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Introduction: Type 2 diabetes mellitus (T2DM) is associated with impaired
metabolic regulation, increased oxidative stress, and inflammation. Exercise training
and bioactive compounds of Nigella sativa, particularly thymoquinone, may
contribute to improving these disturbances through the modulation of metabolic
pathways and antioxidant defense mechanisms. Therefore, the present study aimed
to compare the effects of aerobic and resistance exercise combined with Nigella
sativa supplementation on the expression of AMPKal and CAT genes in the liver
tissue of rats with type 2 diabetes.

Methods: The present study was an experimental animal study. Fifty-six male Wistar
rats were randomly assigned to seven groups: healthy control, diabetic control,
diabetes + high-intensity interval training (HIIT), diabetes + resistance training,
diabetes + Nigella sativa, diabetes + HIIT + Nigella sativa, and diabetes + resistance
training + Nigella sativa. Type 2 diabetes was induced using the nicotinamide—
streptozotocin (NA-STZ) model. Exercise interventions and supplementation were
administered for 8 weeks. HIIT was performed on a treadmill, while resistance
training was conducted using a ladder with progressive loading. Nigella sativa oil
extract was administered daily by gavage at a dose of 400 mg/kg/day. Data were
analyzed using one-way analysis of variance (ANOVA) followed by the Bonferroni
post hoc test.

Results: Diabetes resulted in a significant decrease in AMPKal gene expression and
a significant increase in CAT gene expression in liver tissue. The combination of
HIIT and Nigella sativa, as well as the combination of resistance training and Nigella
sativa, significantly increased AMPKal gene expression and significantly altered
CAT gene expression.

Conclusion: Overall, combining exercise training with Nigella sativa
supplementation had more favorable effects on some molecular and metabolic
indicators compared with individual interventions and may represent an effective
approach for improving metabolic disturbances and antioxidant defense mechanisms
associated with type 2 diabetes mellitus.
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Extended Abstract

Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by persistent hyperglycemia, impaired
insulin action, and progressive disturbances in glucose and lipid metabolism. In addition to its systemic metabolic
consequences, T2DM can substantially affect liver function, as the liver plays a central role in glucose homeostasis, lipid
metabolism, and the regulation of inflammatory and oxidative processes. Persistent hyperglycemia and metabolic
dysregulation may increase the production of reactive oxygen species (ROS), leading to oxidative stress and cellular
damage. The imbalance between oxidative stress and antioxidant defense mechanisms is considered an important factor
in the development and progression of hepatic complications associated with T2DM. Among the molecular pathways
involved in metabolic regulation, adenosine monophosphate-activated protein kinase alpha 1 (AMPKal) is considered
an important cellular energy sensor. AMPK activation contributes to the regulation of glucose uptake, fatty acid oxidation,
mitochondrial function, and energy balance. Impaired AMPK signaling has been associated with insulin resistance,
abnormal lipid accumulation, and metabolic dysfunction in diabetes. Therefore, interventions capable of modulating
AMPKal expression may have beneficial effects on metabolic homeostasis and liver function in individuals with T2DM.
The antioxidant defense system also plays a critical role in protecting hepatic cells against oxidative damage. Catalase
(CAT) is one of the major antioxidant enzymes responsible for converting hydrogen peroxide into water and molecular
oxygen, thereby limiting the accumulation of potentially harmful reactive oxygen species. Alterations in CAT expression
may reflect changes in the antioxidant response to metabolic and oxidative challenges associated with diabetes.
Consequently, investigating AMPKal and CAT gene expression may provide useful molecular information regarding the
effects of therapeutic interventions on metabolic regulation and antioxidant defense. Exercise training is widely
recognized as an effective non-pharmacological strategy for improving metabolic health in diabetes. Aerobic and
resistance exercise may influence glucose metabolism, insulin sensitivity, mitochondrial activity, oxidative stress, and
inflammatory pathways through different physiological mechanisms. High-intensity interval training (HIIT), in particular,
has received increasing attention because alternating periods of high-intensity exercise and recovery may induce
substantial metabolic adaptations within a relatively short training period. Resistance training may also improve glucose
utilization, muscle metabolism, and systemic metabolic regulation through mechanisms that differ from those of aerobic
exercise. In parallel, Nigella sativa, commonly known as black seed, has attracted considerable scientific interest because
of its bioactive compounds, particularly thymoquinone. Experimental evidence suggests that Nigella sativa may possess
antioxidant, anti-inflammatory, and metabolic regulatory properties. However, the comparative effects of different
exercise modalities combined with Nigella sativa supplementation on hepatic molecular markers in T2DM remain
insufficiently understood. Therefore, the present study was designed to compare the effects of HIIT and resistance
training, alone and in combination with Nigella sativa supplementation, on AMPKal and CAT gene expression in the
liver tissue of rats with T2DM.

Methods

This experimental animal study included 56 male Wistar rats randomly assigned to seven groups: healthy control, diabetic
control, diabetes + high-intensity interval training (HIIT), diabetes + resistance training, diabetes + Nigella sativa, diabetes
+ HIIT + Nigella sativa, and diabetes + resistance training + Nigella sativa. Type 2 diabetes was induced using the
nicotinamide—streptozotocin (NA-STZ) model. Exercise interventions and supplementation were administered for 8
weeks. HIIT was performed on a treadmill, while resistance training was conducted using a ladder with progressive
loading. Nigella sativa oil extract was administered daily by gavage at a dose of 400 mg/kg/day. Data were analyzed using
one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test.

Results

The results showed that type 2 diabetes was associated with a significant decrease in AMPKal gene expression and a
significant increase in CAT gene expression in liver tissue. The combination of HIIT and Nigella sativa supplementation
significantly increased AMPKal gene expression and significantly altered CAT gene expression. Similarly, the
combination of resistance training and Nigella sativa supplementation significantly increased AMPKal gene expression
and significantly altered CAT gene expression.

Conclusion

The present study investigated and compared the effects of HIIT and resistance training, both alone and combined with
Nigella sativa supplementation, on AMPKal and CAT gene expression in the liver tissue of rats with T2DM. The findings
demonstrated that diabetes was associated with significant alterations in the expression of both genes, suggesting that
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T2DM can disrupt metabolic signaling and antioxidant defense mechanisms in hepatic tissue. Importantly, the
combination of exercise training and Nigella sativa supplementation produced favorable molecular responses, particularly
with respect to AMPKal expression. The observed reduction in AMPKal gene expression in diabetic rats may be related
to impaired cellular energy regulation and metabolic dysfunction caused by chronic hyperglycemia and insulin resistance.
AMPK functions as an important regulator of cellular energy balance and contributes to glucose and lipid metabolism.
Reduced AMPK activity or expression may impair fatty acid oxidation, glucose utilization, and metabolic flexibility,
thereby contributing to hepatic metabolic disturbances. The increase in AMPKal expression following both HIIT and
resistance training combined with Nigella sativa supplementation suggests that these interventions may improve hepatic
metabolic signaling. Exercise-induced increases in energy demand can stimulate AMPK-related pathways, while the
bioactive components of Nigella sativa may provide additional metabolic and antioxidant effects. The findings concerning
CAT expression also indicate that diabetes may induce substantial changes in hepatic antioxidant responses. The
significant increase in CAT gene expression observed in diabetic animals may represent a compensatory response to
elevated oxidative stress. Under conditions of persistent hyperglycemia, excessive ROS production may stimulate
antioxidant defense mechanisms as the organism attempts to neutralize oxidative damage. The significant alteration in
CAT expression following combined exercise and Nigella sativa supplementation may therefore reflect modulation of the
oxidative stress response rather than a simple increase or decrease in antioxidant capacity. The beneficial effects observed
following Nigella sativa supplementation may be partly attributed to thymoquinone, one of its major bioactive
constituents. Thymoquinone has been investigated for its potential antioxidant and anti-inflammatory properties and may
influence cellular signaling pathways involved in oxidative stress and metabolic regulation. When combined with
exercise, these effects may be complementary. Exercise can enhance metabolic efficiency and antioxidant adaptations,
whereas Nigella sativa may provide additional protection against oxidative and inflammatory disturbances. An important
finding of the present study is that the effects of the two exercise modalities were not completely identical across the
investigated molecular markers. This observation may be explained by differences in the physiological adaptations
induced by HIIT and resistance training. HIIT places substantial demands on energy metabolism and mitochondrial
function, whereas resistance training produces prominent adaptations related to muscle metabolism, protein turnover, and
glucose disposal. The interaction between exercise modality and Nigella sativa supplementation may therefore influence
molecular responses through partially distinct mechanisms. Overall, the findings suggest that combining structured
exercise training with Nigella sativa supplementation may be a promising strategy for modifying hepatic metabolic and
antioxidant pathways in T2DM. Nevertheless, because the present study focused on gene expression, further
investigations involving protein expression, enzyme activity, oxidative stress biomarkers, inflammatory mediators, and
AMPK -related signaling pathways are warranted to clarify the mechanisms underlying these effects.
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