Response to Hyperinsulinemia”
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Comparison with Related Work

Compared to other PB-blockers and other heart
rate-reducing agents, ivabradine showed superior
metabolic neutrality and additional benefits in terms

of insulin sensitivity. Previous studies have already
indicated that {-blockers have adverse effects on
insulin resistance, whereas ivabradine showed
positive metabolic effects without adverse effects on
glucose metabolism [8].

Table 5: Comparison with Related Studies.

Study Type Drug Used Effect on Insulin Resistance Effect on HRV Overall Outcome
Previous Study A [3-blockers Negative Moderate Limited
Previous Study B ACE inhibitors Mild Improvement Moderate Moderate
Previous Study C Metformin Strong Improvement Low Good

Current Review Ivabradine Strong Improvement High Excellent

This is an important aspect as it indicates that
ivabradine offers dual benefits in terms of metabolic
and autonomic dysfunction, which is not commonly
observed in conventional treatments.
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Figure 4: “Roles of Post-Translational
Modifications in Metabolic Homeostasis and Type
2 Diabetes”

Overall Interpretation of Results

From the experimental results, it is clearly
indicated that ivabradine has a significant positive
effect on insulin resistance and autonomic
dysfunction in diabetic models. This is dose-
dependent and is also associated with oxidative
stress and autonomic regulation. Moreover, the
integration of machine learning algorithms also
provided a new perspective to the study, as accurate
predictions regarding the results and physiological
markers were obtained. This is an important aspect
as it indicates that machine learning algorithms are

effective in making predictions and analyzing results
in terms of physiological markers. The consistency in
the results also indicates that the overall accuracy is
higher. Thus, it is safe to conclude that ivabradine is
an effective therapeutic agent that offers significant
benefits in terms of diabetes management.

V.CONCLUSION

In conclusion, this systematic review emphasizes
the therapeutic potential of ivabradine in managing
two important aspects of the pathophysiology of
diabetes: insulin resistance and autonomic
dysfunction. The results of the studies consistently
showed that ivabradine not only decreases heart rate
by selectively inhibiting the I<sub>f</sub> current
but also has positive effects on the metabolic and
autonomic functions of the body. The positive effects
on important aspects such as fasting blood glucose
levels, HOMA-IR values, heart rate variability, and
oxidative stress levels indicate the positive effects of
ivabradine on insulin sensitivity and autonomic
functions. In addition, the inclusion of computational
algorithms also increases the robustness of the
findings by confirming the relationship between
physiological parameters and therapeutic effects,
thereby further reinforcing the multifactorial role of
its mechanism of action. In contrast to conventional
therapeutic regimes, ivabradine possesses a distinct
advantage in its ability to concurrently target
cardiovascular and metabolic pathophysiology
without causing any adverse metabolic effects.
Although the preclinical findings provide an
optimistic outlook, it is imperative to further
investigate these findings in clinical settings by
conducting large-scale clinical trials in humans.
Future studies should focus on elucidating the
molecular mechanisms and safety profile of
ivabradine in diabetic patients. Overall, ivabradine
possesses an exciting therapeutic potential in the
management of diabetes and possesses a novel
therapeutic role in concurrently targeting
cardiovascular and metabolic risks.
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