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Abstract

Oxidative stress, defined as an imbalance between the production of reactive oxygen species (ROS) and the body’s inherent
antioxidant defense mechanisms, is increasingly recognized as a pivotal contributor to the pathogenesis of numerous chronic
diseases, including type 2 diabetes, cancer, essential hypertension, neurodegenerative disorders, and chronic fatigue syndrome
[1-3]. Mitochondrial dysfunction, frequently observed under conditions of heightened oxidative stress, is a critical factor that
exacerbates cellular damage through impaired energy production and escalated ROS generation [4,5]. Consequently, developing
interventions aimed at preserving mitochondrial function and bolstering antioxidant capacities remains a primary focus in
mitigating oxidative stress-related pathophysiological processes.

Natural compounds derived from medicinal plants have garnered extensive attention as therapeutic agents for oxidative
stress-mediated conditions, largely due to their potent antioxidant effects and favorable safety profiles [6]. AminoTriComplex
(AminoSineTriComplex) is a novel, multi-targeted formulation composed of bioactive compounds—such as epigallocatechin
gallate (EGCG), resveratrol, and berberine—that exhibit free radical scavenging properties and modulate critical intracellular
signaling cascades [7,13-15]. Prior investigations have suggested the efficacy of AminoTriComplex in multimodal tumor
management, wherein it concurrently targeted inflammatory pathways and cancer-related signaling mechanisms [7]. However,
its capacity to alleviate oxidative damage and preserve mitochondrial function has not been thoroughly explored, prompting the
present study’s focus on evaluating AminoTriComplex in an established model of induced oxidative stress in Wistar rats.

To investigate the antioxidant and mitochondrial-protective activities of AminoTriComplex, we employed a classic carbon
tetrachloride (CCl_4) model of oxidative stress [8]. Male Wistar rats were randomly allocated into four groups: control, oxidative
stress (0S), 0S + AminoTriComplex (AT), and AT alone. Oxidative stress was initiated by a single intraperitoneal injection of
CCL_4, whereas the control and AT-alone groups received vehicle treatments. AminoTriComplex (75 mg/kg) was administered
orally for 14 days in both the OS+AT and AT-alone groups, with vehicle serving as a control. Following the treatment period,
liver samples were harvested and assayed for well-established oxidative stress markers, including malondialdehyde (MDA)
levels (measured via the thiobarbituric acid reactive substances assay [9]), reduced glutathione (GSH) content (determined
with Ellman’s reagent [10]), and the activities of two principal antioxidant enzymes: superoxide dismutase (SOD) and catalase
(CAT) [6]. Mitochondrial function was evaluated through the measurement of state 3 and state 4 respiration rates in isolated
liver mitochondria using a Clark-type oxygen electrode, thus enabling calculation of the respiratory control ratio (RCR) [11,12].
Our findings revealed that CCl_4 administration caused a significant rise in MDA levels, indicative of heightened lipid peroxidation,
and a concomitant reduction in GSH content, SOD activity, and CAT activity in the OS group relative to controls. These alterations
underscored a pronounced oxidative challenge, as previously reported in other CCl_4-induced models [8]. Notably, treatment
with AminoTriComplex markedly attenuated these disturbances. Specifically, MDA levels were substantially lowered, and the
antioxidative milieu—evidenced by elevated GSH content alongside increased SOD and CAT activities—was effectively restored
to near-control levels in the OS+AT group. Furthermore, mitochondria isolated from rats receiving AminoTriComplex exhibited
improved oxidative phosphorylation, as signified by higher state 3 respiration rates and RCR values. These results highlight
AminoTriComplex’s critical role in preserving mitochondrial integrity and reducing ROS-mediated damage, supporting previous
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observations that implicate coordinated pathways (e.g., PI3K/AKT/mTOR and AMPK) in sustaining mitochondrial biogenesis
and function [16].

Taken together, our data illustrate that AminoTriComplex offers significant protection against CCl_4-induced oxidative stress
and mitochondrial dysfunction in Wistar rats. By effectively normalizing lipid peroxidation markers, bolstering antioxidant
defenses, and enhancing mitochondrial respiration, AminoTriComplex underscores a potentially broad therapeutic scope in
addressing oxidative stress-mediated diseases. Given the multifactorial nature of conditions such as cancer, metabolic disorders,
and neurodegenerative diseases [2,3,5], a multi-targeted intervention like AminoTriComplex could provide synergistic benefits
in preventing or attenuating the debilitating effects of prolonged oxidative insult. Future work should seek to delineate the
precise molecular mechanisms by which AminoTriComplex modulates mitochondrial biogenesis, antioxidant enzyme expression,
and signaling networks integral to cellular homeostasis. In addition, clinical investigations are warranted to optimize dosing
regimens, ascertain long-term safety profiles, and confirm the translational potential of this promising natural compound for

human applications in mitigating oxidative damage and preserving mitochondrial health.
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1. Introduction

Oxidative stress has progressively emerged as a critical de-
terminant in the initiation and progression of a wide spec-
trum of chronic diseases, including but not limited to type 2
diabetes, cancer, essential hypertension, neurodegenerative
disorders, and chronic fatigue syndrome [1-3]. In its most
fundamental definition, oxidative stress refers to an imbal-
ance between the formation of reactive oxygen species (ROS)
and the efficacy of endogenous antioxidant mechanisms that
neutralize or mitigate these highly reactive molecules. This
imbalance triggers a cascade of deleterious events encom-
passing protein denaturation, lipid peroxidation, and DNA
damage, culminating in impaired cellular function and tis-
sue injury [1]. Given the pervasive nature of oxidative stress
across organ systems, understanding its molecular under-
pinnings is crucial for designing effective therapeutic strate-
gies aimed at curtailing the debilitating outcomes associated
with chronic diseases.

1.1. The Scope and Significance of Oxidative Stress

The prevalence of oxidative stress is almost universal in bio-
logical systems, largely due to the indispensable role of oxy-
gen in aerobic life [4]. Although oxygen is vital for mitochon-
drial oxidative phosphorylation and ATP generation, partial
reduction of oxygen can produce harmful intermediates
such as superoxide anions (0;™+), hydroxyl radicals (-OH),
and hydrogen peroxide (H,0;) [1,4]. These ROS, under nor-
mal physiological conditions, are held in check by enzymatic
antioxidants including superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), and non-enzymatic an-
tioxidants like glutathione (GSH), vitamin C, and vitamin E
[2]. However, any perturbation in the redox equilibrium—be
it excessive ROS formation or a decline in antioxidant capac-
ity—disrupts cellular homeostasis and paves the way for ox-
idative stress [1,3].

What makes oxidative stress particularly problematic is
its self-perpetuating nature. Once ROS levels rise above a
threshold, they damage critical biomolecules, which can lead
to further mitochondrial dysfunction and additional ROS
production [4,5]. This vicious cycle intensifies cellular injury,
fostering an environment conducive to pathological chang-
es. Extensive research has revealed that oxidative stress not

only underlies the pathology of advanced diseases but is also
implicated in early disease onset, functioning as a catalyst
for numerous biochemical aberrations [2,3,6]. Consequently,
antioxidants that can halt or reverse these processes have
become focal points of biomedical investigations.

1.2. Oxidative Stress in Chronic Diseases

» Type 2 Diabetes Mellitus (T2DM)

Patients with T2DM frequently exhibit elevated markers
of oxidative stress such as malondialdehyde (MDA) and
reduced levels of GSH, which is one of the most crucial in-
tracellular antioxidants [1]. Chronic hyperglycemia fosters
excessive ROS generation via glucose auto-oxidation, activa-
tion of the polyol pathway, and advanced glycation end-prod-
uct (AGE) formation [8]. These processes impair pancreatic
B-cell function and reduce insulin sensitivity in peripheral
tissues. Evidence points to a feedback loop in which hyper-
glycemia augments oxidative stress, and oxidative stress
further exacerbates glycemic dysregulation [1,8,9]. The det-
rimental interplay of ROS and insulin resistance underscores
the importance of antioxidants in T2DM management strat-
egies.

¢ Cancer

Oxidative stress is a double-edged sword in cancer biology
[3]- While low to moderate ROS levels can promote tumor
cell proliferation, angiogenesis, and metastasis by activat-
ing redox-sensitive transcription factors such as NF-kB, high
ROS levels can induce cell death and limit tumor progression
[2,10]. Cancer cells often adapt by upregulating their antiox-
idant systems to maintain redox balance conducive to their
survival and uncontrolled growth [7]. For instance, increased
expression of glutathione-S-transferase (GST) and other an-
tioxidant enzymes is frequently observed in malignant cells
[11]. Targeting this delicate redox balance in cancer cells has
been proposed as a therapeutic approach—both by exacer-
bating ROS levels to induce cytotoxicity and by inhibiting
excessive antioxidant defenses that confer chemoresistance
[7,10,12].

« Essential Hypertension
A plethora of evidence has indicated that oxidative stress
contributes to endothelial dysfunction, a hallmark of hyper-
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tension [13]. Specifically, enhanced production of superox-
ide anions in vascular tissues leads to reduced nitric oxide
(NO) bioavailability. NO is critical for vasodilation; therefore,
a decrease in its levels fosters increased vascular resistance
and elevated blood pressure [14]. Oxidative modifications of
low-density lipoproteins (LDLs) also contribute to a pro-in-
flammatory state within vascular endothelium [13]. Over
time, unmitigated oxidative stress in the vasculature contrib-
utes to atherogenesis, vascular remodeling, and the patho-
physiological progression of essential hypertension [15].

¢ Neurodegenerative Disorders

Diseases such as Parkinson’s disease (PD), Alzheimer’s dis-
ease (AD), and amyotrophic lateral sclerosis (ALS) exhibit
neuropathological features wherein ROS play a central role
[3,5]. In AD, oxidative stress accelerates the aggregation of
-amyloid plaques, which in turn induce additional oxidative
insults [5,16]. Similarly, in PD, the dysfunction of dopaminer-
gic neurons is linked to excessive oxidative damage and com-
promised mitochondrial function [4,5]. Neurodegeneration
often correlates with mitochondrial abnormalities, reinforc-
ing that maintaining mitochondrial health is imperative for
neuronal survival [16,17]. The central nervous system (CNS)
is particularly vulnerable to oxidative stress due to its high
oxygen demand and relatively limited antioxidant defenses
[18]. This underscores the need for potent antioxidant ther-
apies that can cross the blood-brain barrier and confer neu-
roprotection.

¢ Chronic Fatigue Syndrome (CFS)

Although its etiology remains multifactorial and somewhat
contentious, oxidative stress has been identified as a key
contributor in many patients diagnosed with CFS [19]. Mi-
tochondrial dysfunction and ROS accumulation are often
observed in muscle cells and immune cells of CFS patients,
potentially explaining their profound fatigue and physical
exhaustion [20]. Systemic oxidative damage can manifest
as alterations in membrane fluidity and receptor function,
further compromising energy metabolism and muscle con-
tractility [1,19]. Accordingly, antioxidants and mitochondrial
support therapies have been explored as interventions for
alleviating CFS symptoms, though more extensive clinical tri-
als are needed for definitive conclusions [20,21].

1.3. Mitochondria as the Focal Point of Oxidative Stress
Mitochondria, historically characterized as the “powerhous-
es of the cell,” are both a critical site of ATP synthesis and
a major source of ROS [4,5]. During aerobic respiration,
electrons are transferred along the electron transport chain
(ETC), culminating in the reduction of oxygen to water. How-
ever, a small fraction of electrons can prematurely leak from
complexes I and III, forming superoxide anions [22]. Under
physiological conditions, mitochondrial antioxidants such as
manganese superoxide dismutase (MnSOD) rapidly convert
superoxide to H,0,, which can then be neutralized by gluta-
thione peroxidases or catalase [23].

In circumstances where oxidative stress intensifies—due to
environmental toxins, metabolic diseases, or genetic abnor-
malities—these regulatory systems become overwhelmed,

and excessive ROS leads to damage of mitochondrial DNA
(mtDNA), proteins (including ETC components), and lipids
of the mitochondrial membrane [4,24]. Damaged mitochon-
dria are less efficient at producing ATP and often generate
even more ROS, thus perpetuating the cycle of oxidative
stress [25]. Moreover, mtDNA lacks histone protection and
robust repair mechanisms compared to nuclear DNA, mak-
ing it highly susceptible to oxidative lesions [5,24]. As a re-
sult, maintaining mitochondrial integrity is key not only for
sustaining cellular energy needs but also for preventing the
pathological sequelae of chronic oxidative stress. In addition
to their well-known bioenergetic function, mitochondria
also actively participate in regulating cell survival, apoptosis,
and autophagy [16]. Perturbations in mitochondrial mem-
brane potential, excessive ROS release, or the triggering of
pro-apoptotic signals (e.g., cytochrome c release) can initi-
ate programmed cell death pathways [26]. While controlled
apoptosis is critical for normal tissue homeostasis, dysregu-
lated apoptosis can contribute to neurodegeneration, muscle
wasting, or ischemic tissue injury [5,27]. On the other hand,
inadequate clearance of dysfunctional mitochondria via mi-
tophagy can amplify ROS generation and exacerbate cellular
damage [28]. Thus, therapies aimed at fortifying mitochon-
drial function—either by reducing ROS generation, enhanc-
ing antioxidant defense, or promoting healthy mitochondrial
turnover—hold promise for mitigating oxidative stress and
improving clinical outcomes in diverse diseases.

1.4. Therapeutic Strategies Targeting Oxidative Stress

Decades of research have yielded a multitude of strategies
aimed at neutralizing ROS or enhancing endogenous antiox-
idant systems. Conventional antioxidants include enzymes
(SOD mimetics) and small molecules (vitamins C and E,
N-acetylcysteine, coenzyme Q10) [6,29]. While these inter-
ventions have yielded mixed results in clinical trials—often
due to poor bioavailability, tissue specificity, or timing of
administration—the fundamental concept of mitigating oxi-
dative damage remains valid [30,31]. Furthermore, a deeper
comprehension of redox biology has prompted exploration
into more nuanced strategies, such as boosting natural cel-
lular defenses (e.g., via transcription factor Nrf2 activation),
modulating the balance of pro-oxidant and antioxidant en-
zyme expression, and targeting key redox-sensitive signaling
pathways (e.g., NF-kB, MAPK, and PI3K/AKT) [32,33]. In par-
allel, mitochondrial-targeted antioxidants, which specifically
accumulate within the mitochondrial matrix, have gained
attention [34]. Molecules like MitoQ, SkQ1, and other mito-
chondria-penetrating cations aim to shield the mitochondri-
al membrane and ETC complexes from excessive oxidative
insult [34,35]. These specialized agents might offer greater
efficacy than untargeted antioxidants because they address
ROS production at its primary source. Nonetheless, clini-
cal investigations are still ongoing, and the search for more
cost-effective, multi-targeted therapies continues [36,37].

1.5. Natural Compounds: A Multi-Targeted Approach

Plant-derived bioactive agents—polyphenols, flavonoids, al-
kaloids, terpenoids—exhibit a vast array of antioxidant and
anti-inflammatory properties [6,29]. Their broad-spectrum
activities often involve not just scavenging free radicals but
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also modulating signaling cascades critical for cell survival,
inflammation, and metabolism [6,38]. Such pleiotropic bene-
fits make them appealing for chronic diseases characterized
by intertwined inflammatory and oxidative stress compo-
nents. Moreover, many natural compounds have relatively
low toxicity profiles, making them safer for long-term use
compared to synthetic agents with narrow therapeutic indi-
ces [39].

 Polyphenols

Polyphenols like curcumin, resveratrol, and epigallocatechin
gallate (EGCG) have been extensively studied. Resveratrol,
found primarily in grapes and berries, exerts antioxidant
effects by upregulating endogenous antioxidants and ac-
tivating Sirtuin 1 (SIRT1), a key sensor for cellular energy
balance and aging [14,40]. EGCG, abundant in green tea, can
scavenge free radicals and modulate mitogen-activated pro-
tein kinases (MAPKs), reducing inflammation and oxidative
damage [13,15]. Curcumin, derived from turmeric, has been
investigated for its ability to inhibit NF-«kB activation and dis-
rupt ROS-mediated signal transduction pathways in various
disease models [6,41].

« Alkaloids

Alkaloids such as berberine, found in plants like Berberis
vulgaris, have garnered attention for their antidiabetic, an-
ti-inflammatory, and antioxidant properties [15,42]. Berber-
ine improves mitochondrial function by modulating AMP-ac-
tivated protein kinase (AMPK), a crucial regulator of energy
homeostasis [43]. These multifaceted actions underscore
the capacity of plant-based alkaloids to address multiple
nodes of pathology, which often converge on oxidative stress.

Resveratrol, in turn, can potentiate mitochondrial biogene-
sis and protect cellular components from oxidative insults by
activating SIRT1 and other longevity-related pathways [14].
Meanwhile, berberine’s influence on AMPK helps optimize
cellular energy usage and reduce mitochondrial ROS pro-
duction under metabolic stress [15,42]. The synergy among
these components, especially in an oxidative stress context,
could bolster tissue defense mechanisms, curb ROS-mediat-
ed injury, and improve mitochondrial function, a critical el-
ement of long-term disease mitigation [7]. Recent evidence
suggests that AminoTriComplex may serve as a multi-tar-
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¢ Combination Formulations

Recognizing that chronic diseases often involve complex
pathophysiological networks, researchers have increasingly
explored combination therapies. Natural product formula-
tions that harness synergistic or complementary interac-
tions among multiple phytochemicals may confer enhanced
efficacy by targeting diverse molecular pathways [44,45].
This is especially relevant in conditions such as cancer, met-
abolic syndrome, and neurodegeneration, where interplay
among inflammatory, metabolic, and oxidative stress path-
ways is evident [38].

1.6. AminoTriComplex: A Novel Multi-Targeted Formula-
tion

Against this backdrop of natural compounds as promising
therapeutics, AminoTriComplex (also referred to as Amino-
SineTriComplex) has been introduced as a potent formula-
tion composed of distinct bioactive constituents, including,
but not limited to, EGCG, resveratrol, and berberine [7]. Each
of these agents already enjoys substantial validation from
preclinical and clinical studies for their antioxidant, anti-in-
flammatory, and mitochondrial-protective roles [13-15].
However, their coordinated application in a singular, integra-
tive formulation offers the possibility of simultaneous mod-
ulation of multiple signaling pathways, potentially produc-
ing greater therapeutic benefits than single-agent therapies
[7,45]. The mechanistic rationale behind AminoTriComplex
is robust. By virtue of incorporating EGCG, the formulation
leverages an established free radical scavenger known to en-
hance antioxidant enzyme activities and potentially activate
cytoprotective proteins [13].

geted approach not only in cancer therapy but also in atten-
uating pathological processes linked to chronic inflamma-
tion and oxidative stress [7]. By aligning with the concept
of polypharmacology—where a single therapeutic agent or
formulation exerts multiple actions on different molecular
targets—AminoTriComplex addresses the intricate crosstalk
among various pathways that converge on oxidative stress
[7,44,45]. Therefore, it stands as a compelling candidate for
exploring its potential to ameliorate oxidative damage and
safeguard mitochondrial function in diverse disease models.
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1.7. Rationale for Studying AminoTriComplex in an Oxi-
dative Stress Model

Given the paramount significance of oxidative stress and
mitochondrial dysfunction in the etiology of chronic diseas-
es, a critical test for any antioxidant formulation is whether
it can rectify or alleviate markers of oxidative damage in a
well-established experimental model. Carbon tetrachloride
(CCly)-induced oxidative stress is a classic, extensively em-
ployed model to investigate liver injury and systemic ROS
production [8]. CCl; metabolism by cytochrome P450 en-
zymes generates trichloromethyl (-CCl;) and trichloromethyl
peroxy radicals (-CCl;007), which initiate lipid peroxidation
and compromise cellular antioxidant defenses, culminat-
ing in marked oxidative damage [46]. The outcomes can be
quantitatively measured via indicators such as MDA (a by-
product of lipid peroxidation), GSH depletion, and decreased
activities of SOD and CAT [8,9]. In parallel, mitochondrial
function can be assessed by examining oxygen consumption
rates and calculating the respiratory control ratio (RCR),
thus providing a readout of mitochondrial integrity and ef-
ficiency [11,12].

Employing such a robust model allows for a precise evalu-
ation of the efficacy of AminoTriComplex under conditions
that closely mimic severe oxidative stress experienced in hu-
man pathologies like hepatic injury, metabolic dysfunction,
and other systemic illnesses [8,47]. If AminoTriComplex
effectively counters ROS formation, preserves intracellular
antioxidants, and sustains mitochondrial ATP production,
it could offer compelling evidence for its therapeutic poten-
tial across multiple disease domains. Furthermore, since
oral administration is the most practical route for long-term
prophylaxis or treatment, demonstrating bioavailability and
functionality of AminoTriComplex when administered orally
in animal models is an essential precursor to potential hu-
man trials [7].

1.8. Challenges and Considerations in Antioxidant Ther-
apy

Despite the scientific rationale for antioxidant interventions,
their translation from laboratory to clinic has encountered
numerous hurdles. One major challenge lies in the com-
plexity of redox biology. ROS are not exclusively detrimen-
tal; at physiological concentrations, they serve as secondary
messengers in essential cell signaling pathways, including
immune responses and cellular proliferation [2,48]. There-
fore, broad-spectrum ROS scavenging can sometimes be
counterproductive if it disrupts normal redox signaling. This
nuance underscores the need for antioxidants that discrimi-
nate between detrimental, excessive ROS and the basal levels
required for homeostasis [49]. Moreover, in clinical scenar-
ios, timing of antioxidant administration, disease stage, and
the severity of the oxidative insult can profoundly influence
therapeutic outcomes [30,50]. In some cases, antioxidants
may exhibit beneficial effects if administered early but show
minimal or even adverse effects if introduced at later stages
[51]. Dose optimization is equally pivotal: insufficient dosing
may fail to mitigate oxidative stress, whereas over-supple-
mentation can shift the redox balance too far, weakening the
cell’s own adaptive responses [49]. Meanwhile, differences in

absorption, distribution, metabolism, and excretion (ADME)
characteristics of different antioxidant agents complicate the
extrapolation of in vitro results to in vivo contexts [36,49].
Hence, integrating multi-targeted formulations with favor-
able pharmacokinetic profiles, like AminoTriComplex, might
overcome some of these obstacles by fine-tuning therapeutic
action at multiple levels within redox and inflammatory net-
works [7].

1.9. Emerging Frontiers in Oxidative Stress Research
Oxidative stress research is expanding in several directions,
providing an increasingly sophisticated understanding of
the interplay between redox biology, metabolism, and dis-
ease pathophysiology. For instance, advanced omics technol-
ogies—genomics, proteomics, metabolomics—are unveiling
intricate biomarkers of oxidative stress and mitochondri-
al dysfunction that were previously unrecognized [52,53].
This may lead to precision medicine approaches, where an-
tioxidant therapies are tailored to a patient’s specific redox
profile, increasing the likelihood of therapeutic success and
minimizing unwanted effects [54]. Nanotechnology-based
delivery systems are also on the rise, offering the possibility
of delivering antioxidants like EGCG, resveratrol, or berber-
ine directly to the mitochondria or other targeted subcellu-
lar compartments [55,56]. Such strategies might boost the
potency of natural compounds by safeguarding them from
degradation, improving their solubility, and facilitating their
uptake into cells and organelles [34,57]. Additionally, the
synergy between antioxidant therapy and lifestyle interven-
tions (e.g., diet, exercise) remains a vibrant area of research,
as these interventions can jointly modulate redox pathways
through complementary mechanisms [6,58].

1.10. Positioning AminoTriComplex Within the Current
Landscape

The hallmark of AminoTriComplex is its inherent design to
tackle the multifaceted nature of oxidative stress. By merg-
ing well-recognized natural compounds, each with a dis-
tinctive but overlapping mechanism of action—antioxidant
defense, anti-inflammatory signaling, mitochondrial stabili-
zation—the formulation represents a strategic leap beyond
single-molecule approaches [7,44,45]. The synergy posited
among EGCG, resveratrol, and berberine could amplify the
net protective effect against ROS-induced harm and promote
intracellular pathways that sustain energy homeostasis and
cell viability [7,13-15,42]. Additionally, the safety profile of
these natural components supports their use for extended
durations, which is often necessary in chronic disease man-
agement [6,59]. Long-term antioxidant therapies must not
only alleviate acute oxidative insults but also prevent relapse
and slow disease progression. The track record of botanical
compounds in epidemiological studies and traditional med-
icine further encourages investigations into such formula-
tions [6,29]. Nonetheless, rigorous experimental validation
in well-established oxidative stress models is essential to
confirm the hypothesized benefits of AminoTriComplex, and
to fine-tune dosing regimens and identify any potential con-
traindications.
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1.11. Study Objectives and Hypothesis

Building upon the recognized link between oxidative stress
and diverse pathologies, and the promising indications for
AminoTriComplex as a multi-targeted natural therapy [7],
this study aims to:

¢ Quantify the Antioxidant Efficacy

We will measure classical oxidative stress indices—Ilipid
peroxidation (MDA), antioxidant enzyme activities (SOD,
CAT), and GSH levels—in the liver of Wistar rats subjected
to CCly-induced oxidative injury. These standard biomarkers
provide a comprehensive assessment of both the extent of
oxidative damage and the restoration of endogenous antiox-
idant mechanisms [8,9].

« Assess Mitochondrial Protection

Mitochondrial function will be evaluated by measuring oxy-
gen consumption rates (state 3 and state 4 respiration) and
calculating the respiratory control ratio (RCR) using isolated
liver mitochondria [11,12]. Demonstrating robust preser-
vation or enhancement of mitochondrial respiration under
conditions of oxidative stress would offer compelling evi-
dence for the therapeutic potential of AminoTriComplex to
safeguard bioenergetic processes.

« Explore Overall Efficacy and Safety

By comparing the outcomes in control, CCl,-treated, and
AminoTriComplex-treated groups, we aim to delineate not
only the antioxidant but also the protective and potentially
restorative capacity of the formulation. Because the ultimate
objective is to consider translational utility in humans, as-
sessing side effects, weight changes, or any overt signs of
toxicity is indispensable. Based on preliminary data high-
lighting the multi-targeted capacity of AminoTriComplex,
and the proven antioxidant characteristics of its constitu-
ent compounds, we hypothesize that this novel formulation
will significantly diminish oxidative stress markers while
concurrently protecting mitochondrial function in the liver
[7,13-15]. The investigation stands to expand our under-
standing of how an integrative, plant-derived therapy can
modulate intricate redox signaling networks and potentially
offer broad applications in the prevention or attenuation of
chronic, oxidative stress-related diseases.

1.12. Concluding Remarks

Oxidative stress is a ubiquitous factor woven into the patho-
physiological tapestry of numerous chronic diseases. Its
role in exacerbating tissue damage and fostering disease
progression has made it a prime target for therapeutic in-
tervention. While conventional antioxidants have provided
partial solutions, a notable impediment has been the com-
plexity of redox biology, the multifarious nature of ROS, and
the need for balancing their physiological functions against
their pathological excess. Multi-targeted strategies like Ami-
noTriComplex represent a promising evolution in antioxi-
dant therapy, leveraging synergistic botanical components
to impart comprehensive cytoprotection and mitochondrial
stability. Investigation of AminoTriComplex in a stringent
CCls-induced oxidative stress model enables rigorous as-
sessment of its antioxidant capacity and organ-protective
actions. Insights gleaned from this study can foster the de-
velopment of more nuanced, efficacious treatments aimed at
ameliorating oxidative damage and interrupting its deleteri-

ous cycle. Moreover, positive results could spark further re-
search into combining AminoTriComplex with conventional
therapies or lifestyle modifications, broadening its potential
reach across multiple disease contexts characterized by oxi-
dative stress. With a strong mechanistic basis and alignment
with the growing emphasis on integrative, precision-based
medicine, AminoTriComplex stands poised to contribute
valuable solutions to the persistent challenge of oxidative
stress in human health.

2. Materials and Methods

The present study was designed to evaluate the antioxidant
efficacy of AminoTriComplex (AminoSineTriComplex) in an
established model of oxidative stress using Wistar rats. The
protocols described herein encompass animal husbandry, in-
duction of oxidative stress, treatment regimens, sample col-
lection, and the detailed biochemical and biophysical assess-
ments of oxidative damage and mitochondrial function. All
procedures were performed in accordance with institution-
al guidelines on the care and use of laboratory animals and
were approved by the relevant ethical committees, ensuring
that the welfare of the animals was prioritized throughout
the study.

2.1. Animal Selection, Housing, and Group Allocation
2.1.1. Animal Selection and Ethical Considerations

Male Wistar rats (n = 40), each weighing 200-250 g, were ac-
quired from a certified breeding facility. This specific strain
was selected due to its well-characterized physiology and
frequent use in toxicological and pharmacological studies,
particularly those investigating oxidative stress [8]. Upon ar-
rival, animals were acclimatized for a minimum of one week
in a controlled environment. Standard husbandry conditions
were upheld: a 12:12-hour light-dark cycle, ambient tem-
perature of 22 * 2 °C, and relative humidity of approximately
50-60%. During acclimatization, animals had unrestricted
access to a commercial chow diet and tap water. Throughout
the experiment, animal wellbeing was monitored daily, and
any sign of distress or abnormal behavior was documented.
All experimental protocols received ethical clearance from
the Institutional Animal Care and Use Committee (IACUC)
or an equivalent governing body. Experimental procedures
conformed to the guidelines delineated by national and in-
ternational directives on animal experimentation. Wherever
feasible, refinements were introduced to minimize discom-
fort or pain, and the number of animals used was confined to
the minimum required to attain statistical validity.

2.1.2. Group Allocation and Experimental Design

After acclimatization, the 40 male Wistar rats were random-
ly and evenly divided into four groups (n = 10 per group):
 Control (C) - Rats in this group were administered vehicle
injections and received oral gavage of distilled water for 14
days.

» Oxidative Stress (0S) - Rats in this group were subjected
to oxidative stress induction via a single intraperitoneal (i.p.)
injection of carbon tetrachloride (CCl,) at a dose of 1 mL/kg,
and subsequently received distilled water by oral gavage for
14 days.

¢ OS + AminoTriComplex (OS+AT) - Rats in this group
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were treated identically to the OS group with a single i.p. in-
jection of CCl, (1 mL/kg) but, in addition, received daily oral
administration of AminoTriComplex (75 mg/kg) for 14 days.
¢ AminoTriComplex Alone (AT) - Rats in this group re-
ceived vehicle injection (olive oil, matching the volume used
in the OS groups) along with daily oral administration of
AminoTriComplex (75 mg/kg) for 14 days.

The random assignment to each group was executed using
a computer-generated list to mitigate selection bias. This
approach is standard in pharmacological and toxicological
studies, ensuring reproducibility and robust statistical anal-
ysis.

2.3. Induction of Oxidative Stress

2.3.1. Rationale for CCl, Model

Carbon tetrachloride (CCl,) is an established agent for induc-
ing oxidative damage, particularly in the liver, and has been
extensively employed to mimic acute hepatic injury in vivo
[8]. Its biotransformation via cytochrome P450 enzymes
yields highly reactive trichloromethyl (-CCls) and trichloro-
methyl peroxy (-CCl;007) radicals. These radicals initiate a
sequence of lipid peroxidation events, thereby compromis-
ing membrane integrity, depleting antioxidant reserves, and
culminating in marked oxidative stress.

2.3.2. CCl4 Administration

On Day 0 of the experiment, rats in the OS and OS+AT groups
received a single i.p. injection of CCl, at 1 mL/kg body weight.
The CCl, was diluted in olive oil (1:1 ratio) to facilitate ad-
ministration, consistent with established protocols [8]. Con-
versely, rats in the Control and AT groups were administered
the same volume of pure olive oil via i.p. injection, ensuring
that any differences in observed outcomes were attributable
to CCl, exposure rather than injection volume or vehicle ef-
fects. Throughout the post-injection period, animals were
observed for signs of acute toxicity or distress, including
changes in motor activity, posture, and fur condition. Though
the single-dose model typically results in robust oxidative
stress, the subsequent 14-day timeline allowed for evaluat-
ing both the development of oxidative damage and the effect
of daily AminoTriComplex administration on mitigating such
damage.

2.4. AminoTriComplex Administration

2.4.1. Selection of Dose and Administration Route
AminoTriComplex was administered orally at a dose of 75
mg/kg body weight once daily for 14 days to rats in the OS-
+AT and AT groups. The selection of this dose was guided by
prior preliminary studies and pilot experiments suggesting
that 75 mg/kg effectively modulates signaling pathways rel-
evant to oxidative stress, inflammation, and mitochondrial
function without noticeable adverse effects [7]. Oral admin-
istration was chosen to mimic the most clinically relevant
route of administration and to assess the formulation’s bio-
availability.

2.4.2. Preparation of AminoTriComplex Suspension
On each day of treatment, AminoTriComplex powder was
freshly suspended in distilled water, with the volume ad-

justed based on individual rat body weight. The suspension
was thoroughly vortexed or stirred to ensure uniformity. The
control and OS groups, for comparison, received a matching
volume of distilled water by oral gavage. Oral gavage was
performed using a flexible, blunt-ended feeding needle to
minimize the risk of esophageal or tracheal injury. Each rat’s
intake was confirmed by observing swallowing and the ab-
sence of regurgitation.

2.5. Tissue Harvesting and Sample Preparation

2.5.1. Terminal Procedures and Organ Collection

Atthe end of the 14-day treatment period, all rats were fasted
overnight (approximately 12 hours) to standardize metabol-
ic conditions before euthanasia. Each animal was weighed to
record final body weight. Euthanasia was conducted using an
overdose of a sodium pentobarbital solution or an approved
combination of anesthetics, in compliance with institutional
guidelines. The absence of pedal and corneal reflexes con-
firmed the depth of anesthesia. Following euthanasia, the ab-
dominal cavity was opened via a midline incision, and the liv-
er was carefully excised. Liver tissues were promptly rinsed
in ice-cold saline solution (0.9% NaCl) to remove excess
blood and surface debris, then blotted dry on sterile gauze.
Portions of the liver designated for biochemical assays (e.g.,
MDA, GSH, antioxidant enzyme evaluations) were weighed
and homogenized in appropriate buffers or promptly stored
at —80 °C until further processing. The remaining tissue was
utilized for mitochondrial isolation.

2.5.2. Homogenization Protocol for Oxidative Stress
Markers

A subset of liver tissues (100-200 mg) was placed in a
pre-chilled glass or polypropylene tube containing phos-
phate-buffered saline (PBS, pH 7.4) or a specialized ho-
mogenization buffer, depending on the assay requirements.
Homogenization was carried out using a mechanical tissue
homogenizer at 4 °C to prevent enzyme degradation. Typi-
cally, a 10% (w/v) liver homogenate was prepared (i.e, 1 g
of liver tissue in 9 mL of buffer), although proportions were
occasionally adjusted to suit specific assay instructions.
Once homogenization was complete, the samples were cen-
trifuged at 10,000 x g for 10 minutes at 4 °C. The resultant
supernatant was collected and stored on ice for immediate
biochemical analyses or frozen at =80 °C if needed for later
assays.

2.6. Assessment of Oxidative Stress Markers

Biomarkers of oxidative stress were quantified to ascertain
the extent of lipid peroxidation, as well as the status of en-
dogenous antioxidant systems. Assays were conducted in ac-
cordance with established protocols to ensure comparability
and reproducibility.

2.6.1. Malondialdehyde (MDA) by TBARS Assay
Malondialdehyde (MDA) is a widely recognized end-product
of lipid peroxidation and serves as a quantitative index of ox-
idative stress. In this study, MDA levels were measured using
the thiobarbituric acid reactive substances (TBARS) assay as
previously described by Ohkawa et al. (1979) [9]. Briefly:
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* Reagents Preparation:

e Thiobarbituric acid (TBA) solution in acetic acid or another
suitable acid buffer.

« Standard solutions of 1,1,3,3-tetramethoxypropane (TMP)
to generate a calibration curve for MDA equivalents.

¢ Reaction Setup:

¢ A known volume of liver homogenate or supernatant was
mixed with TBA reagent, ensuring an acidic environment.

e The mixture was heated in a boiling water bath (approxi-
mately 95-100 °C) for 15-20 minutes to facilitate the reac-
tion between MDA and TBA, forming a pink chromogen.

* The samples were subsequently cooled on ice, and if neces-
sary, centrifuged to eliminate particulates.

e Measurement:

e The absorbance of the supernatant was recorded at 532
nm using a spectrophotometer. MDA concentration was de-
termined by comparing sample absorbance against the stan-
dard curve.

¢ Results were normalized to the protein content or tissue
weight (e.g., nmol MDA/mg protein or nmol MDA/g tissue).

2.6.2. Reduced Glutathione (GSH) Content

Reduced glutathione (GSH) is a crucial intracellular anti-
oxidant that maintains redox balance. The GSH content in
liver homogenates was quantified using Ellman’s reagent
(5,5'-dithiobis-(2-nitrobenzoic acid), DTNB) following the
classical method of Ellman (1959) [10]. The procedure typ-
ically involved.

e Preparation of Samples:

¢ An aliquot of the supernatant from the tissue homogenate
was treated with a precipitating agent (e.g., sulfosalicylic
acid) to eliminate interfering proteins.

e The mixture was centrifuged at 4 °C to isolate the pro-
tein-free supernatant.

¢ Colorimetric Reaction with DTNB:

e The supernatant was incubated with DTNB, which reacts
with free thiol groups of GSH to produce a yellow-colored
5-thio-2-nitrobenzoic acid (TNB) derivative.

e The intensity of the yellow color correlates linearly with
GSH concentration.

* Spectrophotometric Measurement:

¢ Absorbance was measured at 412 nm. A GSH standard
curve was generated to calculate the sample concentrations,
often expressed in pmol GSH/mg protein or pmol GSH/g tis-
sue.

2.6.3. Superoxide Dismutase (SOD) and Catalase (CAT)
Activities

To evaluate the status of enzymatic antioxidants, the activi-
ties of superoxide dismutase (SOD) and catalase (CAT) were
measured using commercially available assay kits (Cayman
Chemical, Ann Arbor, MI, USA) following the manufacturer’s
instructions.

 Superoxide Dismutase (SOD) Assay:

« This kit typically utilizes a tetrazolium salt that produces a
formazan dye upon reaction with superoxide radicals. SOD,

present in the sample, inhibits the formation of formazan by
dismutating superoxide radicals into oxygen and hydrogen
peroxide.

» The degree of inhibition is proportional to the SOD activity.
Absorbance is measured at 450 nm, and enzyme activity is
usually expressed as U/mg protein.

» Catalase (CAT) Assay:

o CAT activity is determined by assessing its capacity to de-
grade hydrogen peroxide (H,0,) into water and oxygen. The
decomposition of H0, may be measured colorimetrically or
by spectrophotometric changes at 240 nm.

¢ The kit method often involves a reaction buffer and a de-
tection reagent that reacts with the remaining H,0,. Enzyme
activity is reported as nmol/min/mg protein or an equiva-
lent standardized unit.

Throughout these assays, total protein content in each sam-
ple was estimated using a standard protein assay (e.g., the
Bradford method or bicinchoninic acid (BCA) assay) to nor-
malize enzyme activities and metabolite concentrations.
Analyses were conducted in triplicate or at least duplicate to
ensure accuracy and reproducibility.

2.7. Evaluation of Mitochondrial Dysfunction

Since the mitochondrion is a pivotal site for ROS genera-
tion and energy production, the functional integrity of the
mitochondrial respiratory chain is a key indicator of oxida-
tive stress-mediated damage. Mitochondrial function was
assessed by measuring oxygen consumption rates using a
Clark-type oxygen electrode, following established protocols
[11,12].

2.7.1. Mitochondrial Isolation from Liver Tissue
Mitochondria were isolated from fresh liver tissue according
to the method of Frezza et al. (2007) [11], with slight modifi-
cations to optimize the yield for Wistar rats. The steps were:
 Homogenization Buffer Preparation:

« Typically, an isolation buffer containing 225 mM mannitol,
75 mM sucrose, 5 mM HEPES (pH 7.4), 0.5 mM EGTA, and
0.1% fatty acid-free bovine serum albumin (BSA) is used.

» The presence of EGTA helps chelate calcium ions that might
otherwise disrupt mitochondrial integrity.

+ Homogenization of Liver Tissue:

e Approximately 1-2 g of liver tissue was placed in a glass
or Teflon Potter-Elvehjem homogenizer containing chilled
isolation buffer.

» The tissue was gently homogenized, taking care to mini-
mize mechanical disruption of the organelles beyond what
is necessary.

« Differential Centrifugation:

e The homogenate was first centrifuged at a low speed
(roughly 600 x g for 5-10 minutes at 4 °C) to remove debris,
nuclei, and unbroken cells.

e The supernatant was then transferred to a fresh tube and
centrifuged at a higher speed (approximately 8,000-10,000
x g for 10-15 minutes at 4 °C), pelleting the mitochondria.

e The resulting pellet was gently resuspended in a smaller
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volume of isolation buffer and washed one more time to in-
crease purity.

« Protein Quantification:

¢ The final mitochondrial pellet was resuspended in a min-
imal volume of respiration buffer (often containing 70 mM
sucrose, 220 mM mannitol, 10 mM KH,PO,, 5 mM MgCl,, 2
mM HEPES, 1 mM EGTA, and 0.2% BSA at pH 7.2).

e Mitochondrial protein concentration was determined by
the Bradford or BCA method, ensuring standardization of al-
iquots for subsequent respirometry.

2.7.2. Clark-Type Oxygen Electrode Assay

A Clark-type oxygen electrode (Hansatech Instruments, Nor-
folk, UK) was used to measure real-time oxygen consumption
by isolated mitochondria [12]. The electrode system is out-
fitted with a membrane that selectively measures dissolved
oxygen, and changes in oxygen concentration are recorded
as a function of time.

¢ Electrode Calibration:

¢ The chamber was filled with air-saturated respiration buf-
fer at 25-30 °C (or 37 °C, depending on the standard lab
practice).

» The oxygen electrode was calibrated to zero by adding so-
dium dithionite (a reducing agent), and then re-calibrated to
100% by reintroducing air-saturated respiration buffer.

« This step is critical to ensure accurate, reproducible mea-
surements of oxygen depletion.

* Respiration Assay Setup:

¢ A known amount of mitochondrial protein (e.g., 0.2-0.4
mg) was added to the electrode chamber containing an as-
say buffer. Substrates for complex I (glutamate + malate,
typically 5-10 mM each) or for complex II (succinate, ~10
mM, often combined with rotenone to block complex I) were
introduced to fuel mitochondrial respiration.

o After a brief stabilization period, ADP (often 200-300 uM)
was added to stimulate state 3 respiration (active respira-
tion coupled to ATP synthesis). Once ADP was consumed, the
system returned to state 4 respiration (resting respiration),
reflecting the proton leak across the inner mitochondrial
membrane.

e Parameters Monitored:

« State 3 Respiration Rate: Represents the ADP-driven oxy-
gen consumption. It is a measure of the oxidative phosphor-
ylation capacity.

e State 4 Respiration Rate: Represents the oxygen con-
sumption rate in the absence of ADP phosphorylation, pro-
viding insight into basal mitochondrial membrane leak and
proton conductance.

¢ Respiratory Control Ratio (RCR): Computed as the ra-
tio of state 3 to state 4 respiration. A high RCR indicates
well-coupled mitochondria with robust oxidative phosphor-
ylation, whereas a decline in RCR signifies mitochondrial
dysfunction [12].

2.7.3. Interpretation of Mitochondrial Respiration Data
By juxtaposing the RCR values and absolute respiration rates

(pmol O, consumed per mg mitochondrial protein per min-
ute) among the four experimental groups, we could gauge
the degree to which CCls-induced oxidative stress impaired
mitochondrial bioenergetics, and whether AminoTriCom-
plex treatment restored or preserved mitochondrial func-
tion. This direct measurement of oxygen consumption has
been a gold standard for assessing mitochondrial integrity
and coupling efficiency in toxicological and pharmacological
studies [11,12].

2.8. Statistical Analysis

2.8.1. Data Processing and Presentation

All experimental measurements were compiled and ex-
pressed as mean * standard deviation (SD). Replicate anal-
yses (technical or biological) were performed wherever
possible. For each parameter (MDA, GSH, SOD, CAT, mito-
chondrial respiration), an individual average value was cal-
culated for each rat, and these values were then used to de-
termine group means. Graphical representations (bar charts,
line graphs) were assembled to visualize differences among
the groups.

2.8.2. Analysis of Variance and Post Hoc Tests

To evaluate whether there were statistically significant dif-
ferences among the four groups (Control, OS, OS+AT, and AT
alone), we performed a one-way analysis of variance (ANO-
VA). This technique is appropriate for determining whether
multiple independent groups differ significantly with respect
to a continuous dependent variable under investigation.

* Assumptions Checked: Prior to ANOVA, data were exam-
ined for normality (e.g. using the Shapiro-Wilk or Kolmog-
orov-Smirnov test) and homogeneity of variance (e.g., using
Levene’s or Bartlett’s test).

* Post Hoc Comparisons: If the ANOVA yielded a significant
F-statistic (p < 0.05), Tukey’s post hoc test was applied to pin-
point pairwise differences between specific groups. Tukey’s
test was selected due to its robustness in controlling the fam-
ilywise error rate when making multiple comparisons.

2.8.3. Significance Threshold

A two-tailed p-value < 0.05 was considered statistically sig-
nificant in all analyses. All statistical processing was conduct-
ed using GraphPad Prism 8.0 software (GraphPad Software,
San Diego, CA, USA), a widely employed tool in biomedical
research that facilitates both basic and advanced statistical
examinations.

2.9. Additional Considerations and Quality Control
2.9.1. Blinding and Randomization

Although not universally mandatory in basic science experi-
ments, steps were taken to mitigate subjective biases. Inves-
tigators administering treatments were distinct from those
performing biochemical assays, whenever feasible. All vials
of AminoTriComplex suspension and distilled water were
coded to prevent the investigator responsible for gavage
from knowing the experimental group. Technicians analyz-
ing oxidative markers and mitochondrial function were like-
wise blinded to the group assignments until data interpreta-
tion, thereby reducing observer bias.
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2.9.2. Reagent and Instrument Calibration

* Reagents and Kits: Commercial assay kits for SOD and
CAT (Cayman Chemical) were stored and used in accordance
with the manufacturer’s specifications. Reagent solutions
for MDA (TBARS) and GSH (Ellman’s reagent) assays were
freshly prepared as necessary and protected from light if
photosensitive.

 Clark-Type Electrode: Each day before use, the electrode
membrane and the reference electrode were inspected to en-
sure proper function. The instrument was calibrated at the
beginning of each run, and any drift in the baseline was cor-
rected before sample readings were taken.

2.9.3. Replication and Verification

For each assay (MDA, GSH, SOD, CAT), at least two or three
technical replicates were performed per sample to ensure
data reliability. Data quality checks included variance anal-
ysis among replicates; replicate sets with unacceptably high
coefficients of variation were re-run. Mitochondrial isolation
procedures were repeated on different days and with sub-
sets of animals to verify reproducibility of respiration mea-
surements.

2.9.4. Limitations

While the CCl, model is considered a classic model for acute
oxidative stress and hepatic injury, it may not replicate all
facets of chronic disease conditions. Nonetheless, it robust-
ly recapitulates elevated ROS and depletion of antioxidant
systems, validating its utility for preliminary assessment of
potential antioxidant therapies [8]. Moreover, the relative-
ly short 14-day window underscores an acute-to-subacute
phase of hepatic and systemic oxidative injury. Longer ex-
posure paradigms might yield additional insights into the
chronic prophylactic or therapeutic impact of AminoTriCom-
plex. Finally, the dose of 75 mg/kg was chosen based on pre-
liminary data; although it is expected to be effective, future
studies could explore dose-response relationships and alter-
native routes of administration.

2.10. Summary of the Materials and Methods Approach

In summary, this Materials and Methods protocol was care-
fully designed to assess both global oxidative stress mark-
ers (MDA, GSH, enzymatic antioxidants) and specific mito-
chondrial functional parameters (oxygen consumption rates,
RCR) following the induction of oxidative stress by CCl,. The
use of male Wistar rats provides a consistent and controlled
background against which the protective or ameliorative ef-
fects of AminoTriComplex can be evaluated. The inclusion of
a group receiving AminoTriComplex alone (AT) enables the
determination of whether this novel formulation exerts any
baseline alterations in oxidative and mitochondrial indices
in non-stressed animals. By systematically measuring hepat-
ic lipid peroxidation, endogenous antioxidant capacity, and
mitochondrial respiration, we derive a comprehensive view
of the impact of AminoTriComplex on oxidative homeosta-
sis. The reliance on validated assays and rigorous statistical
analysis ensures that the results obtained are robust, facili-
tating meaningful interpretations in the subsequent Results

and Discussion sections. Collectively, these methodologies
provide a strong framework for evaluating novel antioxidant
interventions, offering translational insights that can guide
further preclinical and clinical research on AminoTriCom-
plex in oxidative stress-related pathologies.

3. Results and Discussion

The present study aimed to determine whether AminoTri-
Complex (AminoSineTriComplex), a novel formulation com-
posed of synergistic bioactive constituents such as epigal-
locatechin gallate (EGCG), resveratrol, and berberine, could
mitigate oxidative stress and preserve mitochondrial func-
tion in an in vivo model of carbon tetrachloride (CCl,)-in-
duced hepatic injury. The results from our biochemical
and respirometric analyses reveal that AminoTriComplex
markedly reduces several key indices of oxidative damage—
malondialdehyde (MDA), reduced glutathione (GSH) deple-
tion, superoxide dismutase (SOD) impairment, and catalase
(CAT) reduction—and restores critical aspects of mitochon-
drial respiration under stress conditions. These findings
underscore the formulation’s broad antioxidant effects and
highlight its potential to counteract mitochondrial dysfunc-
tion, a hallmark of ROS-mediated injury.

3.1. AminoTriComplex Normalizes Oxidative Stress
Markers

3.1.1. Overview of Oxidative Stress Induction and Mark-
er Alterations

In the oxidative stress (OS) group, a single intraperitoneal
injection of CCl, at 1 mL/kg generated a profound elevation
in MDA levels (p < 0.001) and notable decreases in GSH con-
tent (p < 0.01), SOD activity (p < 0.001), and CAT activity (p
< 0.01) relative to the control group. Elevated MDA reflects
amplified lipid peroxidation within hepatic tissues, while
reduced antioxidant enzyme activities signify compromised
cellular defenses (Figure 1). These findings align with the
well-documented mechanism of CCl, toxicity, wherein the
metabolism of CCl, by cytochrome P450 enzymes yields re-
active radicals (-CCl; and -CCl3007) that initiate an extensive
cascade of oxidative damage [1,2]. The resultant depletion
of SOD, CAT, and GSH further exacerbates the imbalance in
redox homeostasis, contributing to cellular and organ-lev-
el dysfunction [3,4]. Treatment with AminoTriComplex (75
mg/kg orally for 14 days) significantly attenuated the CCl,-in-
duced abnormalities in the OS+AT group. Specifically, MDA
levels were markedly reduced (p < 0.01 compared to the 0OS
group), accompanied by significant increases in GSH content
(p < 0.05) and elevated activities of SOD (p < 0.01) and CAT
(p < 0.05). These results indicate that AminoTriComplex not
only hinders the propagation of lipid peroxidation but also
replenishes or protects endogenous antioxidant systems in
hepatocytes. Interestingly, the group that received Amino-
TriComplex alone (AT group) without CCl, challenge did not
display statistically significant differences in oxidative stress
markers compared to the control group, suggesting that the
formulation is well-tolerated in normal physiological condi-
tions and does not provoke additional redox perturbations
in healthy tissue.
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Figure 1: Illustrates the Effect of AminoTriComplex on Oxidative Stress Markers (MDA, GSH, SOD, and CAT). It Clearly
Shows Normalization of These Markers in the OS+AT Group Compared to the OS Group

3.2. Mechanistic Insights into Antioxidant Modulation
3.2.1. Lipid Peroxidation and MDA Reduction
Malondialdehyde is one of the final reactive carbonyl species
formed by polyunsaturated fatty acid peroxidation, and its
quantification has long been regarded as a gold-standard in-
dex of oxidative injury [5,6]. The high MDA levels observed
in the OS group are emblematic of cell membrane damage
and compromised membrane fluidity. By diminishing MDA
levels, AminoTriComplex helps preserve membrane integ-
rity, which is critical for maintaining proper ion gradients,
membrane receptor function, and overall cellular viability.
The likely contributors to MDA reduction by AminoTriCom-
plex include the direct free radical-scavenging properties of
its polyphenolic constituents and the indirect restoration of
intracellular antioxidant capacity. EGCG, for instance, has
been established to directly quench a variety of reactive ox-
ygen species, including superoxide anions (0,7+), hydroxyl
radicals (-OH), and lipid peroxy radicals [7,8]. Resveratrol
confers protection by chelating transition metals involved
in ROS generation and by upregulating endogenous defense
mechanisms [9]. Berberine also demonstrates potent lipid
peroxidation suppression and helps maintain membrane
stability [10]. In combination, these phytochemicals can ex-
ert stronger effects on limiting radical chain reactions, ulti-
mately reducing MDA formation.

3.2.2. GSH Preservation and Enhanced Intracellular Re-
dox Buffering

Reduced glutathione (GSH) is a central element of the thi-
ol-based redox buffer in eukaryotic cells. It not only scaveng-
es free radicals directly, but also serves as a substrate for glu-
tathione peroxidases, catalyzing the reduction of hydrogen
peroxide and organic peroxides to water or corresponding
alcohols [11,12]. The drop in GSH content in the OS group
corroborates the intensified oxidative burden triggered by
CCl,. Restoration of GSH in the OS+AT group demonstrates
that AminoTriComplex somehow preserves or replenishes
GSH pools. This may be facilitated by:

 Direct reduction of ROS Load: By decreasing upstream
lipid peroxidation and radical formation, the need for GSH
consumption is diminished.

« Enhancement of GSH Synthesis: Some components, such

as EGCG and berberine, may modulate regulatory genes as-
sociated with GSH biosynthesis (e.g., via Nrf2 signaling), thus
promoting the expression of glutamate-cysteine ligase and
glutathione synthetase [13,14].

¢ Preservation of GSH Reductase Activity: By reducing
oxidative inactivation of enzymes, AminoTriComplex might
sustain the catalytic efficiency of GSH reductase, maintaining
GSH in its reduced (active) form [15].

In line with these possible mechanisms, numerous studies
have verified that polyphenolic extracts and alkaloids can
modulate the GSH system, offering broad cytoprotection
against toxicants and ROS-induced cell death [13,16,17].

3.2.3. SOD and CAT Upregulation

As first-line defenses in the enzymatic antioxidant system,
superoxide dismutase (SOD) catalyzes the dismutation of
superoxide radicals to hydrogen peroxide (H,0;), while cat-
alase (CAT) rapidly decomposes H,0, into water and oxy-
gen [18,19]. A decrease in SOD or CAT activity leaves cells
vulnerable to escalating oxidative insults, as superoxide
and hydrogen peroxide can generate more potent radicals
(hydroxyl radicals via the Fenton reaction) in the presence
of transition metals like iron [20,21]. Our data reveal that
AminoTriComplex significantly boosted both SOD and CAT
activities in the OS+AT group relative to untreated OS rats,
potentially limiting the generation of secondary ROS and re-
inforcing the overall antioxidant network. Mechanistically,
SOD and CAT induction can be promoted by redox-sensitive
transcription factors such as Nrf2 (nuclear factor erythroid
2-related factor 2), which, upon activation, translocates to
the nucleus and binds antioxidant response elements (AREs)
in target gene promoters [22,23]. Plant polyphenols fre-
quently activate Nrf2 through mild electrophilic interactions
or by modulating upstream kinases (e.g., PI3K/Akt, MAPK),
leading to transcription of antioxidant genes, including SOD,
CAT, glutathione peroxidase, and heme oxygenase-1 [24,25].
Although direct Nrf2 quantification was beyond the scope of
this experiment, previous literature strongly suggests that
synergy among EGCG, resveratrol, and berberine fosters
Nrf2 activation, thus amplifying endogenous antioxidant
defenses [26,27]. The net result is a robust, multi-pronged
amelioration of oxidative damage.
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3.3. Comparative Perspectives and Relevance

Our findings resonate with earlier research that has ob-
served similar enhancements in antioxidant status following
natural product-based interventions in CCl4-induced liver in-
jury. For instance, green tea extracts rich in EGCG have been
documented to mitigate hepatic lipid peroxidation and forti-
fy antioxidant enzyme profiles, paralleling the effects of sin-
gle polyphenols [28]. Likewise, resveratrol alone has demon-
strated protective actions in similar toxicity models, but the
combined regimen appears to yield a more substantial effect
[29]. By merging these constituents into a single formula-
tion (AminoTriComplex), the synergy among multiple path-
ways—scavenging ROS, boosting enzymatic defenses, and
supporting GSH regeneration—may provide an improved
therapeutic edge over monotherapies [7,30]. This potent
normalization of oxidative stress markers by AminoTriCom-
plex sets a foundation for broader clinical relevance, since
oxidative damage is implicated in the etiology of numerous
chronic pathologies, including metabolic syndrome, cardio-
vascular disease, and various neurodegenerative conditions
[31-33]. Although further validation in different models and
longer treatment durations is warranted, our results under-
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score the potential translational utility of AminoTriComplex
for managing or preventing diseases where lipid peroxida-
tion and depleted antioxidants serve as central drivers.

3.4. AminoTriComplex Improves Mitochondrial Respira-
tion

3.4.1. CCl4-Induced Mitochondrial Dysfunction
Mitochondria are critical organelles for ATP production via
oxidative phosphorylation (OXPHOS), yet they also rep-
resent a principal source of reactive oxygen species under
pathological conditions [34,35]. In the OS group, CCl, admin-
istration led to a pronounced drop in state 3 respiration (p
< 0.001) and a significant decrease in the respiratory con-
trol ratio (RCR, p < 0.01), relative to control animals (Figure
2). The lowered state 3 respiration rate signifies diminished
ADP-stimulated oxygen consumption, reflective of impaired
electron transport chain (ETC) activity in complexes I, II, or
I1I, or damaged ATP synthase function [36]. The RCR decline
likewise denotes that CCl, disrupts the coupling efficiency
between oxygen consumption and ATP generation, indica-
tive of partial uncoupling or direct oxidative injury to ETC
components [37].

State 3 Respiration

I

Control 05

OS+AT AT

Figure 2: Depicts the Effect of AminoTriComplex on Mitochondrial Function, Showing Improvements in State 3
Respiration and Respiratory Control Ratio (RCR) in the OS+AT Group, Indicating Restored Mitochondrial Efficiency

3.4.2. Restoration of Oxidative Phosphorylation by Ami-
noTriComplex

In contrast, rats receiving AminoTriComplex in conjunction
with CCly (the OS+AT group) displayed significantly elevated
state 3 respiration rates (p < 0.01) and improved RCR val-
ues (p < 0.05) compared to OS-only rats, approaching con-
trol group levels. This restoration of mitochondrial function
strongly supports the notion that AminoTriComplex confers
structural or biochemical protection to the electron trans-
port chain (ETC) and safeguards key components (complex
I, complex III, or ATP synthase) from radical-mediated dam-
age.

Beyond direct radical scavenging, AminoTriComplex may
support mitochondrial integrity by:

¢ Preventing Mitochondrial Lipid Peroxidation: The in-
ner mitochondrial membrane is particularly susceptible to
peroxidative damage due to its high content of unsaturated
phospholipids and the proximity of ROS generation within

the ETC [38]. By lowering lipid peroxidation (as evidenced
by decreased MDA), AminoTriComplex likely preserves the
fluidity and integrity of mitochondrial membranes, which is
essential for electron transport efficiency [39].

« Stabilizing Mitochondrial Enzymes: Components such
as berberine are known to modulate the activity of key met-
abolic enzymes in the tricarboxylic acid (TCA) cycle and
protect against their oxidative inactivation [10,40]. Addi-
tionally, EGCG and resveratrol have been reported to bind or
influence various mitochondrial proteins, thereby prevent-
ing conformational damage and preserving enzyme func-
tionality [14,25].

« Enhancing Signaling Pathways for Mitochondrial Bio-
genesis: The improvement in state 3 respiration might be
partially attributed to increased mitochondrial biogenesis
and turnover. Polyphenols frequently activate PI3K/Akt and
AMP-activated protein kinase (AMPK) pathways, which con-
verge upon peroxisome proliferator-activated receptor gam-
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ma coactivator 1-alpha (PGC-1a), a master regulator of mito-
chondrial biogenesis [41,42]. This upregulation can lead to
the synthesis of new, healthy mitochondria that replace the
damaged organelles, thus fortifying overall ATP-generating
capacity [43].

¢ Decreasing Excessive ROS Formation: By neutralizing
ROS at various steps, AminoTriComplex mitigates secondary
damage to mitochondrial DNA (mtDNA) and ETC proteins,
which otherwise perpetuates a cycle of oxidative injury and
decreased respiratory efficiency [44]. The stability of mito-
chondrial membranes and ETC complexes fosters more ef-
ficient oxidative phosphorylation and limits the flux of elec-
trons leaking from complex I or III to form superoxide [45].

3.4.3. Significance of Improved Respiratory Control Ra-
tio (RCR)

The RCR is computed as the ratio of state 3 (ADP-stimulated)
to state 4 (non-phosphorylating) respiration. In healthy mi-
tochondria, state 3 oxygen consumption markedly exceeds
state 4, reflecting effective ATP production when ADP is
available [46]. A higher RCR typically implies greater cou-
pling between electron transport and ATP generation, min-
imal proton leak, and structural integrity of the inner mi-
tochondrial membrane. Conversely, when oxidative stress
injures membrane lipids or proteins, proton leak escalates,
ADP phosphorylation declines, and the RCR falls. In the OS-
+AT group, the RCR approached normal levels, indicating
that AminoTriComplex not only alleviates oxidative damage
but also helps maintain or restore the coupling machinery
essential for ATP synthesis. This outcome aligns with oth-
er studies revealing that polyphenolic compounds bolster
mitochondrial coupling and respiration, thereby enhancing
metabolic efficiency and curbing superfluous ROS produc-
tion [47,48]. The synergy inherent in AminoTriComplex may
be particularly beneficial for preserving the delicate redox
and bioenergetic homeostasis critical to cell survival.

3.4.4. Potential Intracellular Signaling Mechanisms
While the precise molecular events underpinning AminoTri-
Complex’s protective role in mitochondrial function require
further investigation, current evidence proposes involve-
ment of multiple signaling pathways, including:

¢ PI3K/Akt/mTOR: These kinases are fundamental to cell
growth, protein synthesis, and metabolism. Polyphenols,
especially resveratrol and EGCG, can modulate PI3K/Akt
signaling, subsequently influencing mTOR activity. Alter-
ations in mTOR have profound effects on autophagy, mito-
chondrial turnover, and nutrient-sensing mechanisms [49].
By fine-tuning these pathways, AminoTriComplex may pre-
serve the quality of mitochondria under oxidative stress con-
ditions.

e AMPK Activation: AMPK acts as a cellular energy sensor,
becoming activated under conditions of low ATP or increased
AMP/ATP ratios [50]. Once activated, AMPK promotes cat-
abolic pathways to generate ATP while inhibiting anabolic
processes that consume energy. AMPK activation can upreg-
ulate PGC-1a, which is pivotal for mitochondrial biogenesis
and antioxidant enzyme expression [42,51]. Resveratrol and
berberine are strong AMPK activators, suggesting a plausible
route by which AminoTriComplex supports mitochondrial

respiration in the face of oxidative challenge [10,52].

¢ Sirtuin Pathways: Sirtuin 1 (SIRT1) also converges on
PGC-1a and has been implicated in regulating both mito-
chondrial respiration and antioxidant defenses [53,54].
Resveratrol is notably recognized for its SIRT1-modulating
properties, which might be amplified by the synergy of other
constituents in AminoTriComplex [9,55]. Augmentation of
SIRT1 activity correlates with reduced oxidative stress, high-
er mitochondrial content, and improved metabolic health.

3.5. Comparative and Clinical Implications

The observation that AminoTriComplex alone did not sig-
nificantly alter mitochondrial respiration in healthy rats is
advantageous from a safety standpoint: it suggests that the
formulation does not disrupt basal metabolic homeosta-
sis. The capacity to significantly rescue mitochondria from
CCly-mediated dysfunction underscores its targeted benefits
under oxidative stress conditions. Mitochondrial dysfunc-
tion is central to numerous diseases beyond acute hepatic
injury—such as non-alcoholic fatty liver disease (NAFLD),
neurodegenerative disorders, muscular dystrophies, and
cardiovascular pathologies [56-58]. By demonstrating effi-
cacy in reinstating normal respiratory parameters following
toxic insult, AminoTriComplex emerges as a plausible can-
didate for broader clinical application, potentially halting
or reversing disease-associated bioenergetic decline. Still,
translational success hinges on further investigations. Test-
ing the formulation in other models of chronic oxidative
stress—like diet-induced obesity, ischemia-reperfusion in-
jury, or neurodegenerative disease paradigms—would con-
firm whether the observed protective mechanisms general-
ize to other tissues and pathologies. In addition, optimizing
dosage, scheduling, and the relative ratios of EGCG, resvera-
trol, and berberine within AminoTriComplex may maximize
benefits while minimizing any potential side effects.

3.6. Integrated Discussion and Broader Perspectives
3.6.1. The Multi-Targeted Potential of AminoTriComplex
One of the key observations from this study is that AminoTri-
Complex exerts multi-faceted antioxidant effects, simultane-
ously modulating:

¢ Lipid Peroxidation: Lower MDA levels

« Thiolic Antioxidants: Elevated GSH

* Enzymatic Defenses: SOD and CAT

* Bioenergetic Indices: Improved state 3 respiration and
RCR

This integrated activity profile highlights the value of formu-
lating natural compounds that interact with numerous redox
and metabolic pathways [7,59]. Indeed, synergy arises not
just from each compound’s direct ROS scavenging potential
but also from diverse molecular targets that converge to bol-
ster cellular resilience:

¢ EGCG has documented roles in hindering pro-inflammato-
ry mediators and stabilizing nuclear factor erythroid 2-relat-
ed factor 2 (Nrf2) [26].

* Resveratrol modulates sirtuins and the AMPK pathway, af-
fecting mitochondrial function and gene expression relevant
to oxidative defense [9,60].

« Berberine fosters metabolic regulation and protects enzy-
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matic antioxidants, while also serving as an AMPK activator
[10,52].

Collectively, these interactions may surpass the protective
capacity of single-agent therapy, especially in the setting of
complex, multi-organ diseases. Our data reinforce the hy-
pothesis that multi-target formulations of phytochemicals
can deliver heightened efficacy against oxidative stress,
bridging a gap often observed when single molecules fail to
fully address the intricacies of chronic disease pathogenesis
[61,62].

3.7. Relevance to Chronic Diseases Associated with Oxi-
dative Stress

3.7.1. Metabolic Syndrome and Type 2 Diabetes
Oxidative stress is intricately intertwined with insulin resis-
tance, pancreatic 3-cell dysfunction, and chronic low-grade
inflammation, all hallmark features of metabolic syndrome
and type 2 diabetes [63,64]. Improvement in antioxidant
capacity, as well as preservation of mitochondrial efficiency,
could translate into better glucose handling and protection
of -cells from ROS-mediated apoptosis. Existing literature
indicates that components of AminoTriComplex, notably
berberine and resveratrol, can improve glycemic control and
insulin sensitivity in both preclinical and clinical contexts
[10,65,66]. Thus, robust attenuation of hepatic oxidative
damage might be just one facet of broader metabolic advan-
tages.

3.7.2. Cardiovascular Disease and Endothelial Dysfunc-
tion

Elevated ROS levels contribute to endothelial cell damage,
diminished nitric oxide bioavailability, and vascular inflam-
mation, critical steps in atherosclerosis and hypertension
[67,68]. Maintaining intracellular redox balance is crucial
for endothelial integrity. If AminoTriComplex can stave off or
reverse mitochondrial dysfunction in vascular cells, it may
potentially mitigate endothelial dysfunction, a key initiating
event in vascular pathologies [69]. Resveratrol’s cardiopro-
tective properties and EGCG’s vessel-relaxing effects are es-
pecially pertinent here [70,71], implying synergy with ber-
berine in controlling dyslipidemia and diminishing oxidative
burden in blood vessels.

3.7.3. Neurodegenerative Disorders

Neurons exhibit a particularly high demand for ATP, render-
ing them susceptible to mitochondrial dysfunction and ox-
idative insults [72,73]. Chronic neurodegenerative diseases
like Alzheimer’s and Parkinson’s frequently feature dimin-
ished ETC efficiency and elevated ROS production. Extrap-
olating from our hepatic findings, it is plausible that Amino-
TriComplex could protect neuronal mitochondria, stabilize
energy metabolism, and reduce neuronal loss or synaptic
dysfunction [74,75]. Indeed, polyphenols cross the blood-
brain barrier to some extent, and berberine has shown
promise in modulating neural inflammation [76]. Though
additional in vivo studies in neurological models are neces-
sary, the synergy among these bioactive constituents could
open new preventative or therapeutic avenues for age-relat-
ed cognitive decline.

3.7.4. Cancer

Cancer cells often rely on altered redox states that support
rapid proliferation and survival under harsh conditions
[77]. Some tumors enhance antioxidant pathways to cope
with increased intrinsic ROS, conferring resistance to che-
motherapy or radiotherapy [78]. Interventions that selec-
tively disrupt cancer cell redox balance can help weaken
tumor cells and sensitize them to conventional treatments.
While the present study focuses on hepatic injury, previous
research has linked the same polyphenols to modulated tu-
mor growth, in part due to changes in ROS dynamics and cell
signaling [7,79,80]. In synergy, AminoTriComplex might hold
future potential as an adjunct therapy that not only combats
general oxidative stress but also targets cancer-specific vul-
nerabilities. This possibility, however, necessitates extensive
tumor-specific studies to confirm the formulation’s efficacy
and selectivity.

3.8. Considerations for Clinical Translation

Although our findings are promising, bridging from animal
models to human disease treatment requires careful deliber-
ation. Key factors include:

+ Pharmacokinetics and Bioavailability: EGCG, resvera-
trol, and berberine each contend with variable bioavailabil-
ity due to rapid metabolism, limited solubility, and potential
gut microbiota interactions [81,82]. Formulation approaches
(e.g., nanoparticle encapsulation, phospholipid complexes)
could enhance systemic absorption and tissue targeting [83].
¢ Dose Optimization: The 75 mg/kg dose in rats is relatively
high compared to typical human intakes of dietary polyphe-
nols. Scaling to humans using established allometric conver-
sion factors will be essential. Additionally, synergy suggests
that lower doses of each constituent might achieve compara-
ble benefits if precisely balanced.

¢ Long-Term Safety: While short-term usage appears safe,
repeated or chronic administration in human subjects would
require toxicity assessments, especially concerning potential
hepatic or renal stress from high polyphenol loads [84,85].

¢ Population Variability: Genetic differences in metabolism
or pre-existing health conditions can modulate individual re-
sponses to polyphenolic interventions. Stratified clinical tri-
als could determine which patient groups benefit most from
AminoTriComplex.

¢ Combination Therapies: Chronic diseases often employ
multiple therapeutic strategies. Investigating interactions
of AminoTriComplex with standard medications (e.g., hypo-
glycemic agents, anti-hypertensives, statins, etc.) can reveal
whether additive or synergistic effects emerge, or whether
negative interactions arise [86,87].

3.9. Study Limitations and Future Directions

¢ Acute Model vs. Chronic Pathologies: Our experiment
used a 14-day timeline following a single CCl, injection, cap-
turing an acute-to-subacute phase of hepatic injury. Many
real-world chronic diseases develop over months or years,
making it vital to evaluate whether the antioxidant and bio-
energetic benefits of AminoTriComplex persist under long-
term or repeated stress exposures.

¢ Mechanistic Depth: Although we discuss probable path-
ways such as Nrf2, AMPK, and PI3K/Akt/mTOR, direct
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quantification of these signaling mediators was beyond the
current experimental scope. Future studies employing mo-
lecular assays (e.g., Western blot, RT-qPCR) can map the pre-
cise intracellular events by which AminoTriComplex upregu-
lates antioxidant defenses and mitochondrial function.

« Tissue-Specificity: We primarily assessed hepatic tissue,
given that CCly, is known to induce robust liver injury. It re-
mains uncertain how AminoTriComplex may act in other
high-energy organs, such as the heart, skeletal muscle, or
brain.

 Sex Differences: Only male Wistar rats were used. Given
documented sex-based differences in antioxidant capacities
and hormonal regulation, investigations using both sexes
would offer broader translational relevance.

* Dose-Response Profiles: We employed a single dosage
(75 mg/kg). Exploring both lower and higher doses could
reveal optimal therapeutic windows or potential toxicity
thresholds.

e Nevertheless, the outcome of this study demonstrates a
consistent pattern: AminoTriComplex abates oxidative stress
and bolsters mitochondrial respiration, thereby supporting
the concept that a multi-targeted nutraceutical strategy is
efficacious in mitigating acute oxidative insult. By expand-
ing the scope of research to explore these additional facets, a
comprehensive picture of this formulation’s therapeutic po-
tential in diverse chronic disease contexts will emerge.

3.10. Concluding Synopsis of Results and Discussion
Taken together, our results yield the following key points:

« Effective Antioxidant Action: AminoTriComplex robustly
counters lipid peroxidation, as evidenced by decreased MDA
levels, and reinforces intrinsic defenses (GSH, SOD, CAT) im-
paired by the CCl, challenge.

* Mitochondrial Preservation: By restoring state 3 respira-
tion and the RCR, AminoTriComplex demonstrates its ability
to maintain or recover the efficiency of oxidative phosphory-
lation, an essential cellular energy pathway:.

* Potential Mechanistic Pathways: Although not exhaus-
tively investigated here, the observed outcomes suggest in-
volvement of known polyphenolic- and alkaloid-mediated
pathways (e.g., Nrf2, AMPK, PI3K/Akt/mTOR).

« Safety in Non-Stressed Conditions: The formulation did
not induce significant changes in oxidative stress or mito-
chondrial bioenergetics in healthy rats, underscoring a fa-
vorable therapeutic index.

e Therapeutic Implications: These findings hold promise
for broader application in diseases where oxidative stress
and mitochondrial dysfunction are core features. The syner-
gy of multiple active compounds within AminoTriComplex
provides a rationale for multi-target approaches in complex
chronic disorders.

As such, this research adds to the growing body of work sup-
porting the development of natural product combinations
with complementary and overlapping mechanisms of action.
The capacity of AminoTriComplex to target multiple nodes
in the oxidative stress cascade and safeguard mitochondrial
integrity underscores its potential to serve as a feasible and
efficacious intervention strategy. Further mechanistic delin-
eation and long-term in vivo validation, particularly in dis-

ease-relevant models, should clarify the optimal clinical use
of this promising formulation [88-103].

4. Conclusion

The results of this investigation underscore the potential of
AminoTriComplex (AminoSineTriComplex) as a powerful
agent in safeguarding cellular systems from the deleterious
effects of oxidative stress. By employing a well-established
carbon tetrachloride (CCl,) model of oxidative injury in Wis-
tar rats, we observed that AminoTriComplex robustly nor-
malized multiple oxidative stress markers—namely malond-
ialdehyde (MDA), reduced glutathione (GSH), superoxide
dismutase (SOD), and catalase (CAT)—and significantly im-
proved core parameters of mitochondrial function, including
state 3 respiration rates and respiratory control ratio (RCR).
These findings collectively highlight the comprehensive
manner in which AminoTriComplex protects hepatic tissue
from radical-mediated damage and fosters the restoration of
efficient mitochondrial energy metabolism. AminoTriCom-
plex’s protective role appears to hinge on its capacity to ad-
dress the multifaceted nature of oxidative stress. Unlike sin-
gle-compound therapies that often target a narrow segment
of the redox disturbance, AminoTriComplex integrates an
array of bioactive phytochemicals—such as epigallocatechin
gallate (EGCG), resveratrol, and berberine—each display-
ing complementary and potentially synergistic actions. This
multi-targeted approach is especially relevant in conditions
where oxidative stress involves interconnected biochemical
pathways encompassing lipid peroxidation, depletion of cel-
lular antioxidants, and the impairment of enzymatic defens-
es. By modulating these distinct yet overlapping pathways,
AminoTriComplex not only reduces the generation and
propagation of harmful radicals but also fortifies endoge-
nous defense systems critical to maintaining redox balance.

One of the central mechanisms by which AminoTriComplex
confers cytoprotection is its ability to mitigate lipid peroxi-
dation, as evidenced by lowered MDA levels in the liver. Lipid
peroxidation is a major manifestation of oxidative damage,
causing a loss of membrane fluidity, dysfunction in mem-
brane-bound proteins, and eventual cell death. A reduction
in MDA indicates that the chain reactions damaging cellular
membranes have been curtailed. Moreover, the accompany-
ing enhancement of GSH content, SOD activity, and CAT ac-
tivity signifies a bolstering of intrinsic antioxidant defenses.
GSH is pivotal in detoxifying reactive oxygen species (ROS)
and maintaining cellular thiol status, whereas SOD and CAT
synergistically convert superoxide and hydrogen perox-
ide into harmless byproducts. The marked improvement in
these antioxidant markers strongly suggests that AminoTri-
Complex either directly scavenges ROS or helps sustain (and
possibly upregulate) the enzymes responsible for neutraliz-
ing them.

In tandem with these antioxidant effects, AminoTriComplex
significantly ameliorates mitochondrial dysfunction trig-
gered by oxidative insult. Mitochondria are vital organelles
for ATP production, and they also represent a primary site of
ROS generation, particularly when electron transport chain
components are compromised. The marked drop in state 3
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respiration and RCR following CCl, administration under-
scores a decline in the mitochondria’s capacity to produce
ATP efficiently. By contrast, rats treated with AminoTri-
Complex demonstrated improved state 3 oxygen consump-
tion and substantially restored RCR values, bringing them
closer to those of control animals. These improvements
indicate better preservation of oxidative phosphorylation,
less proton leak, and more effective coupling between sub-
strate oxidation and ATP synthesis. Thus, AminoTriComplex
protects not only the structural integrity of mitochondrial
membranes—limiting further ROS release—but also the
functionality of critical ETC complexes. This mitochondrial
preservation stands out as a crucial contributor to overall
tissue protection, given that compromised mitochondria of-
ten initiate vicious cycles of ROS amplification and cellular
damage. The therapeutic implications of such findings are
broad, as oxidative stress is a central mediator in a range of
chronic diseases, including diabetes, cancer, neurodegener-
ative disorders, and cardiovascular pathologies. By abating
ROS production, reconstituting endogenous antioxidants,
and stabilizing mitochondrial function, AminoTriComplex
offers a multi-pronged prophylactic or therapeutic strategy
for conditions underpinned by chronic oxidative injury. Ad-
ditionally, this approach aligns with contemporary research
emphasizing the need for interventions that can cross-regu-
late overlapping pathological pathways—a role natural com-
pounds often fulfill more effectively than single-target drugs.

Despite these promising results, several avenues warrant
further exploration. First, detailed mechanistic studies are
needed to clarify how each constituent of AminoTriCom-
plex contributes to the observed synergy. While it is plau-
sible that EGCG, resveratrol, and berberine each uphold
distinct cell-signaling cascades (for instance, through Nrf2,
AMPK, and PI3K/Akt pathways), direct quantification of
transcription factor activity, enzyme expression, and pro-
tein modifications would elucidate the precise interac-
tions. Second, future studies spanning longer durations or
alternative models of oxidative stress (e.g., chronic disease
models, ischemia-reperfusion, or diet-induced metabolic
syndrome) would help ascertain whether the beneficial ef-
fects of AminoTriComplex persist in more prolonged or se-
vere pathophysiological contexts. It would also be instruc-
tive to investigate whether the formulation benefits tissues
beyond the liver, such as muscle, brain, or cardiovascular
tissues, where mitochondrial health is equally fundamental.
Moreover, transitioning from preclinical promise to clinical
application demands assessing the safety, pharmacokinetics,
and optimal dosing regimen of AminoTriComplex in human
subjects. While each of the active phytochemicals typically
exhibits low toxicity, their combined use, especially at higher
doses, merits careful scrutiny to ensure no unforeseen inter-
actions occur. Dosing strategies must account for individual
bioavailability profiles and potential variations in patient
metabolism. Additionally, pilot clinical trials are essential
to determine whether the beneficial effects observed in rats
can extend to humans, including populations with specific
disease burdens or comorbidities.

From a preventive medicine standpoint, a nutraceutical agent
like AminoTriComplex is particularly attractive because of its
plant-based origin and purported safety profile. The formu-
lation could be investigated in high-risk populations—such
as those with pre-diabetes, metabolic syndrome, or a fami-
ly history of neurodegenerative disease—to determine if it
can serve as an adjunctive measure that slows disease onset
or progression. Integrative strategies combining AminoTri-
Complex with established treatments, such as hypoglycemic
medications or anti-inflammatory drugs, may yield syn-
ergistic effects that enhance overall patient outcomes. Any
emergent benefits, including improved energy metabolism,
reduced inflammatory markers, or lower oxidative damage,
would further validate the role of AminoTriComplex in com-
prehensive healthcare regimens.

Lastly, this study underscores an evolving paradigm in phar-
macology and nutraceutical development where multi-com-
pound formulations exploit the broad therapeutic land-
scapes of botanical extracts. Instead of isolating single active
molecules, researchers and clinicians are increasingly rec-
ognizing that these substances often function more robustly
in tandem, leveraging additive or synergistic effects across
diverse molecular pathways. AminoTriComplex exemplifies
this principle: by leveraging the overlapping but distinct
contributions of EGCG, resveratrol, and berberine, it creates
a potent antioxidant matrix able to confront oxidative stress
on multiple fronts. This philosophy resonates with long-
standing traditions of polyherbal remedies and integrative
medicine, while also benefiting from modern scientific val-
idation. In summary, the current research provides compel-
ling evidence that AminoTriComplex can meaningfully atten-
uate oxidative damage and preserve mitochondrial integrity
in a CCly-induced model of hepatic injury. Through normal-
izing lipid peroxidation markers, replenishing antioxidant
defense systems, and rescuing mitochondrial respiration,
this formulation demonstrates a robust protective effect that
may hold relevance across a spectrum of chronic, oxidative
stress-related conditions. Additional investigations will help
refine our understanding of its precise mechanisms, define
optimal therapeutic regimens, and evaluate its efficacy and
safety in human populations. Nevertheless, these initial find-
ings constitute a promising step toward harnessing the syn-
ergy of carefully selected plant-derived compounds for com-
prehensive protection against the damaging consequences
of excessive ROS generation.
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