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REVIEW ARTICLE

The role of AMPK activation in metabolic
regulation, energy homeostasis and aging: A
comprehensive overview

George Jitca*

Department of Pharmacology and Clinical Pharmacy, Faculty of Pharmacy, George Emil Palade
University of Medicine, Pharmacy, Science and Technology of Targu Mures, 540139 Targu Mures,
Romania

Abstract

5" Adenosine monophosphate-activated protein kinase (AMPK) is a metabolic
sensor responsible for maintaining homeostasis, regulating metabolic control,
monitoring energy status, and balancing energy production with consumption.
The most important protein kinases that activate AMPK are liver kinase B1 and
calcium-calmodulin-dependent protein kinase. AMPK significantly impacts physical
performance by accelerating recovery periods and restoring energy stores through
several key mechanisms. It regulates muscle glycogen content, ensuring readily
available energy during physical exertion. In addition, a high number of mitochondria
enable the utilization of fatty acids as an energy source, thereby improving endurance
efforts. Furthermore, rich vascularization in the muscles enhances the delivery of
nutrients and oxygen, optimizing performance and speeding up recovery. AMPK is
also important for maintaining muscle homeostasis. It decreases insulin resistance,
stimulates mitochondrial biogenesis, and exerts an antioxidant effect. As a regulator
of energy homeostasis, AMPK plays a key role in linking cellular energy levels with the
aging process. It acts as a modulator of cellular senescence and has the potential to
extend life expectancy, particularly in the context of caloric restriction. By activating
AMPK, caloric restriction (activated with a 30 — 70% reduction in nutrient intake)
helps to maintain energy balance in cells, which may slow down aging and support
healthier cellular function over time. In conclusion, the involvement of AMPK in
metabolic regulation and maintenance makes it an important therapeutic target for
the treatment and prevention of several diseases, both age-related and otherwise.

Keywords: AMPK; Oxidative stress; Physical effort; Exercise; Metabolism

1. A short overview of AMPK

With advances in medicine, life expectancy has significantly increased. These advances
are attributed to the emergence of the concept of personalized medicine and the
development of new pharmacological agents, all aimed to improve quality of life, prolong
life expectancy, and enhance physical condition. The purpose of the present review is
to highlight the role of 5" adenosine monophosphate-activated protein kinase (AMPK)
in certain processes (carbohydrate and lipid metabolism, autophagy, mitochondrial
biogenesis, oxidative stress), and to explore how these mechanisms benefit athletes.
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In 1987, researchers David Carling and Grahame
Hardie hypothesized the existence of two protein
kinases that inhibited enzymes involved in the de novo
synthesis of fatty acids (acetyl-CoA carboxylase [ACC])
and cholesterol (hydroxymethylglutaryl-CoA reductase
[HMG-CoA reductase]). Subsequent studies revealed that
both kinases were, in fact, the same protein."? Studies on
experimental animals have presented data confirming
that physical exercise decreases the muscle concentration
of malonyl-CoA formed during the ACC pathway,
which contributes to more efficient utilization of energy
substrates.” Under normal physiological conditions,
malonyl-CoA inhibits carnitine palmitoyltransferase I,
blocking the transport of fatty acids into the mitochondria
where they would otherwise be oxidized. Consequently,
a decrease in malonyl-CoA concentration promotes fatty
acid transport into mitochondria, facilitating their use for
ATP production.*

AMPK is a metabolic sensor responsible for
maintaining homeostasis, metabolic control, and energy
balance by monitoring energy status and matching energy
production to its consumption. Following favorable
metabolic outcomes after AMPK activation, it has been
identified as an important therapeutic target.® Its activation
is triggered when low energy levels are detected, indicated
by reduced adenosine triphosphate (ATP) levels, which
can occur during fasting, hypoxia, or when various toxic
substances impact the electron transport chain (ETC) and
inhibit oxidative phosphorylation (OXPHOS).®”

AMPK exists as a heterotrimeric complex, consisting
of a catalytic o subunit (o, a,) encoded by PRKAAI;
regulatory 3 subunits (§,, B,) encoded by PRKABI and
PRKAB2; and vy subunit (y,, Y, Y;) encoded by PRKAGI,
PRKAG?2, and PRKAG3. These subunits are encoded in the
genomes of all cells, suggesting that the AMPK heterotrimer
arose very early in the evolution of eukaryotic cells.** One
of the most important event in this evolution was the
endosymbiotic capture of aerobic bacteria, which gave
rise to mitochondria. After this event, the newly formed
organism developed new abilities to convert adenosine
diphosphate (ADP) into ATP and established signaling
pathways to monitor ATP availability. In evolved organisms,
AMPK’s role in ATP regulation, mitochondrial biogenesis,
mitophagy, and fission underscores its significance as a link
between mitochondria (aerobic bacteria) and the host cell
(anaerobic bacteria).'”* While AMPK initially served a
primordial role in energy regulation, it has evolved to also
regulate the energy balance of the whole organism through
hormone-mediated responses in the hypothalamus.***
The adaptability of the eukaryotic cell ensures cellular
homeostasis and survival under adverse conditions. In
athletes, AMPK activation may confer advantages by

promoting mitochondrial gene expression and increasing
mitochondria numbers. One of these regulators of multiple
mitochondrial genes is peroxisome proliferator-activated
receptor-y coactivator-la. (PGC-1a), which, in muscle,
promotes the conversion of type IIb muscle fibers to
type I and type Ila fibers, both characterized by increased
mitochondrial content.'>'s

They subunit of AMPK contains two Bateman domains,
which serve as binding sites for adenosine monophosphate
(AMP) and ATP. Therefore, when the cell does not detect an
energy deficiency, ATP molecules bind to the appropriate
site on the enzyme, maintaining it in an inactive state.
Conversely, if the AMP/ATP ratio exceeds unity, AMP
molecules bind to the Bateman subunit, triggering the
activation of the enzyme through three mechanisms:

e Allosteric activation;

e Stimulation of AMPK activating proteins, which
phosphorylate the o catalytic subunit;

e Preventing dephosphorylation as a result of
AMP binding to the y subunit which extends the
phosphorylation of the o subunit.

The primary protein kinases that activate AMPK are
liver kinase B1 (LKB1) and calcium-calmodulin-dependent
protein kinase o and B (CaMKK).””!® In response to
energy-related stress, such as an energy deficit or depletion,
skeletal muscle shows increased LKB1 activity. Conversely,
the absence of this protein is associated with reduced
physical endurance. CaMKK exists in two isoforms, o and
[, which are 70% similar. These isoforms become active
in the presence of Ca** and calmodulin and are capable
of phosphorylating AMPK in the brain, endothelium,
lymphocytes, and striated muscles. Given that the enzyme
has multiple subunits with multiple isoforms, it can be
inferred that AMPK also exists in multiple forms, as shown
in Table 1. Among them, the o,f,y, isoform is activated
under conditions of short-term physical exercise, while the
0,3,y isoform is present in long-term effort.?

2. AMPK activators and physical activity

For most compounds that activate AMPK, the activation
occurs by inhibiting the ETC, leading to an increase in ADP
and/or AMP levels. Another important aspect to consider
is the functional differences between AMPK isoforms.

A study of transgenic mice deficient in AMPKo,
showed that in the absence of this enzyme, the contractility
of the heart is impaired, indicating that the absence of the
o, isoform is correlated with reduced physical capacity.
In contrast, mice injected with 5-Aminoimidazole-4-
carboxamide ribonucleoside (AICAR, a known AMPK
modulator) showed improved running capacity, enhanced
endurance, increased oxygen consumption, and decreased
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Table 1. Activation of the AMPK enzyme complex depending on the intensity and duration of physical exercise

Type of exercise High intensity, short duration

Moderate intensity, medium duration

Low intensity, long duration

AMPK activator LKB1
AMPK complex a subunit a,Py
Activated AMPK isoforms a,PB,Ys

CaMKK
a,py

P2y, AT

Abbreviations: AMPK: 5' Adenosine monophosphate-activated protein kinase; LKB1: Liver kinase B1; CaMKK: Calcium-calmodulin-dependent

protein kinase.

body mass. These effects are due to the phosphorylation
and activation of target genes under the control of
AMPK, such as transcription factors and co-activators
of the p53 gene, cyclic-AMP response element-binding
protein, mammalian target of rapamycin (mTOR), and
PGC-1lo. pathways. However, there is also evidence
showing a protective role for AMPK in cancer cells, which
are susceptible to oxidative stress. These events occur
because the LKB1-AMPK system helps maintain cellular
homeostasis under stress.” Preclinical studies suggest
that combinations of agents that activate AMPK produce
stronger therapeutic effects. Thus, by targeting AMPK,
the de novo synthesis of fatty acids, a hallmark of several
cancers, can be prevented. A study by O’Brien et al,”
suggests that the combination of metformin and aspirin
decreases the survival rate of prostate and lung cancer cells.

In vitro studies on cardiomyocyte cell lines reveal
translocation of the fatty acid translocase transporter
(FAT/CD36) to the cell membrane with increased fatty acid
uptake and oxidation rates. Other studies state that when
muscle glycogen stores are low, fatty acid oxidation becomes
more intense. Activation of AMPK during physical effort
inhibits triglyceride synthesis by suppressing glycerol-3-
phosphate acyltransferase activity.**** Moreover, AMPK
prevents the incorporation of palmitic acid into ceramides,
lipids involved in the generation of reactive oxygen
species (ROS). AMPK is also involved in glucose uptake
through the TBCID1 protein, facilitating translocation
of the glucose transporter GLUT4. It inhibits glycogen
synthetase, an enzyme that catalyzes an energy-consuming
anabolic process.”*** Glycogen is broken down to glucose
by glycogen phosphorylase. While it was originally thought
that AMPK regulates both glycogen phosphorylase
and glycogen synthase, studies show that only glycogen
synthesis is affected. Specifically, glycogen synthesis is
regulated through phosphorylation of glycogen synthase
by the 02 isoform of AMPK. In skeletal muscles, endurance
training activates AMPK, which favors glycogen synthesis
by increasing glucose uptake and its conversion to glucose-
6-phosphate, an allosteric activator of glycogen synthase.
This activation can offset the inhibitory effects of AMPK
on glycogen synthase. During feeding after a period of
fasting, insulin activates AMPK, which in turn influences

genes involved in gluconeogenesis, including cyclic AMP-
regulated transcriptional co-activator 2 (CRTC2) and
class ITA histone deacetylases (HDACs).?** This activation
can benefit athletes by enabling more efficient use of
energy reserves and improving their replenishment during
rest and recovery periods.

Given the role in the regulation of energy consumption
and maintenance of carbohydrate and lipid metabolism
homeostasis,”**” as well as its involvement in mitochondrial
biogenesis,” AMPK is considered a therapeutic target not
only in metabolic diseases (diabetes, obesity) but also in
other pathologies. Thus, there are studies in the literature that
highlight the role of AMPK in suppressing tumorigenesis.**
In addition, AMPK activation induces G1 cycle arrest, an
effect associated with p53 activation, followed by cell cycle
inhibition through p21. It is also important to note that
AMPK has the ability to protect tumor cells against cytotoxic
medication and hypoxic conditions.”

Another important role of AMPK is its crucial role in
autophagy processes, which rely on the catabolic activity of
lysosomes. In this context, AMPK regulates the activity of
two proteins involved in the initiation of autophagy, such
as Unc-51-like autophagy-activating kinase (ULK1) and
the phosphatidylinositol 3-kinase catalytic subunit type 3
(PI3KC3/VPS34).3:%

Lastbutnotleast, the role of AMPK in redox homeostasis
and its involvement in increasing antioxidant activity
should be highlighted.”® Analysis of a study published in
2008 during the Beijing Olympic Games demonstrated
that AICAR significantly enhanced sports performance by
increasing the physical endurance capacity of mice, even
in the absence of prior physical training. Following these
findings, the World Anti-Doping Agency (WADA) was
notified, leading to the prohibition of AMPK activators,
such as AICAR and their inclusion in the list of “hormones
and metabolic modulators” This raises the question on
whether all AMPK activators should be included in the list
of prohibited substances or is the improvement of sports
performance is only correlated with certain activators of
the enzyme.?

From the perspective of physical exercise, AMPK
influences performance, accelerates recovery, and restores
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energy reserves through several mechanisms. These include
the presence of glycogen in muscles, a high number of
mitochondria that facilitate the utilization of fatty acids as
an energy source, and extensive vascularization to ensure
efficient nutrient and oxygen delivery during physical
activity.® In addition, the use of AMPK modulators
decreases insulin resistance in skeletal muscles and allows
glucose utilization as an energy substrate by translocating
the GLUT4 to the cell membrane. In terms of regenerative
and recovery capacity, AMPKalso playsarolein responding
to muscle inflammatory processes. During the first phase,
M1 macrophages secrete pro-inflammatory cytokines that
result in ROS, which are necessary for muscle recovery.
Subsequently, the recruitment of M2 macrophages is
necessary to combat inflammation. Muscle regeneration
involves the migration, proliferation, and fusion of
myoblasts, as well as their interaction with immune
cells, to form myotubules. Combating the inflammatory
process is extremely important, as disruptions can impair
the regeneration capacity of the skeletal muscles.** In
degenerative myopathies, an inflammatory response is
commonly observed, similar to the condition seen in muscle
tissues deficient in AMPK. Both AICAR and metformin
have shown anti-inflammatory effects, demonstrating
potential therapeutic benefits in these conditions.****’

Among the benefits of physical exercise, sports, and
movement are reduced incidence of cardiovascular
diseases, cancer, neurodegenerative diseases (Alzheimers,
Parkinson’s, Huntingtons), and other neurological
conditions. Neurogenesis in the hippocampal region and
increased neuronal plasticity are associated with improved
memory and cognitive abilities. However, a direct link
between these benefits and muscle metabolism has not
been demonstrated.”® To mimic the effects of physical
activity, compounds have been developed and extracted
that activate regulatory pathways and stimulate genes
involved in skeletal muscle remodeling.**! However, from
an ethical perspective, this raises the question of whether
such modulators of physical movement might open the
door to controlled forms of sports doping.

AICAR is known to promote angiogenesis and
vascularization by inducing vascular endothelial growth
factor gene expression, similar to the effects of physical
exercise.”>* In doses of 500 mg/kg administered to small,
young, and adult rodents for 1 and 2 weeks, respectively,
AICAR improved spatial memory and coordination.
These effects are unlikely to result from direct central
effects, as AICAR is poorly permeable to the blood-brain
barrier. Notably, treatments longer than 14 days in young
mice do not provide any neuronal benefits.* However,
central effects have been observed in the hippocampal
dentate gyrus, where increased levels of brain-derived

neurotrophic factor (BDNF) were found following short-
term treatment.*

A hypothesis suggesting that chronic treatment does
not provide benefits supports the idea that prolonged
use increases cytokine levels, leading to the onset of
an inflammatory process followed by oxidative stress.
Based on these observations, it can be stated that AICAR
improves physical effort parameters, but only with short-
term use. Like AICAR, metformin activates AMPK
through an indirect mechanism by blocking complex I of
the respiratory chain, which results in ATP depletion and
an increase in AMP levels, with the possibility of similar
effects.*

In conclusion, AMPK is extremely important for the
regulation of muscle homeostasis with extension to other
types of cells and tissues by decreasing insulin resistance,
stimulating mitochondrial biogenesis, and exerting an
antioxidant effect.®****® Table 2 lists the main molecules
known to activate AMPK and their mechanism of activation.

3. Unraveling aging: The interplay between
AMPK, caloric restriction and autophagy

One of the most interesting and bold hypotheses, proven by
evidence in some studies, is the “free radical theory”, which
suggests that the uncontrolled generation of free radicals is
the main driving force of biological aging. Following ROS
accumulation, the senescence process accelerates due to the
loss of mitochondrial integrity, resulting from increased
membrane permeability.’*”® In addition, factors such as
increased adipose tissue and metabolic imbalances trigger
inflammatory processes, leading to mitochondrial lesions,
which favors the acceleration of the senescence rate.””

As aging is an inevitable (temporary) process that is
characterized by the loss of tissue functionality and an
increased risk of age-related diseases, the use of AMPK
modulators is an alternative. Studies suggest the activation
of AMPK is associated with increased life expectancy
by maintaining cellular homeostasis, enhancing stress
resistance, and promoting apoptosis and autophagy.
Thus, activation of AMPK in Caenorhabditis elegans and
rodents has been shown to extend lifespan, with numerous
studies in C. elegans suggesting a possible link between
AMPK activation and caloric restriction.®® Irregularities
in mitochondrial dynamics with abnormal mitochondrial
morphology are key characteristics of aging and play
a significant role in the development of various age-
related neurodegenerative diseases, including Alzheimer’s
disease and Parkinson’s disease.®’® In an animal model
of Parkinson’s disease induced in mice, treatment with
metformin (500 mg/kg) for 21 days increased the level
of BDNF and reduced oxidative stress in the substantia
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Table 2. AMPK activators, mechanism of action, and impact on exercise capacity

Compound Chemical structure AMPK activation mechanism References
AICAR Ht i ZMP binding to the y-subunit of AMPK 5
Q
wo™ =i
En
Metformin NH NH, Respiratory chain blockage (complex I) 49
)I\ /k Increase in AMP/ATP ratio
\T N NH,
Rosiglitazone ~ Respiratory chain blockage 50
%m o0 NN | Increase in AMP/ATP ratio
o |
Pioglitazone o Respiratory chain blockage 51
HN»\S ° | NS Increase in AMP/ATP ratio
Z
(o}
Salicylates Allosteric activator (AMPK binding, $1 subunit) 52
o
0)k
o OH
Phenobarbital Respiratory chain blockage 53
Increase in AMP/ATP ratio
(o]
HN
o)\u o
Telmisartan 7 PPARy-dependent mechanism 54
Oy OO0
N/ N,
I
o Increase in AMP/ATP ratio (action on mitochondrial 55
o g O F1F0-ATPase/ATP synthase)
OH
Quercetin OH Increase in AMP/ATP ratio (action on mitochondrial 56,57
OH F1F0-ATPase/ATP synthase)
HO o O
9@
OH
OH O
Genistein o OH Increase in AMP/ATP ratio (action on mitochondrial 57,58
| O F1F0-ATPase/ATP synthase)
HO’
(Contd...)
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Table 2. (Continued)

Compound Chemical structure AMPK activation mechanism References
Berberine 07\ Respiratory chain blockage (complex I) 59
O O Increase in AMP/ATP ratio
e
N
cl) Z
CH; O
3 \CHg
Curcumine g 0o Increase in AMP/ATP ratio (action on mitochondrial 60
F1F0-ATPase/ATP synthase)
Ginsenoside Rb1 Increase in AMP/ATP ratio (unknown mechanism) 61
o-lipoic acid " o] Unknown mechanism 62
_:'{R) OH
s—S
EGCG ik Respiratory chain blockage. Increase AMP level 63
el
HO' OH
O,
HO.
Cryptotanshinone O CH, Increase ROS (unknown mechanism) 64
o
‘O’ ’
HaC CHa
Capsaicin \/@i"" Not specified 65
)\/\/\/\'(n o
Arctigenin g LKB1/CaMKK 66
o]
v
()
R P
o,
sl
Chitooligosaccharides L Not specified 67
dee
i
\/\/W\/\/\/\)LJIJ::’
(Contd...)
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Table 2. (Continued)

Compound Chemical structure AMPK activation mechanism References
Nootkatone Not specified 68
Thienopyridone (A-769662) Allosteric activator (AMPK binding, 1 subunit) 69
Benzimidazole (Compound 911) N Allosteric activator (AMPK binding, 1 subunit) 5
)
N
Compound 991 \ o Not specified (AMPK binding, 1 subunit) 70
\ O o1
S0
Compound-13 e o, [ Allosteric activator (AMPK binding, ol subunit) 71
MCH:«
PT-1 Allosteric activator (AMPK binding, Y1 subunit) 72
MT 63-78 O OH Allosteric activator (AMPK binding, 1 subunit) 73
N
o
OH
g8
N
H
Respiratory chain blockage 69

R118 N
©\H/n\/\A\)l\Njij

Abbreviations: AICAR: 5-Aminoimidazole-4-carboxamide ribonucleoside; ZMP: 5-Aminoimidazole-4-carboxamide-1-f3-D-ribofuranosyl-5"-monophosphate;
AMPK: 5' adenosine monophosphate-activated protein kinase; EGCG: Epigallocatechin-3-gallate; LKB1: Liver kinase B1;
CaMKK: Calcium-calmodulin-dependent protein kinase; ROS: Reactive oxidative species; AMP: Adenosine monophosphate; ATP: Adenosine

triphosphate.

nigra pars compacta (SNpc), a region involved in the
development of specific symptoms.** However, long-
term treatment has been shown to negatively influence
intellectual capacities, with the exact mechanism remaining
unknown, though interference with vitamin B,, absorption
is a likely factor.®**® Mitochondrial dynamics regulate
many key cellular functions, including metabolic plasticity,
mitochondrial turnover, and organelle communication,
but the mechanisms by which these functions are affected
by perturbations of mitochondrial dynamics during aging

remain unclear. However, the appearance of swollen and
fragmented mitochondria has been reported across all
species studied, suggesting that mitochondrial fragmentation

is a senescence-promoting factor.®**°

AMPK, as a regulator of energy homeostasis, links
energy levels with the rate of aging and can be considered a
modulator of senescence and lifespan extension, particularly
through mechanisms such as caloric restriction (activated
with a 30 — 70% reduction in the initial amount nutrient
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consumed). Another interesting observation is the low level
of leptin following metformin treatment, which may explain
its anorexic effect. This effect could be due to the sensitization
of the hypothalamus to leptin, potentially through an
increase in the number of specific receptors in this region.
The hypothalamus plays a crucial role in regulating energy
balance, making it a key region for this effect.” Regarding the
anti-inflammatory effect of metformin, various studies show
a positive effect, following a reduction in cytokines such as
interleukin-6, tumor necrosis factor-a, nuclear factor-kappa
B, but this remains a hypothesis at the research stage.”’

A mechanism for eliminating aged cellular organelles
or damaged proteins can be achieved through autophagy.
This process can be activated through the administration
of exogenous agents, such as rapamycin, resveratrol,
nicotinamide derivatives (Vitamin B,), metformin,
urolithin A or spermidine, compounds thought to delay
aging, and even extend lifespan.”*

Instead, the body has several defense and preservation
mechanisms, with autophagy, which represents a process of
“purification” This involves recycling outdated or damaged
protein structures, including cellular organelles, by forming
autophagosomes, which later fuse with lysosomes.”**

Autophagy is the cell’s survival mechanism, regulated
by various signaling pathways, with the AMPK-mTOR
system being one of the most important.

There are three types of autophagy described:
e  Macro-autophagy
e  Micro-autophagy
e  Chaperone protein-mediated autophagy

In macro-autophagy, the autophagosome represents the
catalytic unit. It is formed from an insulating membrane
in which a small part of the cytoplasm, soluble molecules,
and cell organelles are included. The next step involves
fusion with lysosomes to form autolysosomal units, where
the degradation of internal contents take place.

Micro-autophagy, on the other hand, occurs through
the engulfment of small components by the lysosome.
Thus, significant amounts of cytosolic material, including
protein molecules are incorporated into this complex.

The third type of autophagy, chaperone protein-
mediated autophagy, does not involve membrane
reorganization. Instead, cytosolic proteins are selectively
recognized and translocated to the lysosomal membrane
by the chaperone protein Hsc7 together with its
co-chaperones. The unfolded proteins are then transported
to the lysosome through a multimeric complex.”®

Experimental models in C. elegans, Drosophila, and
rodents have demonstrated that mTOR growth factor

inhibitors or caloric restriction led to similar results,
significantly increasing the life expectancy of those
organisms.”'® In contrast, continuous mTORCI blockade
canleadtothe onsetof cardiomyopathyand rapid progression
to heart failure, hence impairing life expectancy.'”

Thus, the autophagic process is crucial for promoting
health and longevity. Disruptions in this mechanism can
contribute to the development of age-related diseases.'***%

Substances known to be longevity promoters are
divided into three categories according to their mode of
action:

e Those that have demonstrated anti-aging effect but
lack conclusive evidence for this ability;

e Those suggested to prolong youth by preventing
or delaying the onset or progression of age-related
diseases, though their influence on the aging process
itself has not been proven;

e Those that reverse the aging mechanism, at least under
certain conditions, thereby prolonging youth;

4. AMPK at the hypothalamus level

AMPK in the central nervous system is known to control
nutrientintakeandrestore energybalance whichisactivated
under pathophysiological conditions. The neuroprotective
effect of metformin is thought to result from increased
neuronal sensitivity to insulin, as poor insulin signaling
in the brain is associated with an increased risk of
neurodegenerative diseases.'®® AMPK integrates peripheral
signals, such as metabolites and hormones, through neural
networks. Following the integration of signals at the level
of the hypothalamus, it causes the sensation of hunger,
the production of heat (thermogenesis) and energy by
mobilizing brown and white adipose tissue.

Studies have identified specific hypothalamic nuclei
where AMPK is expressed, including the arcuate,
dorsomedial, paraventricular, ventromedial, and lateral
hypothalamic nuclei. Unlike AMPK in the rest of the body,
hypothalamic AMPK activation increases food intake and
causes weight gain, while its inhibition reduces appetite
and weight.?

Using genetic models, it was shown that by blocking
the dominant negative isoform of hypothalamic AMPKa
decreases the messenger RNA (mRNA) expression of
orexigenic neuropeptides, such as agouti-related protein
(AgRP) and neuropeptide Y (NPY). Conversely, increased
expression of the active isoform of AMPKa increases
AgRP and NPY synthesis in the arcuate nucleus.’®® New
data also indicate that AMPK modulates autophagy,
thereby controlling the production of both NPY and
proopiomelanocortin (POMC).!”” Both orexigenic and
anorexigenic hormones control appetite through their
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influence on AMPK activity. Anorexigenic hormones,
such as leptin, glucagon-like peptide (GLP-1), estradiol,
insulin, and ciliary neurotrophic factor (CNTF), inhibit
AMPK activity, while orexigenic hormones, including
ghrelin, adiponectin, glucocorticoids, cannabinoids, and
AgRP, stimulate it."”® AMPK is also involved in regulating
thermogenesis in brown adipose tissue through its influence
on the sympathetic nervous system, which in turn activates
to increase heat production, thereby contributing to body
temperature regulation and energy expenditure. Estradiol
centrally binds to a-type estrogen receptors, selectively
decreasing AMPK activity in the ventromedial nucleus,
which increases the thermogenic capacity of brown adipose
tissue. Variations in estradiol levels during the estrogenic
cycle and pregnancy further modulate the AMPK pathway,
establishing its important role for in energy balance and
thermoregulation.'®”

5. AMPK and the endocannabinoid system

The metabolic effects associated with excess glucocorticoids
are correlated with steps controlled by AMPK. As
previously mentioned, activation of hypothalamic
AMPK increases appetite.!’® In addition, there appears
to be a link between AMPK and metabolic effects
involving the endocannabinoid system.''!' These effects
of the cannabinoid system are mediated by cannabinoid
type 1 (CB1) receptors, which are also expressed in the
hypothalamus.''?

Activation of hypothalamic CBI receptors stimulates
appetite.!** Concurrently, glucocorticoids induce changes at
the hypothalamic level that are correlated with the increase
inendocannabinoid content, suggesting an interdependence
between endocannabinoids, glucocorticoids, AMPK, and
appetite regulation. However, the effects of glucocorticoids
and cannabinoids on AMPK can vary depending on tissue
type. For example, in the hypothalamus (stimulation)
and adipose tissue (inhibition), the effects are the same,
whereas in the liver and heart, they differ.!™* In the heart,
cardiac AMPK activation by cannabinoids appears to have
cardioprotective effects, whereas reduced CB1 receptors
expression is associated with negative effects.!” The content
of endocannabinoids at the hypothalamic level varies
with caloric intake. During fasting, the concentration of
endocannabinoids increases, and they decrease during
feeding periods, mediating both the anorexigenic effects of
leptin and orexigenic effects of ghrelin."'®!"”

Caloric restriction has additional implications,
particularly in modulating nociception (perception of
pain). Caloric restriction has been shown to modulate
pain sensitivity, potentially reducing pain perception and
influencing the body’s response to injury or inflammation.

Thus, reduced caloric intake is correlated with pain relief,
as shown in clinical studies on patients with rheumatoid
arthritis or fibromyalgia.'”® In addition, this pain relief
correlates with increased levels of endocannabinoid
mediators. Specifically, caloric restriction considerably
increases the levels of anandamide (AEA) and
2-arachydonoyl glycerol (2-AG) in certain areas of the
brain.""¢ Through the same mechanism, activation of AMPK
by caloric restriction increasing endocannabinoid levels
is proposed to reduce nociception.'” However, studies
suggest conflicting effects of the endocannabinoid system
on AMPK activity. Findings indicate a reduction in AMPK
activity following endocannabinoid system activation.'?*!*!
Furthermore, a gradual and moderate reduction in caloric
intake is more effective to activate these mechanisms,
because the sudden and drastic caloric restriction can lead
to unwanted effects, such as malnutrition. Intermittent
fasting has been shown in both human and animal studies
to increase levels of endocannabinoid mediators.'*

In contrast to the previously mentioned approach,
prolonged periods of moderate caloric restriction correlate
with reduced AEA and 2-AG levels.'® The observed
analgesic effect and increased 2-AG level are correlated
with low leptin level and/or decreased leptin sensitivity.'**

Finally, the antinociceptive response mediated by the
endocannabinoid system during caloric restriction is
attributed to an increase in the number of CB1 receptors.'*

6. Conclusion

Due to its central role in metabolic processes, AMPK
represents an important therapeutic target for the
treatment and prevention of several diseases, including
age-related conditions. However, questions remain
regarding its mechanism of action, activation pathways,
and its diverse roles throughout the body. A multitude
of studies consider AMPK as a metabolic “switch” that is
inactive under sufficient energy supply and activated when
energy sources are limited. AMPK appears to coordinate
heart metabolism through protein interactions to generate
targeted effects, with the goal of restoring cellular
homeostasis. Systemic activation of AMPK, as discussed
earlier, can influence the level of the hypothalamus and
food consumption. In addition, the existence of multiple
AMPK isoforms adds complexity, as the activation of
AMPK may benefit one organ while disadvantaging
another. For example, a gain-in-function mutation in the
y subunit is correlated with greater glycogen storage in
skeletal muscles (y,) and in the heart (y,). This can lead
to glycogen storage cardiomyopathy, cardiac hypertrophy,
and arrhythmias, which are disadvantages for non-athletes,
especially athletes. It is important to note that the activation
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of AMPK by some compounds does not improve sports
performance, as the outcomes depend on various factors,
such as the type of physical activity (aerobic or anaerobic)
and its intensity.

Future studies are essential for evaluating the impacts
of AMPK-activating substances on sports performance,
with particular attention to their mechanism of action and
physiological outcomes. An additional critical consideration
is the development of isoform-specific AMPK activators
to ensure targeted effects and minimize potential adverse
consequences. Until such advancements are achieved,
regulatory frameworks, including “The Prohibited List”
remain pertinent and subject to ongoing updates.
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Abstract

Light has been used for medical purposes for centuries, but the first steps toward
photodynamic therapy (PDT) were taken in the early 20" century. PDT is an innovative
therapeutic approach that involves three key components: A photosensitizer (PS),
molecular oxygen, and visible light. The destruction of diseased tissues and cells in
PDT occurs through the activation of a PS by near-infrared or visible radiation. This
activation, in the presence of molecular oxygen, generates singlet oxygen and other
reactive oxygen species. PDT has been successfully applied to treat various types of
cancer, particularly superficial ones. This review outlines the principles of PDT and
discusses its application in cancer treatment, specifically in the context of pancreatic
and esophageal cancer. While PDT is effective, it can also have adverse effects on the
human body, such as changes to cell and organelle membranes. PDT is a modern,
non-invasive treatment modality utilized for both non-malignant conditions and
also various types of tumors in diverse locations. Enhancing the efficacy of PDT and
reducing its side effects may be possible by combining PSs with nanomaterials,
which would also allow for targeted therapy to specific receptors. PDT is continuously
being developed to improve its effectiveness, and ongoing studies aim to minimize
unwanted side effects and identify contraindications for its use.

Keywords: Photodynamic therapy; Photosensitizers; Pancreas; Esophagus

1. Introduction

Light has been used in medical therapy since ancient times. The Egyptians, Chinese,
and Indians employed light to treat a variety of diseases, including vitiligo, rickets,
psoriasis, skin cancer, and even psychosis. One of the earliest known uses of sunlight for
medicinal purposes was heliotherapy, which the Greeks introduced around 3000 years
ago. Herodotus, a renowned physician of the second century BC, is often considered
the father of heliotherapy. The Greeks favored a form of treatment in which the entire
body was exposed to sunlight. At the beginning of the 20" century, the first literature
reported on the “photodynamic effect” was presented by a medical student Oscar Raab
and his professor Herman von Tappeiner. They showed that exposure of certain dyes
to sunlight could lead to cell death, as these dyes sensitized microorganisms to light.
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In 1948, Figge and Weiland conducted extensive research
on the possibility of using various porphyrin derivatives
in photodynamic therapy (PDT) and diagnostics." They
demonstrated the use of hematoporphyrin (HDP) as
a tool for cancer detection. However, at that time, this
approach still carried the risk of toxic side effects. They
also assessed the effectiveness of other compounds, such as
coproporphyrin, protoporphyrin, and zinc HDP. In 1955,
scientist Schwartz investigated the nature of HDP and
found that it was a mixture of many different porphyrins,
each with distinct properties. PDT gained further
development when it was discovered that HDP derivatives
increased the fluorescence of tumors in patients. This
breakthrough was made by a team of doctors from the
Mayo Clinic. In a review by Kessel D published in 2019,
the historical details of the 1972 first usage of fluorescent
in biology were described.' This study demonstrated the
ability to eliminate glioma cells in tumors in both animal
models and established cell cultures."?

Soon after, this mechanism was extended to the
treatment of cancers of the lungs, esophagus, reproductive
organs, brain, and head and neck. By the end of 1996, it
was estimated that tens of thousands of patients with
various types and stages of cancer had been treated with
PDT. In Poland, the use of PDT began in 1986. Despite
advances in cancer treatment over the past decades, cancer
remains a major medical challenge, claiming millions of
lives and negatively affecting the quality of life of survivors.
The primary treatments for cancer remain chemotherapy
and radiotherapy, both of which have serious side effects.
Patients undergoing these treatments often report severe
pain. Consequently, finding alternative treatment regimens
that provide improvement in health status, with the
possibility of complete recovery and minimal to no side
effects, is a priority for clinicians and researchers.?

This review explores various important aspects of
PDT, including its mechanism of action, and provides an
overview ofits historical development. We also highlight the
promising results of photosensitizer (PS) use, combination
therapies, and the prospects these innovations bring. The
current directions of PDT are presented in Figure 1.

2. Mechanism of action of PDT

PDT relies on the concomitant presence of molecular
oxygen, a PS, and near-infrared or visible light. Each
of these ingredients is non-toxic on its own and does
not damage tissues or cells. Ideally, the PS is absorbed
and accumulates within the target cells. Since the PS is
harmless when not exposed to light, any potential toxicity
in PDT can be minimized by selectively illuminating only
specific areas. A PS absorbs light energy and transfers it

to nearby molecules that do not absorb light. This energy
or electron transfer results in the production of highly
reactive molecules, enabling PDT to function through
three primary mechanisms: Direct destruction of target
cells, damage to blood vessels that lead to ischemia and
tumor cell death, and activation of the immune response.
PSs enhance the activation of immune cells, such as
neutrophils, macrophages, and lymphocytes, which, in
turn, increase the secretion of interleukin (IL)-6, IL-10, and
tumor necrosis factor (TNF), contributing to tumor cell
death. Cell death in PDT occurs through two mechanisms:
necrosis and apoptosis. Necrosis refers to the local death
of tissues, which triggers acute inflammation at the site
of injury. The byproducts of necrotic tissue breakdown
are toxic to the body. On the other hand, apoptosis is
programmed cell death, controlled enzymatically, and
does not induce inflammation. PS is a molecule with
electrons arranged in specific molecular orbitals. In its
ground state, PS contains electron pairs with opposite
spins in low-energy orbitals. When exposed to light of a
specific wavelength, PS absorbs energy, causing an electron
to be excited into a higher-energy orbital without changing
its spin. This change creates a short-lived singlet state.
The PS may return to its ground state by releasing heat
or light. Alternatively, it may transition to a triplet state
through intersystem crossing (ISC), where the electron
spin is reversed. The longer PS remains in the triplet state,
the greater the likelihood that it will encounter other
molecules, leading to the formation of chemically reactive
compounds. There are two primary processes that occur

Tumor targeting Eficient quantum yield
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Combined therapy
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Figure 1. Current directions of photodynamic therapy

Abbreviations: PS: Photosensitizer; PDT: Photodynamic therapy;
PTT: Photothermal therapy; ROS: Reactive oxygen species; h: Planck’s
constant; v: The frequency of light, O,: Oxygen molecules.

Volume 8 Issue 2 (2025)

17

doi: 10.36922/itps.4559


https://dx.doi.org/10.36922/itps.4559

INNOSC Theranostics and
Pharmacological Sciences

The biochemical and biophysical guide for photodynamic therapy

when the PS is in the triplet state. In the first process,
the PS removes an electron from a reducing molecule in
its vicinity. Molecules that donate electrons include, for
example, tyrosine in proteins, guanine in nucleic acids, or
tryptophan. This electron transfer creates a pair of radical
anions and radical cations. In an oxygen-rich environment,
the PS radical anion transfers its electron to molecular
oxygen, generating a superoxide anion, which effectively
restores the PS to its original state. The superoxide anion
can act as a reducing agent or as a monovalent oxidant.
Although it does not directly interact with lipids, nucleic
acids, or carbohydrates, the superoxide can oxidize small
molecules such as leucoflavins, sugar tautomers, sulfates,
tetrahydroflavins, and catecholamines. Superoxide radical
reaction with other biologically relevant radicals may
lead to the formation of potentially toxic, cell-damaging
products. In biological systems, the most common phenol
is the amino acid tyrosine. When the superoxide reacts with
nitric oxide, a strong oxidant, peroxynitrite, is produced,
which can react with carbon dioxide and bicarbonates to
form nitrosoperoxycarbonate. The carbonate radical anion
is a single-electron oxidizer that can remove electrons
from tyrosine and tryptophan. In addition, superoxide can
oxidize protein clusters, such as enzymes involved in the
Krebs cycle and dehydratases. Disruption of these clusters,
particularly the iron-sulfur [4Fe-4S] clusters, can have
harmful effects. First, it impairs aerobic energy production
and biosynthetic pathways by inactivating Krebs cycle
enzymes. Second, it generates hydroxyl radicals, that
is, strong oxidants, through the Fenton reaction, where
released iron from the [4Fe-4S] clusters acts as a catalyst for
hydrogen peroxide. The iron ions, in their reduced form,
bind to anionic molecules, such as nucleic acids, proteins,
lipids, and other cellular components. The stable hydrogen
peroxide can diffuse through membranes and react with
iron bound to biomolecules, generating highly reactive
hydroxyl radicals. The radicals can damage cells at the site
where they are formed. In the second process, the energy
of the PS is transferred to molecular oxygen, which, in its
ground state, is a triplet. The transfer of energy excites one
of the two unpaired electrons into a high-energy orbital,
causing a spin flip, which converts oxygen into a singlet.
Singlet oxygen ('O,) is considered the main destructive
agent in PDT. While biological systems have enzymatic
defenses against superoxide, there are no developed
antioxidant enzymes to remove 'O,, likely due to its short
lifespan.*

3. Mechanisms of cancer cell destruction in
PDT

PDT targets cancer cells, specifically their microcirculation,
as well as the functioning of the host’s immune system. To

achieve the desired therapeutic effect, certain conditions
must be met, influencing each of these aspects. PDT
reduces the number of clonogenic cancer cells through
direct photodamage; however, this event does not lead
to the complete eradication of pathological cells. This
limitation arises from serveral factors, one of which is the
heterogeneous distribution of the PS within the tumor.
Another key factor is the availability of oxygen in the tissue
being treated. Limited oxygen availability can restrict the
direct killing of cancer cells (Figure 2). These constraints
give rise to two primary mechanisms: photochemical
oxygen consumption and the direct impact of PDT on
tissue microcirculation. The amount of oxygen available
during PDT depends on the photobleaching of the PS. As
the PS is reduced, the rate of oxygen consumption during
therapy also decreases. Fractionating the delivered light
is crucial, as it allows the tissue to reoxygenate during
breaks in illumination. Furthermore, PDT-induced
microcirculation damage, particularly when higher doses
of PSs such as Photofrin are used, disrupts oxygen delivery
to tissues. Vascular mechanisms of PDT vary significantly
with different PSs. For instance, PDT with Photofrin leads
to vasoconstriction, leakage of macromolecules from
vessels, leukocyte adhesion, and clot formation, all of
which are associated with platelet activation and the release
of thromboxane. PDT can also induce vasoconstriction
by inhibiting the production or release of nitric oxide
by the endothelium. Damage to the normal vascular
system surrounding the tumor can significantly hinder
the effectiveness of PDT. Studies have shown that cancer
cannot be effectively treated when the tissue surrounding
the tumor is damaged during PDT. Recent research
suggests that treatment with a high fluence rate inhibits
tumor cure. However, no differences in tumor perfusion or
oxygenation were observed between treatments with low
or high fluency. These findings indicate that the protection
provided by the normal vascular system around the tumor
is a crucial factor in the long-term control of cancerous
tissue during PDT (Table 1). To optimize the efficacy of
PDT, it is important to regularly monitor parameters such
as the concentration of the PS in the tissues, the rate of
photobleaching, blood oxygen levels, and blood flow.?

4, Literature search method

Articles for this review were retrieved from online databases
(PubMed/MEDLINE) using the following search terms:
“photodynamic therapy,” “PDT,” and “photosensitizers”

5. Results

The total number of articles identified was 92 and the
number included in the current review is 45. In this paper,
only studies in English are selected. The first cited here
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Figure 2. The mechanistic presentation of photodynamic therapy
Abbreviations: 'O,: Singlet oxygen; *0,: Triplet oxygen; O,: Oxygen; O, Superoxide anion; R: Radical; R': Free radical.

Table 1. Efficacy of photodynamic therapy in the treatment
of various cancers

Type of cancer Photodynamic therapy (%)

Skin 85-95
Head and neck 70 - 90
Lung 50-70
Esophageal 70 - 80
Bladder 70 - 85
Pancreatic 60 - 75
Prostate 60 - 80

clinical study involved 15 patients with unresectable, high-
stage tumors.” All patients were allergic to verteporfin at
a dose of 0.4 mg/kg, whereas 13 received treatment using
single fiber lasers and two with multiple fibers, each 690 nm
inlength, placed transdermally. The light dose was gradually
increased until constant necrosis was achieved, and all
procedures were monitored using a computed tomography
(CT) scan. Necrotic changes of 12 nm in size were observed
in all patients, though the volumes varied. No side effects
were reported in patients who underwent chemotherapy.
This study concluded that PDT with verteporfin for the
treatment of malignant pancreatic cancer (PCa) is safe, and
the compound is flexible in terms of administration.

The next study aimed to evaluate PDT in PCa through
a similar phase 1 trial® It involved 16 patients with

adenomas located near the head of the pancreas that
were not amenable to surgery. Patients were administered
an oral dose of 0.15 mg/kg mesotetrahydroxyphenyl
chlorite, followed by light delivery to the tumor through
percutaneous fiber insertion under CT guidance 3 days
later. Three patients subsequently received chemotherapy.
Significant tumor necrosis was observed in all patients,
as evidenced by imaging studies. Fourteen of the 16 were
discharged after 10 days. Several adverse events, including
gastrointestinal bleeding and duodenal obstruction, were
recorded, which may have been related to the treatment.
The median survival after PDT was 9.5 months, with seven
out of 16 patients surviving for 1 year. This study highlighted
that, while pancreatic tumor necrosis was achieved as
expected, caution should be exercised, particularly in cases
of tumors infiltrating the duodenal wall.

In another study, the feasibility and safety of endoscopic
PDT in the treatment of unresectable ampullary cancer
were evaluated.” Sixteen patients received an intravenous
dose of 4 mg/kg of a HDP derivative, followed by red light
(630 nm wavelength) administered during duodenoscopy
two days later. A constant light energy density of either 50 J
or 200 J/cm? was used, with three or four exposures during
each session. Treatment was repeated up to 5 times at
intervals of 3 - 6 months. Skin hypersensitivity was the only
complication observed, affecting three patients. Tumor
size was assessed every 4 — 8 weeks, and biopsy specimens
were taken if the tumor was not visible macroscopically.

Volume 8 Issue 2 (2025)

19

doi: 10.36922/itps.4559


https://dx.doi.org/10.36922/itps.4559

INNOSC Theranostics and
Pharmacological Sciences

The biochemical and biophysical guide for photodynamic therapy

In patients with small tumors, a reduction in tumor mass
and even remission were observed for several months.
However, patients with widespread duodenal involvement
showed only a modest response.

Another study focused on patients with colorectal
cancer metastases to the liver, a group with a poor
prognosis due to the scarcity of patients eligible for
curative liver resection.® In this phase 1 trial, PDT was
used to treat 31 liver metastases in 24 patients with
unresectable colorectal cancer metastases. PS 5, 10, 15,
20-tetrakis(m-hydroxyphenyl)bacteriochlorin (mTHPBC)
was administered intravenously at doses of 0.6 mg/kg or
0.3 mg/kg. Tumors were illuminated for 300 - 600 s using
optical fibers inserted subcutaneously after 120 h, or after
48 h in some subjects. The scattered light dose was 740 nm.
Results indicated tumor necrosis in all patients 1 month
after PDT. A small proportion of patients reported mild
pain, and the majority experienced transient subclinical
hepatotoxicity. No serious clinical complications were
noted, except for pancreatic damage in one patient and
skin damage in another. Harmless side effects included
transient phlebitis and mild skin phototoxicity from
excessive light during treatment. The study concluded that
PDT with mTHPBC is a safe and effective treatment for
unresectable colorectal cancer liver metastases.

Meanwhile, one study showed that treatment with PDT
for locally advanced pancreatic cancer (LAPC) may be
limited due to the unfavorable prognosis associated with
the disease.” The investigators hypothesized that PDT for
LAPC is safe, technically feasible, and can lead to increased
tumor necrosis. In this phase 1 study, patients with
untreated LAPC were administered intravenous porfimer
sodium, followed by endoscopic ultrasound-guided
PDT (EUS-PDT) 2 days later. EUS-PDT was performed
by puncturing the tumor with a 19-gauge needle, and a
1.0 cm diameter light diffuser emitting 630 nm light was
introduced. CT scans were conducted 18 days after PDT
to assess pancreatic necrotic changes. Seven days following
the CT scan, intravenous Nab-paclitaxel and gemcitabine
were administered weekly in a 3-week cycle until disease
progression or unacceptable cytotoxicity occurred. In
terms of primary outcomes, 12 patients with tumors
located in the head, neck, trunk, or tail of the pancreas
underwent EUS-PDT. In half of these patients, an increase
in tumor volume and a higher percentage of tumor necrosis
was observed in comparison to the initial imaging tests.
After a follow-up period of 10.5 months, the median time
to progression was 2.6 months, and the median overall
survival was 11.5 months. During the treatment course,
eight serious adverse events were reported, although none
of them were directly attributed to the therapy. The study

concluded that EUS-PDT for LAPC is safe and results in
measurable tumor necrosis. A phase 2 trial is planned to
further investigate these findings.

5.1.The use of PDT in the treatment of pancreatic
cancer

Pancreatic cancer is a condition associated with a high
mortality rate. The primary treatment options are surgery
or chemotherapy; however, an increasing number of
cases are diagnosed at advanced stages, making surgery
infeasible. In addition, chemotherapy does not bring the
desired results due to the resistance exhibited by PCa
cells. Given its high efficacy against cells resistant to
radiotherapy and chemotherapy, PDT has emerged as a
viable alternative for patients who are not candidates for
surgery. Clinical practice has confirmed the effectiveness of
this minimally invasive treatment method. However, PDT
faces several limitations when used in clinical settings,
including challenges related to insufficient delivery of
PSs, dependence on tumor oxygenation, and the ability
of malignant tumors to evade treatment. To address
these challenges, researchers are increasingly focusing on
the development of PS nanoparticles (NPs) and various
nanocarrier systems to enhance the cellular uptake and
distribution of PSs within the body. Encapsulation of PSs
in NPs significantly increases their accumulation in PCa
tumors, owing to improved solubility and stability in
the bloodstream. Various strategies have been explored
to develop multidrug codelivery NPs, which facilitate
synergistic PDT-based therapies, thereby enhancing the
effectiveness and prolonging the therapeutic response.'

While pancreatic surgery is technically challenging, PDT
offers a minimally invasive alternative. Despite its lower
invasiveness and promising potential for treating PCa, PDT
is not without its adverse effects, such as gastrointestinal
hemorrhage and duodenal obstruction. These side effects
are partly due to the limited selectivity of current PSs,
which results from their non-selective distribution. This
non-specific distribution creates a risk of photodamage
to adjacent organs and prevents adequate accumulation
of PS at tumor sites. Furthermore, during follow-up after
PDT, some cases have shown liver metastasis and tumor
regrowth at the edges of the treated area.'” It is believed
that these phenomena may be attributed to insufficient
oxygenation within the tumor. In addition, PDT alone is
insufficient to fully combat cancer. As a result, specially
modified NPs loaded with PSs are being used to enhance
PS solubility, improve oxygen consumption, and facilitate
more effective delivery. These NPs are often functionalized
with special ligands that enable targeted delivery of PSs to
cancerous pancreatic cells, thereby significantly improving
the efficacy of PDT for PCa. As mentioned earlier, PDT
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is more effective when combined with other therapies,
such as photothermal therapy, which generates additional
oxidative stress. The effectiveness of PDT in alleviating
tumor burden in patients with unresectable localized
PCa has been demonstrated in several clinical trials,
with relatively few complications. Despite promising pre-
clinical data showing enhanced efficacy of NP-based PSs
compared to conventional PSs, their clinical application
in the treatment of PCa remains challenging. This
limitation is due to the ongoing refinement of these
compounds’ functionalities and the lack of research on
clinically relevant models. PDT was the first approved as
an endoscopic procedure for esophageal cancer in both the
United States and Japan. Initially, it was used as a palliative
local treatment for patients with obstructed esophageal
cancer. PDT is also indicated as eradication therapy for
dysplastic Barrett’s esophagus, a precursor to esophageal
adenocarcinoma, and is supported by level 1 evidence. In
Japan, PDT has been approved as a curative treatment for
superficial esophageal cancer lesions that are difficult to
manage with endoscopic resection. In addition, PDT using
second-generation PSs has been approved for treating early
local recurrence following radiotherapy, a condition that
is challenging to treat using other methods. PDT has also
been evaluated in other gastrointestinal cancers, including
gastric cancer, cholangiocarcinoma, and PCa."!

5.2. Treatment of esophageal cancer using PDT

Esophageal cancer is associated with a very poor prognosis,
with a 5-year survival rate of only 12.5%. The standard
treatment for this cancer has traditionally been the
resection of part of the esophagus; however, due to the high
morbidity associated with surgery, less invasive methods
such as endoscopic mucosal resection (EMR), coagulation,
and PDT are increasingly used. In PDT, the light source
required for this method is provided by diffusers, which are
cylindrical and highly flexible. These diffusers are positioned
near the tumor site using an endoscope. To protect healthy
esophageal tissue, a balloon is inflated next to the diffuser.
Initial studies focused on using PDT as a palliative treatment
for obstructive tumors, although it has also proven effective
for treating superficial lesions. The type of PS used is a key
factor determining the treatments effectiveness. When
sodium porfimer was used, the complete response rate was
87%, and similar results were achieved with mTHPBC."
Despite the high efficacy of PDT in treating esophageal
cancer, the method is not without undesirable side effects.
The most frequently recorded symptoms included transient
skin photosensitivity, fistula stenosis, and perforation,
particularly when red light was used. However, when green
light was employed, these side effects were not observed,
and the effectiveness of the therapy remained unchanged.

PDT is especially useful in the treatment of Barrett’s
esophagus, a condition in which the epithelial cells in the
lower esophagus are affected, often as a result of chronic
reflux of gastric contents into the esophagus. This condition
causes damage to the esophageal epithelial cells, leading
them to resemble those of the stomach, a process known as
metaplasia. While most cases of Barrett’s esophagus do not
progress to cancer, individuals with this condition have an
increased risk of developing esophageal cancer. Treatment
typically involves controlling acid reflux symptoms and
monitoring the esophagus for signs of malignant changes.
However, when cancerous transformations occur in
Barrett’s esophagus, PDT is considered. PDT can be used
to eliminate cancerous or altered cells, but treatment must
be tailored to the individual case by a physician specialized
in this type of therapy. The suitability of PDT for treating
Barrett’s esophagus depends on various factors, including
the severity of the changes and the patient’s overall health.

One study examined the effects of Photofrin in
77 patients with unresectable, obstructive esophageal
cancer.”” Patients were initially administered Photofrin
at a dose of 1.5 — 2.0 mg/kg, followed by endoscopic
treatment with 630 nm light 48 h later. The most common
complications following PDT were minor, including
esophageal stenosis, esophagitis, pleural effusion, and
sunburn. Twenty-nine patients required more than one
cycle of PDT, and an additional seven patients required the
implantation of an expandable metal stent due to recurrent
dysphagia. The study concluded that PDT is a safe and
effective treatment for alleviating obstruction and bleeding
in esophageal cancer.

In the subsequent study, patients with advanced
esophageal cancer were randomized to receive either PDT
using sodium porfimer and an argon laser dye, or laser
therapy using a neodymium-doped yttrium aluminum
garnet (Nd: YAG) laser.”® A total of 236 patients were
randomized, and 218 were treated at 24 sites. Dysphagia
improved equally in both groups, with nine complete
tumor responses occurring after PDT and two after
Nd: YAG therapy. Better outcomes were observed in
patients whose tumors were located in the upper and lower
thirds of the esophagus, as well as in patients with longer
tumors or those who had previously undergone treatment.
Compared to the Nd: YAG, PDT patients experienced
more mild-to-moderate complications, including sunburn.
In addition, treatment discontinuation occurred in only
3% of patients after PDT, compared to 19% after Nd: YAG,
primarily due to side effects. PDT with sodium porfimer
demonstrated overall equivalent efficacy in alleviating
dysphagia in esophageal cancer compared to Nd: YAG
laser thermal ablation, with an objective tumor response
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rate that was equal to or better than Nd: YAG. The main
limitation of PDT is temporary photosensitivity, but PDT
is easier to perform and involves fewer invasive procedures
than Nd: YAG laser therapy, which was a key conclusion
of the study.

In another study on esophageal cancer, patients
were orally administered 60 mg/kg of 5-aminolevulinic
acid (ALA). Twenty-four hours after administration,
gastroscopy was performed. Initially, tumor localization
was done using white light, after which the light source
was switched to red light with an intensity of 100 J/cm? for
600 s. Gastroscopy was repeated 48 h later and again seven
days after the first procedure. The degree of dysphagia was
recorded both before treatment and 14 days after treatment.
The study included patients with advanced, unresectable
tumors — two of whom had squamous cell carcinoma of
the middle esophagus and three had terminal esophageal
adenocarcinoma - mild, self-limited reactions were
observed in all patients. Treatment had no significant effect
on liver and kidney function, hemoglobin concentration,
or leukocyte count, which helped ensure the accuracy of
the test results. Most patients showed improvement in
dysphagia. The final conclusion of the study was that PDT,
using ALA as a PS and non-laser therapy, may provide an
effective approach for treating dysphagia in such patients.'*

Given the promising results of new PSs, such as
ALA, in reducing skin phototoxicity during PDT, Maier
et al.” conducted a study to evaluate the effectiveness
of poly hematoporphyrin (Photosan) as a PS in PDT
for advanced esophageal cancer. This study aimed to
compare the effectiveness of ALA with Photosan in the
treatment of advanced esophageal cancer, with a focus on
skin phototoxicity and dysphagia reduction. Following
diagnosis, 22 patients received therapy using ALA,
whereas 27 patients received Photosan. PDT was delivered
using a dye laser with a wavelength of 630 nm, and
hyperbaric oxygen therapy was used as an adjunct. Both
groups demonstrated therapeutic effects, including visible
narrowing of the tumor’s diameter and length, with slightly
greater effectiveness noted for the Photosan treatment.
Neither group experienced severe treatment-related
complications, and no cases of sunburn were reported. No
mortality occurred during the treatment period. The study
concluded that Photosan is more effective than ALA in
PDT for esophageal cancer.

Another study involved 64 patients with various
types of cancer, including five with esophageal cancer.®
The PS was administered intravenously, and light with
a wavelength of 630 nm was delivered through quartz
fibers. After treatment, complete remission was achieved
in 48 of the 58 treated patients, including those with

esophageal cancer. The only significant side effect was skin
hypersensitivity. The study showed that PDT is effective in
treating superficial tumors.

The greatest risk factor for esophageal cancer is Barrett’s
esophagus. Kelly et al’s' conducted a study to compare
argon plasma coagulation and PDT for the ablation of
Barrett’s esophagus. A total of 65 patients were included,
with 34 assigned to argon plasma coagulation and 34 to
PDT using ALA. Multiple sessions were conducted over
24 months. After completion of treatment, a macroscopic
reduction in the area of Barrett’s esophagus was observed in
all patients. In the argon plasma coagulation group, better
results were noted in terms of esophageal obstruction
(97%) and a lower incidence of occult glands (24%)
compared to PDT (50%). Both methods were effective in
the ablation of Barrett’s esophagus.

In a separate study,' patients with esophageal cancer
were monitored for 5 years and underwent PDT using the
same PSs as in the previous study. A biopsy of the primary
segment of Barrett’s esophagus was taken according to the
Seattle protocol, followed by endoscopy. Patients who did
not respond to PDT or had recurrent neoplasia underwent
additional EMR therapy. Initially, better results were
observed in patients treated with ALA, and most patients
responded well. Compared to Photofrin, ALA showed
greater effectiveness and caused fewer relapses. However,
after longer follow-up, there was no significant difference
in the long-term complete reversal of intestinal metaplasia
and dysplasia. Four patients in each group developed
invasive esophageal adenocarcinoma. The likelihood of
long-term remission was significantly increased in patients
who initially responded to ALA-PDT therapy. As a result,
radiofrequency ablation combined with EMR has become
the preferred minimally invasive ablative therapy due to its
lower therapeutic efficacy compared to PDT.

In Ackroyd et al’s study," 36 patients with dysplastic
Barrett’s esophagus, who received omeprazole for acid
suppression, were assigned to receive oral ALA at a dose
of 30 mg/kg or a placebo. Four hours later, laser endoscopy
was performed. Follow-up endoscopic examinations were
performed at 1, 6, 12, and 24 months. In the ALA group,
16 of 18 patients showed a reduction in the affected area.
In the placebo group, a 10% reduction in surface area was
observed in two patients, whereas no changes were noted in
16 patients. None of the patients treated with PDT showed
columnar epithelial dysplasia in the treated area, whereas
12 patients in the placebo group still exhibited dysplasia.
No serious side effects, either short- or long-term, were
observed. The therapeutic effects lasted up to 24 months.

The question of whether PDT haslong-term effectiveness
in patients with high-grade dysplasia in Barrett’s esophagus

Volume 8 Issue 2 (2025)

22

doi: 10.36922/itps.4559


https://dx.doi.org/10.36922/itps.4559

INNOSC Theranostics and
Pharmacological Sciences

The biochemical and biophysical guide for photodynamic therapy

was addressed by Gray and Fullarton.” In their research,
21 patients received Photofrin intravenously 48 h before
endoscopy, during which laser light with a wavelength of
630 nm was administered. Biopsies and endoscopies were
performed every 6 — 12 weeks. Gray and Fullarton found
that 16 patients remained free of high-grade dysplasia
for a median of 62 months. Three patients developed
an adenoma between the 40™ and 50™ month. PDT was
effective in 84% of cases, making it a viable treatment for
patients unable to undergo surgery.

Another question regarding whether Barrett’s esophagus
can be completely removed was addressed by Hage et al.”
In their study, patients were assigned to three groups,
where the first group received ALA-PDT intravenously in
one dose, followed by light administration after 4 h. The
second group received the same compound in two doses,
with light applied after the same interval. The third group
was treated with argon plasma coagulation in two sessions.
The best result was achieved in the third group, where
complete elimination was observed in 100% of patients
after 6 weeks. In the first and second groups, complete
elimination was observed in 86% and 93% of patients,
respectively. In summary, argon plasma coagulation alone
or ALA-PDT combined with coagulase can lead to the
complete regression of Barrett’s epithelium.

5.3. Immunological effects of PDT

The use of PDT also has adverse effects on the human
body. PDT-induced changes in cell membranes, as well as
in organelle membranes when using most PSs, may lead to
side effects. These changes can affect signaling pathways,
including increased expression of early immune response
stress genes and proteins. Another potential effect is
inflammatory cell damage. In such cases, membrane lipids
are damaged through the degradation of phospholipids,
leading to the release of fragments of arachidonic acid
and lipids, which act as mediators of inflammation. While
inflammatory signaling after PDT can have detrimental
effects, it also has beneficial outcomes, such as the
initiation and support of leukocyte recruitment from the
blood. A notable consequence is the swift accumulation
of neutrophils, which can remain in tumor blood vessels
and significantly contribute to endothelial damage. As a
result, the disintegration of these neutrophils results in
the release of harmful oxygen radicals, myeloperoxidase,
and lysosomal enzymes, which break down proteins and
damage cancer tissue.

In evaluating the effectiveness of PDT in controlling
inflammation, a study involving 28 patients with severe
chronic periodontitis is particularly relevant. Patients were
randomly assigned to either the PDT treatment group or

a control group. Using the Luminex test, the expression of
important cytokines - such as IL-1c, IL-1f3, IL-8, vascular
endothelial growth factor (VEGF), interferon-y, TNF-a
- was quantitatively assessed. Significant differences in
cytokine levels were observed between the groups for
IL-1a, IL-1B, IL-8, and VEGE whereas the remaining
cytokines showed no statistical differences. This study
suggests that PDT may enhance the benefits of periodontal
treatment by modulating immune responses.

Increasing research indicates that PDT may also
be effective in treating non-cancer conditions, such as
genital warts and condyloma. A study was conducted to
confirm the high cure rates and low recurrence rates in the
treatment of condyloma with ALA-PDT. At various time
intervals after treatment, the recruitment and significance
of immune cells at the lesion sites were examined using
immunohistochemical analysis. The study involved
15 patients who had several cycles of PDT. The infiltration
of clusters of differentiation (CD) 3, CD4, CDS8, CDla,
and CD68 cells was assessed using immunocytochemical
staining, and biopsy samples were collected at baseline and
at various times during the study. The best results were
achieved in the treatment of anal condyloma. As treatment
progressed, there was an increase in the infiltration of
CD4+ T lymphocytes and Langerhans cells in the skin.
Patients who responded to treatment also exhibited an
increase in CD8+ lymphocytes. These results suggest
that rapid activation of the immune response (CD4+
lymphocytes, Langerhans cells) may be responsible for
healing to confirm previous clinical data.”

Wauet al.’s* assessed the effectiveness of PDT in reducing
inflammatory infiltrates in periodontal disease, with a
particular focus on how it affects the organization of the
collagen network. Two drug delivery systems (DDS) were
tested: Liposomes and nanoemulsions. The study involved
16 patients with advanced periodontal disease who were
candidates for tooth extraction. The patients were divided
into two groups, with one group receiving liposomes and
the other receiving nanoemulsions. Seven days before
therapy began, each patient had one tooth undergo PDT,
whereas another tooth served as a control. After PDT, the
density of the collagen fibers increased in the treated tooth
compared to the control. PDT affected the immune system
in both groups, but the responses differed. In the liposome
group, the number of macrophages decreased, while in
the nanoemulsion group, the number of Langerhans cells
decreased. These results demonstrate that PDT has an
impact on the immune system when used as a therapy for
gingivitis and chronic periodontitis.

Another study aimed to investigate the effect of PDT as
a therapy for multiple plantar warts.” The study involved
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61 patients with the condition, who were randomly
assigned to appropriate treatment groups. One group
received PDT, whereas the other, the control group,
was treated with cryotherapy. Several parameters were
evaluated during the treatment: the assessment of skin
lesions, pain levels, relapse rates, and side effects. Both
groups showed improvement in skin lesions, but the PDT
group demonstrated a slightly higher improvement (13.39
* 3.88% before treatment to 1.48 + 2.50% after the final
treatment). After 3 months of therapy, the recurrence
rate was significantly lower in the PDT group, whereas
cryotherapy showed a recurrence rate of 20 — 53%. The
study concluded that PDT had a more positive effect on
the recurrence rate of multiple plantar warts compared to
the traditional cryotherapy method.

Meanwhile, Theodoraki et al®* examined the
effectiveness of PDT in treating head and neck squamous
cell carcinoma (HNSCC). For an anti-tumor response to
occur, PDT must trigger a local inflammatory reaction
within the tumor cells. This study involved nine patients
with HNSCC. Blood samples were collected before, during,
and after PDT to assess the effects on the immune system.
The frequency and number of T and B lymphocytes,
CD4+CD39+ T regulatory cells (Tregs), and natural
killer (NK) cells were evaluated using flow cytometry.
The results showed an increase in the number of Tregs
and NK cells in patients treated with PDT. In addition,
serum concentrations of IL-6 and IL-10 were elevated,
whereas the level of perforin decreased. Despite being a
topical therapy, PDT produced a systemic response. The
increased number of immune cells observed supports the
effectiveness of PDT in HNSCC patients.

Immunosuppression may reduce the effectiveness of
PDT. Niacinamide, that is, Vitamin B3, has been shown
to prevent immunosuppression caused by UV radiation.
However, the cause of immunosuppression during PDT is
not well understood. Therefore, Thanos et al.* investigated
the effect of niacinamide on immunosuppression induced
by PDT. The study involved 22 healthy participants who
tested positive in a Mantoux test. The second group
received niacinamide orally at a dose of 500 mg, or a
placebo, once daily for one week. Specific sites were then
irradiated to assess immunosuppression at both irradiated
and control sites. The study reported that PDT with the
vehicle or placebo caused significant immunosuppression,
whereas oral niacinamide therapy reduced it. Contrarily,
low-frequency PDT did not induce immunosuppression in
patients treated with topical niacinamide. The conclusion
was that niacinamide could potentially prevent PDT-
induced immunosuppression as a low-cost, effective
method.

Meanwhile, de  Moraes et al”  explored
histomorphological changes and immunodetection
following PDT using chloroaluminum phthalocyanine
(AICIPc). The study involved eight participants who were
scheduled for tooth extraction. Seven days before the
extraction, 40 uL of AICIPc nanoemulsion was injected into
their gums, followed by radiation exposure. The opposite
side was used as the control. Tissue samples were collected
7 days after exposure and analyzed. The results showed
edema in the treated tissues. No side effects were reported,
and the therapy was well tolerated. These findings indicate
that AICIPc is safe for clinical use in gingival tissue.

Evangelou et al?® investigated the effect of PDT
on leukocyte migration following clinical treatment
of basal cell carcinoma. The lesions were treated with
methylaminolevulinate (MAL), and samples were
collected before and after treatment. The study found that
MAL caused rapid infiltration of neutrophils after PDT. In
addition, a decrease in the number of Langerhans cells was
observed just 1 h after PDT. The decrease in Langerhans
cells could potentially impair the antitumor response,
suggesting the need for further research in this area.

Finally, a study explored the use of PDT in the treatment
of periodontitis. The clinical material used was gingival
fluid. Two groups were studied: One group received scaling
and root planning alone, whereas the other group received
PDT with a 638-nm laser and toluidine blue. Bleeding was
assessed over a 3-month period, and a mouth rinse test was
performed to evaluate the level of polymorphonuclear cells.
Improvements were observed in all outcomes compared
to baseline, with the only significant difference noted in
TNF-o.. The study concluded that a single PDT exposure
did not produce significant results in the treatment of
periodontitis.”

6. Discussion of commonly used PSs in PDT

Porphyrins are a group of organic chemical compounds
that contain a porphyrin ring. These compounds are
activated by light in the wavelength range of 600 to 700 nm.
The porphyrin ring consists of four (five-membered) rings
connected by methine bridges (-CH=), forming a planar
structure. The central metal ion, typically a magnesium
ion, is coordinated with the ring and plays a key role in
many of the biological functions of porphyrins. The most
well-known porphyrin is heme, a key component of
hemoglobin, which is responsible for transporting oxygen
in the blood. Other porphyrins are involved in various
biological processes, such as cellular respiration, electron
transport in mitochondria, and metabolism. One example
of a porphyrin-based PS is HDP, which is used in PDT.
When exposed to light, HDP undergoes a photodynamic
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reaction that leads to cellular destruction. HDP is activated
by light in the wavelength range of 763 nm. Chlorophyll,
another porphyrin, plays a vital role in photosynthesis in
plants. It absorbs sunlight and converts it into chemical
energy, which is then used to synthesize organic
compounds.

Chlorophyllins are chemical compounds derived
from chlorophyll. More specifically, they are chlorophyll
derivatives in which the magnesium ion is replaced by
another metal, most commonly copper. These compounds
are known for their characteristic green color, similar to
chlorophyll, and have various medical and industrial
applications. The activation range for this PS is 690 nm.

Phthalocyanines are a group of organic dyes containing
a phthalocyanine ring, whose structure is similar to
that of chlorophyll. However, phthalocyanines contain
nitrogen atoms in a place where the magnesium is found in
chlorophyll. The most important and well-known member
of this group is copper phthalocyanine. Phthalocyanines
are activated by light in the range of 650 — 800 nm.

Bacterioporphyrins are chemical compounds that, like
other porphyrins, contain the characteristic porphyrin
ring. They differ from typical porphyrins such that they are
found in bacteria, and their structure may vary from those
present in eukaryotic organisms. The activation range for
bacterioporphyrins is 600 — 700 nm.

7. Distribution of PSs to cancer cells

The mechanisms underlying the distribution of PSs used
in PDT to cancer cells are not fully understood. However,
it is believed that their selective permeability through
cancer tissue plays a key role in this process. As the
hydrophobicity of a given chemical compound increases,
the affinity of the PS for cancer tissue also increases. This
notion is supported by studies showing that PSs bound
to liposomes exhibit greater effectiveness and selectivity
in targeting cancer cells. The distribution of these
sensitizers is enhanced by the inclusion of amphiphilic
systems, which facilitate their delivery to the cancer cells.
These systems are stable in aqueous environments, yet
possess non-polar compartments that can accommodate
substrates. One effective strategy involves combining PSs
with low-density lipoproteins (LDLs), as various types of
cancer cells secrete a significant number of membrane
receptors for LDLs. In cancer cells, PSs localize in the
plasma membrane, Golgi apparatus, rough endoplasmic
reticulum, and mitochondrial membrane. The mode of
PS transport into the cell determines the type of cellular
response in the target tissue. When PSs are transported
by albumin, extensive impairment of the vascular system
occurs, leading to tumor ischemia and hypoxia (Table 2).

Conversely, when PSs are transported by LDLs, early and
significant damage to cancer cells takes place, primarily
through necrotic and apoptotic processes.

8. Side effects and contraindications in PDT

PDT has relatively few contraindications. These include
hypersensitivity to the ingredients of topical preparations
used in the treatment of dermatological conditions and
diseases associated with photosensitivity (e.g., lupus and
porphyrias). Patients with porphyrias, a group of rare
metabolic diseases linked to impaired porphyrin synthesis,
may be at increased risk of photosensitization reactions. As
such, the use of PDT may be limited in these individuals.
People with advanced kidney or liver disease may have a
reduced ability to eliminate photosensitizing agents, which
could increase the risk of side effects. The safety of PDT
during pregnancy has not been fully investigated, and as a
precaution, it is generally recommended to avoid PDT in
pregnant women, particularly during the first trimester. It
is worth emphasizing that each case should be considered
individually, with decisions regarding the use of PDT made
by the attending physician, who must take into account the
patient’s overall health and the specifics of their condition.
Regardless, side effects manifest as a modulation of the
inflammatory response and local immunosuppression,
which may result in pain, burning, swelling, and redness
at the irradiation site. These symptoms typically resolve
within a few hours after the procedure, although swelling
and erythema may persist for several days. A late side effect
may include hyper- or hypo-pigmentation at the treatment
site, particularly in patients with darker skin types. Skin
peeling is also a normal reaction to PDT. In addition, PDT
may increase the expression of antigens on the surface of
cancer cells, which can enhance the immune response.
General reactions such as fatigue or headache have also
been reported in some patients.

It is important to note that PDT has shown promising
results as a treatment for Barrett’s esophagus, though its
use may be limited due to certain undesirable effects.
With ongoing studies in modern laboratories and clinical
facilities, efforts are underway to improve the efficacy of
PDT while minimizing side effects. Furthermore, research
is exploring the potential impact of genetic abnormalities
on PDT effectiveness. By integrating the knowledge gained
so far, PDT has the potential to become a breakthrough
treatment in medicine.*

9. New perspectives in PDT

The heavy atom effect and chemical configuration play
crucial roles in enabling boron-dipyrromethene (BODIPY)
derivatives to generate 'O, for PDT. BODIPY and its
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Table 2. The most commonly used photosensitizers in photodynamic therapy

Photosensitizer Generic name Wavelength (nm) Application

Porphyrins Photofrin, 5-aminolevulinic acid 600 - 700 Skin (superficial), head and neck, internal tumors (sometimes)
Chlorophyllins Verteporfin 690 Eye diseases, mainly macular degeneration

Phthalocyanines Chlorine aluminum sulfonate 650 - 800 Surface and internal

Bacterioporphyrins Fotoditazin 600 - 700 Bacterial skin infections

Hematoporphyrin Tookad 763 Prostate cancer

derivatives are synthesized by reacting 2,2’-dipyrromethene
derivatives with boron trifluoride-diethyl ether complex
(BF,(C,H,),0) in the presence of triethylamine or
1,8-diazabicyclo5.4.0]undec-7-ene. Recent advancements
have led to the design and synthesis of BODIPY-based
platinum complexes for PDT, where the introduction of
platinum atoms has been shown to improve both solubility
and 'O, quantum yield.* BODIPY-hetero[5]helicene
compounds, which combine the structures of BODIPY
and hetero [5]helicene, have also been synthesized. These
compounds exhibit excellent optical properties and high
ISC efficiency, with ISC efficiency correlating to the
torsion angles of the compounds. Studies have explored
their potential as PDT agents, and one BODIPY-hetero[5]
helicene compound was found to effectively kill cancer
cells upon light exposure. The anticancer efficacy of this
compound was verified using clonogenic and MTT assays,
showing that they can effectively target and kill cancer
cells from various tissue origins, including U2-OS, MCEF-
7, and MDA-MB-231 cell lines after photo exposure [B].
PDT using aza-BODIPY has also been shown to induce
apoptosis in MCF-7 breast cancer cells by activating p53
and caspase 3. Flow cytometry analysis revealed that 28%
of the cells underwent apoptosis. Gene expression analysis
post-PDT exhibited downregulation of epidermal growth
factor, lymphoid enhancer-binding factor 1, WNT family
member 1, transcription factor 7, and transforming growth
factor beta receptor II genes, alongside upregulation of
caspase 3 and tumor protein P53. PDT also impairs cell
connectivity and affects the cell cycle. Notably, these
effects were not observed in control cells and MCF-7 cells
under dark field conditions, indicating that aza-BODIPY
possesses potent antitumor photodynamic activity.”>*

Boron-dipyrromethene compounds are widely utilized
invariousfields, particularlyin biomedicineand technology.
In biomedicine, BODIPYsare used as fluorescent probes for
bioimaging and as 'O, generators in PDT. They also serve as
fluorescent sensors, bioconjugate components, laser dyes,
and switches. In technology, BODIPYs are applied in solar
fuel generation, photovoltaic devices, antenna systems,
photoredox catalysis, photooxidation of organic pollutants,
and the photoinitiation of polymerization. A key challenge

in the development of BODIPY compounds is improving
their solubility in water and physiological media while
preventing the formation of non-fluorescent aggregates.
One promising approach is the incorporation of
hydrophilic fragments, such as polyethylene glycol (PEG),
N,N-bis(2-hydroxyethyl)amine, sugars, nucleotides, or
ionic groups (carboxylic, sulfuric, and ammonium acids)
into the BODIPY structure, which enhances their solubility
in water and prevents aggregation. The integration of PEG
into drugs improves their solubility in water, facilitates
cellular uptake, and increases the overall therapeutic
efficacy.™

The amphipathic polymer PS PEG-BODIPY was
developed as a carrier for DDS with real-time tracking
properties. Composed of a hydrophilic PEG segment
and a hydrophobic BODIPY segment, PEG-BODIPY
enables the encapsulation of anticancer drugs, such as
doxorubicin (DOX), into micelle spaces. These micelles
spontaneously self-assemble in aqueous environments
into bilayer amphiphilic polyethylene glycol-grafted
(PEGylated) BODIPY polymers. A cellular uptake study
of PEGylated BODIPY and DOX@PEGylated BODIPY
nanoformulations showed that MDA-MB-231 cells
endocytosed these nanoformulations within 24 h.** The
fluorescence intensity of PEGylated BODIPY significantly
increased with the concentration of nanoformulations, and
both types of nanoformulations were primarily localized in
lysosomes.

The results of studies on the anticancer effects of
PEGylated BODIPY and DOX@PEGylated BODIPY
nanopreparations demonstrated high phototoxicity
and low toxicity in dark conditions.*® Upon irradiation,
PEGylated BODIPYs exhibited cytotoxicity with an
IC50 of approximately 25 nM, whereas DOX®PEGylated
BODIPYs showed even stronger phototoxicity, with
an IC50 of around 10 nM. The higher IC50 for DOX@
PEGylated BODIPY can be attributed to the combination
of BODIPY-mediated PDT and DOX chemotherapy.

In DOX®PEGylated BODIPY nanopreparations,
BODIPY compounds generate 'O, during light irradiation,
not only inducing phototoxicity in cancer cells but also
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promoting the degradation of the nanopreparations. This
degradation facilitates the release of DOX into the cell
nucleus, thereby enabling the combined action of PDT and
chemotherapy. In conclusion, these micelles can serve as
nanocarriers for chemotherapeutic drugs such as DOX,
thus enabling a dual treatment approach of photodynamic
and chemotherapeutic anticancer treatment. The
synthesized water-soluble BODIPY dyes, designated 24
and 25, modified with PEG, showed improved solubility
and fluorescence quantum yield in water while minimizing
the tendency to aggregate.”

BODIPY conjugates 24 and 25 demonstrated no toxicity
to MCF-7 cells at low concentrations for 24 h. These
dyes were permeable to MCF-7 cells and accumulated
in the cytoplasm, as confirmed by confocal microscopy.
These findings highlight the promising potential of these
conjugates for use in fluorescence bioimaging.*®

By combining the modified BODIPY with hydrophilic
PEG, the amphipathic polymer PEG-BODIPY 26 was
synthesized, exhibiting effective PDT capabilities with
“favorable” phototoxicity against HepG2 and 4T1 cell
lines. Amphiphilic macromolecules 26 can self-assemble
into micelles of appropriate size, allowing for long-term
circulation in the body and targeted accumulation in tumor
sites. Polymer PEG-BODIPY 26 functions both as a PS and
as a fluorescent probe, presenting excellent therapeutic and
imaging properties in vitro and in vivo.

Aza-BODIPYs are structural analogs of organic
dyes from the group of 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacenes (i.e., BODIPY), known for their high
fluorescence quantum yield, photostability, and absorption
and emission properties. These compounds -exhibit
absorption and emission across the visible light to near-
infrared spectrum. Some aza-BODIPY derivatives also
contain photosensitizing groups. Photosensitization is a
process in which a PS absorbs light and transfers energy
to another substance, inducing a chemical or physical
reaction. These derivatives are employed in PDT for
cancer treatment, using their ability to generate reactive
oxygen species under light exposure. In medicine,
photosensitization is most commonly associated with PDT.
Tetraaryl aza-BODIPY, a derivative that serves as the basis
for constructing a PS, exhibits absorption properties within
the therapeutic window, ensuring effective treatment while
minimizing toxicity and side effects. Due to the presence of
a heavy atom, this compound can efficiently generate 'O,.
Another effective PS used in PDT is the biotin-conjugated
aza-BODIPY derivative, obtained through Sonogashira
coupling. This modification increases the compound’s
affinity for cancer cells, making it more effective compared
to other PSs.*

Zinc(IIT)-dipicolylamine  di-iodo-BODIPY is a
chemical complex that has attracted significant interest
due to its unique properties and potential applications in
various scientific and technological fields. This compound,
which consists of a zinc atom, dipicolylamine, and
di-iodine BODIPY, represents an innovative combination
in coordination chemistry.

These properties make zinc(III)-dipicolylamine
di-iodo-BODIPY highly useful in nanotechnology, where
it can be employed to construct nanomaterials with
specific properties. Moreover, the compound’s fluorescent
capabilities open up applications in biochemistry, enabling
the tracking of cells and chemicals in living organisms.
In medical diagnostics, this complex can be utilized
for tissue imaging, contributing to the advancement of
modern diagnostic techniques. Its unique properties make
it valuable across emerging fields of science, advancing
progress in optical materials, nanotechnology, cell biology,
and medical diagnostics. Furthermore, its ability to
interact with metal ions allows for use in ion recognition
and separation processes, which are applied in various
branches of chemistry. Its fluorescence also enables
precise tracking of biological processes at the cellular
level, which is critical for analyzing disease mechanisms
and molecular interactions. The compound’s ability to
enhance contrast can help identify pathological changes
at early stages, a crucial factor for effective diagnosis
and treatment. Moreover, this compound has potential
applications in optical sensors, where its responsiveness
to specific chemicals or ions can facilitate the detection
and monitoring of various chemical processes.” Recent
advancements in PDT utilizing nanotechnology, including
the use of quantum dots as innovative PSs or energy donors,
along with the combination of PDT with radiotherapy
and immunotherapy, represent promising future
approaches for cancer treatment.” The incorporation of
PSs into conjugated polymer NPs has proven beneficial
by improving 'O, formation through effective energy
transfer. The evolution of nanotechnology has emerged
as a promising avenue for enhancing the performance
of existing PSs and overcoming significant challenges in
cancer PDT.*? In addition, silicon phthalocyanines are
recognized as suitable PSs for PDT due to their ability to
generate 'O, with a long triplet lifetime.*

10. Future clinical prospects of PDT

Convincing clinicians and experienced doctors to adopt
PDT in clinical practice remains challenging due to
the ongoing development of this treatment in cancer
therapy. Treatment regimens still require optimization
and standardization to ensure improved therapeutic
efficacy. Moreover, unfavorable side effects have been
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reported during PDT, but these were primarily due to the
use of inappropriate treatment protocols. For this reason,
researchers emphasize that, with the appropriate selection
of PSs and continuously refined therapy techniques,
undesirable effects can be minimized or avoided. In
the development of PDT, a key focus should be on the
potential for combining PDT with other treatment
modalities, such as immunotherapy or gene therapy. Such
combinations could significantly enhance the efficiency
and effectiveness of PDT in cancer treatment, leading
to improved clinical outcomes. Furthermore, ongoing
advancements in PDT involve the development of more
advanced phototherapy technologies and the refinement
of personalized treatment approaches, which tailor
therapy to individual patients based on their specific
needs and symptoms. For PDT to be a more effective
tool in cancer therapy, efforts must focus on improving
its selectivity and precision, that is, further research
into better methods of delivering PSs to target areas and
increasing the selectivity of PDT in killing pathological
cells while sparing healthy tissues. In addition, optimizing
treatment protocols, including determining the ideal
PS doses, light exposure durations, and overall therapy
length, could significantly increase the effectiveness of
PDT.

11. Conclusion

Despite its current successes, PDT continues to evolve and
requires further research and innovation to fully realize its
potential in treating various conditions. Both pre-clinical
and clinical studies have yielded promising results regarding
PDT as an effective method for treating cancers of various
locations and stages. For PDT to be widely accepted by
medical professionals as a legitimate treatment option, its
evolving mechanism and the positive outcomes observed
in past research must be acknowledged. To successfully
incorporate PDT into clinical practice, physicians need
comprehensive training not only in the technique itself
but also in the proper use of PSs, which are critical to the
therapy’s effectiveness. Unfortunately, mastering PDT for
cancer treatment requires an extended learning process,
partly due to the risk of side effects if the light activates
the PS in normal tissues, potentially causing harm. Despite
these challenges, the promising results suggest that PDT
could become a key therapeutic approach in the fight
against cancer.

Acknowledgments

None.

Funding

None.

Conflict of interest

The authors declare that they have no competing interests.

Author contributions

Conceptualization: All authors
Writing — original draft: All authors
Writing - review & editing: All authors

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Availability of data
Not applicable.

References

1. Kessel, D. Photodynamic therapy: A brief history. J Clin
Med. 2019;8(10):1581.

doi: 10.3390/jcm8101581

2. Chilakamarthi U, Giribabu L. Photodynamic therapy: Past,
present and future. Chem Rec. 2017;17(8):775-802.

doi: 10.1002/tcr.201600121

3. Nowis D, Makowski M, Stoklosa T, Legat M, Issat T, Gotab J.
Direct tumor damage mechanisms of photodynamic
therapy. Acta Biochim Pol. 2005;52(2):339-352.

4. Kwiatkowski S, Knap B, Przystupski D, et al. Photodynamic
therapy - mechanisms, photosensitizers and combinations.
Biomed Pharmacother. 2018;106:1098-1107.

doi: 10.1016/j.biopha.2018.07.049

5. Luketich JD, Christie NA, Buenaventura PO, Weigel TL,
Keenan RJ, Nguyen NT. Endoscopic photodynamic therapy
for obstructing esophageal cancer: 77 cases over a 2-year
period. Surg Endosc. 2000;14(7):653-657.

doi: 10.1007/s004640000144

6. Bown SG, Rogowska AZ, Whitelaw DE, et al. Photodynamic
therapy for cancer of the pancreas. Gut. 2002;50(4):549-557.

doi: 10.1136/gut.50.4.549

7. Abulafi AM, Allardice JT, Williams NS, van Someren N,
Swain CP, Ainley C. Photodynamic therapy for malignant
tumours of the ampulla of Vater. Gut. 1995;36(6):853-856.

doi: 10.1136/gut.36.6.853

8. van Duijnhoven FH, Rovers JP, Engelmann K, et al.
Photodynamic  therapy  with  5,10,15,20-tetrakis(m-
hydroxyphenyl) bacteriochlorin for colorectal liver
metastases is safe and feasible: Results from a phase I study.
Ann Surg Oncol. 2005;12(10):808-816.

Volume 8 Issue 2 (2025)

doi: 10.36922/itps.4559


https://dx.doi.org/10.36922/itps.4559
http://dx.doi.org/10.3390/jcm8101581
http://dx.doi.org/10.1002/tcr.201600121
http://dx.doi.org/10.1016/j.biopha.2018.07.049
http://dx.doi.org/10.1007/s004640000144
http://dx.doi.org/10.1136/gut.50.4.549
http://dx.doi.org/10.1136/gut.36.6.853

INNOSC Theranostics and
Pharmacological Sciences

The biochemical and biophysical guide for photodynamic therapy

10.

11.

12.

13.

14.

15.

16.

17.

18.

doi: 10.1245/AS0.2005.09.005

DeWitt JM, Sandrasegaran K, O’Neil B, et al. Phase 1 study
of EUS-guided photodynamic therapy for locally advanced
pancreatic cancer. Gastrointest Endosc. 2019;89(2):390-398.

doi: 10.1016/j.gie.2018.09.007

Yano T, Wang KK. Photodynamic therapy for gastrointestinal
cancer. Photochem Photobiol. 2020;96(3):517-523.

doi: 10.1111/php.13206

Huggett MT, Jermyn M, Gillams A, et al. Phase I/II study
of verteporfin photodynamic therapy in locally advanced
pancreatic cancer. Br ] Cancer. 2014;110(7):1698-1704.

doi: 10.1038/bjc.2014.95

Lightdale CJ, Heier SK, Marcon NE, et al. Photodynamic
therapy with porfimer sodium versus thermal ablation
therapy with Nd: YAG laser for palliation of esophageal
cancer: A multicenter randomized trial. Gastrointest Endosc.
1995;42(6):507-512.

doi: 10.1016/s0016-5107(95)70002-1

Kashtan H, Konikoff F, Haddad R, Skornick Y. Photodynamic
therapy of cancer of the esophagus using systemic
aminolevulinic acid and a non laser light source: A phase I/
1I study. Gastrointest Endosc. 1999;49(6):760-764.

doi: 10.1016/50016-5107(99)70297-x

Kato H, Horai T, Furuse K, et al. Photodynamic therapy for
cancers: A clinical trial of porfimer sodium in Japan. Jpn |
Cancer Res. 1993;84(11):1209-1214.

doi: 10.1111/j.1349-7006.1993.tb02823.x

Maier A, Tomaselli F Matzi V, Rehak P, Pinter H,
Smolle-Jittner FM. Does new photosensitizer improve
photodynamic therapy in advanced esophageal carcinoma?
Lasers Surg Med. 2001;29(4):323-327.

doi: 10.1002/lsm.1124

Da Cruz Andrade PV, Euzebio Alves VT, de Carvalho VE
et al. Photodynamic therapy decrease immune-inflammatory
mediators levels during periodontal maintenance. Lasers
Med Sci. 2017;32(1):9-17.

doi: 10.1007/s10103-016-2076-7

Kelty CJ, Ackroyd R, Brown NJ, Stephenson TJ, Stoddard CJ,
Reed MW. Endoscopic ablation of Barrett’s oesophagus:
A randomized-controlled trial of photodynamic therapy vs.
argon plasma coagulation. Aliment Pharmacol. 2004;20(11-
12):1289-1296.

doi: 10.1111/j.1365-2036.2004.02277.x

Kohoutova D, Haidry R, Banks M, et al. Long-term
outcomes of the randomized controlled trial comparing
5-aminolaevulinic acid and Photofrin photodynamic
therapy for Barrett’s oesophagus related neoplasia. Scand |
Gastroenterol. 2018;53(5):527-532.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

doi: 10.1080/00365521.2017.1403646

Ackroyd R, Brown NJ, Davis MFE et al. Photodynamic
therapy for dysplastic Barrett’s oesophagus: A prospective,
double blind, randomised, placebo controlled trial. Gut.
2000;47(5):612-617.

doi: 10.1136/gut.47.5.612

Gray J, Fullarton GM. Long term efficacy of Photodynamic
Therapy (PDT) as an ablative therapy of high grade dysplasia
in Barretts oesophagus. Photodiagnosis Photodyn Ther.
2013;10(4):561-565.

doi: 10.1016/j.pdpdt.2013.06.002

Hage M, Siersema PD, van Dekken H, et al. 5-aminolevulinic
acid photodynamic therapy versus argon plasma coagulation
for ablation of Barretts oesophagus: A randomised trial.
Gut. 2004;53(6):785-790.

doi: 10.1136/gut.2003.028860

Kim EJ, Mangold AR, DeSimone JA, et al. Efficacy and
safety of topical hypericin photodynamic therapy for early-
stage cutaneous T-cell lymphoma (mycosis fungoides): The
FLASH phase 3 randomized clinical trial. JAMA Dermatol.
2022;158(9):1031-1039.

doi: 10.1001/jamadermatol.2022.2749

Séguier S, Souza SL, Sverzut AC, et al. Impact of
photodynamic therapy on inflammatory cells during
human chronic periodontitis. | Photochem Photobiol B.
2010;101(3):348-354.

doi: 10.1016/j.jphotobiol.2010.08.007

Wu C, Qiu X, He C, Ci C. Effect of 5-aminolevulinic acid
photodynamic therapy with transfer factor capsules in
the treatment of multiple plantar warts. Biomed Res Int.
2022;2022:1220889.

doi: 10.1155/2022/1220889

Theodoraki MN, Lorenz K, Lotfi R, et al. Influence
of photodynamic therapy on peripheral immune cell
populations and cytokine concentrations in head and neck
cancer. Photodiagnosis Photodyn Ther. 2017;19:194-201.

doi: 10.1016/j.pdpdt.2017.05.015

Thanos SM, Halliday GM, Damian DL. Nicotinamide reduces
photodynamic therapy-induced immunosuppression in
humans. Br ] Dermatol. 2012;167(3):631-636.

doi: 10.1111/j.1365-2133.2012.11109.x

De Moraes M, de Vasconcelos RC, Longo JP, et al. Effects
of photodynamic therapy mediated by nanoemulsion
containing chloro-aluminum phthalocyanine: A histologic
and immunohistochemical study in human gingiva.
Photodiagnosis Photodyn Ther. 2015;12(4):592-597.

doi: 10.1016/j.pdpdt.2015.10.009
Evangelou G, Farrar MD, Cotterell L, et al. Topical

Volume 8 Issue 2 (2025)

doi: 10.36922/itps.4559


https://dx.doi.org/10.36922/itps.4559
http://dx.doi.org/10.1245/ASO.2005.09.005
http://dx.doi.org/10.1016/j.gie.2018.09.007
http://dx.doi.org/10.1111/php.13206
http://dx.doi.org/10.1038/bjc.2014.95
http://dx.doi.org/10.1016/s0016-5107(95)70002-1
http://dx.doi.org/10.1016/s0016-5107(99)70297-x
http://dx.doi.org/10.1111/j.1349-7006.1993.tb02823.x
http://dx.doi.org/10.1002/lsm.1124
http://dx.doi.org/10.1007/s10103-016-2076-7
http://dx.doi.org/10.1111/j.1365-2036.2004.02277.x
http://dx.doi.org/10.1080/00365521.2017.1403646
http://dx.doi.org/10.1136/gut.47.5.612
http://dx.doi.org/10.1016/j.pdpdt.2013.06.002
http://dx.doi.org/10.1136/gut.2003.028860
http://dx.doi.org/10.1001/jamadermatol.2022.2749
http://dx.doi.org/10.1016/j.jphotobiol.2010.08.007
http://dx.doi.org/10.1155/2022/1220889
http://dx.doi.org/10.1016/j.pdpdt.2017.05.015
http://dx.doi.org/10.1111/j.1365-2133.2012.11109.x
http://dx.doi.org/10.1016/j.pdpdt.2015.10.009

INNOSC Theranostics and
Pharmacological Sciences

The biochemical and biophysical guide for photodynamic therapy

29.

30.

31

32.

33.

34.

35.

photodynamic therapy significantly reduces epidermal
Langerhans cells during clinical treatment of basal cell
carcinoma. Br ] Dermatol. 2012;166(5):1112-1115.

doi: 10.1111/j.1365-2133.2012.10823.x

Pourabbas R, Kashefimehr A, Rahmanpour N, Babaloo Z,
Kishen A, Tenenbaum HC. Effects of photodynamic therapy on
clinical and gingival crevicular fluid inflammatory biomarkers
in chronic periodontitis: A split-mouth randomized clinical
trial. J Periodontol. 2014;85(9):1222-1229.

doi: 10.1902/jop.2014.130464

Wang KK, Lutzke L, Borkenhagen L, et al. Photodynamic
therapy for Barrett’s esophagus: Does light still have a role?
Endoscopy. 2008;40(12):1021-1025.

doi: 10.1055/5-0028-1103405

Qi E Yuan H, Chen Y, et al. BODIPY-based monofunctional
Pt (II) complexes for specific photocytotoxicity against
cancer cells. J Inorg Biochem. 2021;218:111394.

doi: 10.1016/j.jinorgbio.2021.111394

Koli M, Gupta S, Chakraborty S, et al. Design and Synthesis
of BODIPY-Hetero[5]helicenes as Heavy-atom-free triplet
photosensitizers for photodynamic therapy of cancer.
Chemistry. 2023;29(57):€202301605.

doi: 10.1002/chem.202301605

Elgun T, Yurttas AG, Cinar K, Ozcelik S, Gul A. Effect of
aza-BODIPY-photodynamic therapy on the expression
of carcinoma-associated genes and cell death mode.
Photodiagnosis Photodyn Ther. 2023;44:103849.

doi: 10.1016/j.pdpdt.2023.103849

Zhang J, Wang N, Ji X, Tao Y, Wang J, Zhao W. BODIPY-
based fluorescent probes for biothiols. Chemistry.
2020;26(19):4172-4192.

doi: 10.1002/chem.201904470

Antina E, Bumagina N, Marfin Y, et al. BODIPY conjugates
as functional compounds for medical diagnostics and
treatment. Molecules. 2022;27(4):1396.

doi: 10.3390/molecules27041396

36.

37.

38.

39.

40.

41.

42,

43.

Barattucci A, Gangemi CM, Santoro A, Campagna S,
Puntoriero F, Bonaccorsi P. Bodipy-carbohydrate systems:
Synthesis and bio-applications. Org Biomol Chem.
2022;20(14):2742-2763.

doi: 10.1039/d10b02459k

Das S, Dey S, Patra S, et al. BODIPY-based molecules for
biomedical applications. Biomolecules. 2023;13(12):1723.

doi: 10.3390/biom13121723

Ma C, Zhang T, Xie Z. Leveraging BODIPY nanomaterials
for enhanced tumor photothermal therapy. ] Mater Chem B.
2021;9(36):7318-7327.

doi: 10.1039/d1tb00855b

Chang HJ, Bondar MV, Munera N, et al. Femtosecond
spectroscopy and nonlinear optical properties of
aza-BODIPY  derivatives in  solution.  Chemistry.
2022;28(17):e202104072.

doi: 10.1002/chem.202104072

Prieto-Montero R, Prieto-Castafieda A, Sola-Llano R,
et al. Exploring BODIPY derivatives as singlet oxygen
photosensitizers  for ~ PDT.  Photochem  Photobiol.
2020;96(3):458-477.

doi: 10.1111/php.13232
Alvarez N, Sevilla A. Current advances in photodynamic

therapy (PDT) and the future potential of PDT-combinatorial
cancer therapies. Int ] Mol Sci. 2024;25(2):1023.

doi: 10.3390/ijms25021023

Singh N, Sen Gupta R, Bose S. A comprehensive review on
singlet oxygen generation in nanomaterials and conjugated
polymers for photodynamic therapy in the treatment of
cancer. Nanoscale. 2024;16(7):3243-326842.

doi: 10.1039/d3nr05801h

Kose GG, Erdogmus A. Dual effect of light and ultrasound
for efficient singlet oxygen generation with novel diaxial
silicon phthalocyanine sensitizer. Photochem Photobiol.
2024;100(1):52-66.

doi: 10.1111/php.13834

Volume 8 Issue 2 (2025)

30

doi: 10.36922/itps.4559


https://dx.doi.org/10.36922/itps.4559
http://dx.doi.org/10.1111/j.1365-2133.2012.10823.x
http://dx.doi.org/10.1902/jop.2014.130464
http://dx.doi.org/10.1055/s-0028-1103405
http://dx.doi.org/10.1016/j.jinorgbio.2021.111394
http://dx.doi.org/10.1002/chem.202301605
http://dx.doi.org/10.1016/j.pdpdt.2023.103849
http://dx.doi.org/10.1002/chem.201904470
http://dx.doi.org/10.3390/molecules27041396
http://dx.doi.org/10.1039/d1ob02459k
http://dx.doi.org/10.3390/biom13121723
http://dx.doi.org/10.1039/d1tb00855b
http://dx.doi.org/10.1002/chem.202104072
http://dx.doi.org/10.1111/php.13232
http://dx.doi.org/10.3390/ijms25021023
http://dx.doi.org/10.1039/d3nr05801h
http://dx.doi.org/10.1111/php.13834

ACCSCIENCE
PUBLISHING

INNOSC Theranostics
and Pharmacological Sciences

TThese authors contributed equally
to this work.

*Corresponding author:
Najeeb Ullah
(drnajeeb.ibms@kmu.edu.pk)

Citation: Ameer MK, lkram M,
Khan MI, Wahab F, Naseer M,
Ullah N. Emerging biomarkers

in major depressive disorder:
Diagnostic, prognostic, and
therapeutic implications. INNOSC
Theranostics and Pharmacological
Sciences. 2025;8(2):31-45.

doi: 10.36922/itps.4404

Received: August 1, 2024
Revised: November 19, 2024
Accepted: December 16, 2024

Published online: January 10,
2025

Copyright: © 2025 Author(s).
This is an Open-Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations

REVIEW ARTICLE

Emerging biomarkers in major depressive
disorder: Diagnostic, prognostic, and therapeutic
implications

Muhammad Kamran Ameer"?"2, Muhammad lkram3,
Muhammad Imran Khan*?, Fazal Wahab*, Muhammad Imran Naseer>'?,
and Najeeb Ullah?'*

'Department of Anatomy, Company Multan Medical and Dental College, Multan, Pakistan

2Institute of Basic Medical Sciences, Khyber Medical University, Peshawar, Pakistan

3Institute of Pharmaceutical Sciences, Khyber Medical College, Peshawar, Pakistan

“Pak Austria Fachhochschule: Institute of Applied Sciences and Technology, Mang, Haripur, Pakistan

SDepartment of Medical Laboratory Technology, Faculty of Applied Medical Sciences, Institute of
Genomic Medicine Sciences, King Abdulaziz University, Jeddah, Saudi Arabia

Abstract

Recent advancements in biomarker research for the diagnosis, prognosis, and
treatment strategies of major depressive disorder (MDD) have yielded significant
findings that warrant documentation. The clinical demand for biomarkers persists
due to the limited accuracy and efficiency of subjective diagnostic approaches. This
review scrutinized research papers related to MDD biomarkers published between
January 2011 andtill July 2024, focusing exclusively on human studies with statistically
significant results. The compiled biomarkers encompass cellular membrane
receptors, cytoplasmic organelles, and genomic and epigenomic intranuclear
markers. Cell surface molecular receptors implicated in MDD pathogenesis include
brain-derived neurotrophic factor (BDNF) receptors, N-methyl D-aspartate receptors
(NMDAR), and interleukin (IL) receptors. Endogenous compounds with diagnostic
and prognostic potential, such as L-carnitine and alpha-L-carnitine, have also been
identified. Transcriptomic biomarkers, including mRNA expression levels of the BDNF,
IL-18, macrophage migration inhibitory factor, and tumor necrosis factor-alpha
(TNF-a)), have demonstrated utility in MDD management. MicroRNAs (miRNAs), the
endogenous molecules that alter the structure of mRNA, show potential for diagnosis
and treatment outcome prediction, with miR-221-3p, miR-129-5p, miR-134, and
miR-184 emerging as key candidates for MDD monitoring. Long non-coding RNAs
(IncRNAs), such as GSK3BAS1, GSK3BAS2, and GSK3BAS3 have been investigated
for the evaluation of disease severity and treatment response. Most recently, the
pathological role of circular (circRNA) and DNA methylation in MDD has also been
documented. The rs155979 polymorphism in the IncRNA NOTHSAT102891 was
significantly associated with depression and risk of suicide. The data compiled in this
review aim to guide further research in the quest for biomarkers that will improve the
management of MDD.

Keywords: Biomarkers; Cell signaling markers; Intranuclear markers; Major depressive
disorder
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1. Introduction

Major depressive disorder (MDD), also known as
clinical depression, is characterized by a persistent
feeling of sadness and a loss of interest in daily activities,
significantly impairing social and physical functioning.
It is associated with an increased risk of self-harm and
substance abuse.! It has a remitting and relapsing course
and each episode lasts longer than 2 weeks. Due to poor
treatment response, the majority of patients progress
to chronic or treatment-resistant depression (TRD).
Worldwide, approximately 300 million people suffer from
this debilitating disease accounting for 3.4% of the global
population, with prevalence rates varying from across
countries.* In our part of the world specifically in South
Asia, this percentage is relatively low (3.0%) which may
be attributed to insufficient reporting, lack of awareness
about mental health disorders, and hesitancy in seeking
medical care due to social barriers.* According to global
health metric data, the years lived with disability due to
depressive disorders increased by 47% during the last three
decades for all ages and both sexes and marked MDD
as the third leading cause of disability globally.” Mental
health disorders impose an alarming burden on national
and international health budgets but even then MDD has
not received as much research attention as much as other
diseases, e.g., cardiovascular disease and cerebrovascular
accidents.® Despite extensive research, scientists could not
reveal much about MDD pathophysiology which led to a
rise in its prevalence and chronicity.

A biomarker is a computable biological measure that
directly correlates with the detection or absence of a specific
disease process, its severity, and/or its risk of evolving.
Biomarkers are the essential guide and presently the
keystone of disease management.” Biomarkers can serve as
trait markers when they define disease pathogenesis or as
state markers when they define the clinical progression of
a disease. Due to the lack of differentiating markers that
distinguish MDD from other disorders of this category,
such as bipolar disorder and generalized anxiety disorder,
diagnosis often takes months or even years and still relies
on decades-old patient-centered and clinician-centered
assessment interviews. Efficient disease management
demands biomarkers for screening purposes, prediction,
diagnosis, prognosis, and treatment response. However,
presently there is no officially approved biomarker for
highly prevalent MDD. Recently, various research projects
explored valid and reliable biomarkers for predicting and
diagnosing various forms of MDD, including early-onset
MDD, late-onset MDD, and TRD. In parallel, scientists have
probed biomarkers for predicting treatment responses to
various antidepressants, aiming to personalized treatment
and prevent TRD. Biomarker discovery has the potential

to save time and money while benefiting both patients and
physicians. Here, we have compiled potential biomarkers
for MDD authenticated by published literature.

1.1. Pathophysiology of MDD

MDD is believed to arise from complex interactions
between genetic, environmental, and biological factors.
The pathophysiology of MDD is multifaceted, involving
dysregulation in neurotransmitter systems, inflammation,
and neuroplasticity changes, collectively contributing to
the manifestation of depressive symptoms. It has been
reported that genetic predisposition plays a significant
role in the development of MDD. Family and twin
studies have consistently shown that MDD is heritable,
with heritability estimates ranging from 30% to 40%.°
Several genetic variants have been implicated in MDD,
including those affecting the serotonin transporter gene
(5-HTT) and the brain-derived neurotrophic factor
(BDNF) gene. Polymorphisms in these genes can influence
neurotransmitter function and neuroplasticity, thereby
increasing the risk of developing MDD.? Apart from genetic
variations, environmental stressors are also critical in
triggering depressive episodes, particularly in individuals
with a genetic predisposition. Adverse life events such as
childhood trauma, loss of a loved one, or chronic stress can
precipitate the onset of MDD. These stressors can activate
the hypothalamic-pituitary-adrenal (HPA) axis, leading to
increased production of cortisol, a stress hormone that has
been associated with depression.* Chronic stress can also
result in epigenetic changes, altering gene expression and
further contributing to the risk of MDD."

The monoamine hypothesis of depression posits
that dysregulation of neurotransmitters, such as
serotonin, norepinephrine, and dopamine, is central
to the pathophysiology of MDD. Reduced levels of
these neurotransmitters in the synaptic cleft can lead
to depressive symptoms. Antidepressant medications,
which increase the availability of these neurotransmitters,
provide indirect support for this hypothesis.'"'> The single
most potent neurotransmitter of the brain is glutamate
as it plays a major role in learning, cognition, and mood
stabilization by enhancing synaptogenesis and neuronal
plasticity. Stress induces neurons to secrete glutamate at
synaptic junctions, which strongly binds to the N-methyl
D-aspartate receptor (NMDAR), initiating downstream
signaling pathways. Blocking NMDAR or reducing
glutamate levels exerts a profound antidepressant effect,
as classically observed with ketamine administration in
patients with suicidal thoughts.”

Inflammation is increasingly recognized as a critical
component in the pathophysiology of MDD. Elevated
levels of pro-inflammatory cytokines, such as interleukin-6
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(IL-6) and tumor necrosis factor-alpha (TNF-a), have been
observed in individuals with MDD.'"* These cytokines
can influence brain function by altering neurotransmitter
metabolism, reducing neurogenesis, and disrupting
neuroplasticity. Inflammatory markers have also been
linked to treatment-resistant depression, highlighting their
potential role in MDD pathology."*

Neuroplasticity, the brain’s ability to reorganize and form
new neural connections, is impaired in MDD. Reduced
neuroplasticity in regions, such as the hippocampus and
prefrontal cortex, is associated with depressive symptoms.
The neurotrophic hypothesis suggests that decreased
levels of BDNF contribute to impaired neuroplasticity
and neurogenesis in MDD."* Antidepressant treatments
have been shown to increase BDNF levels and enhance
neuroplasticity, further supporting this hypothesis.'® The
HPA axis, which regulates the body’s response to stress, is
often dysregulated in individuals with MDD. Hyperactivity
of the HPA axis leads to elevated cortisol levels, which can
have deleterious effects on the brain, including hippocampal
atrophy and impaired neurogenesis.”” These changes can
contribute to the cognitive and emotional symptoms of
MDD. Normalizing HPA axis function is a target of some
antidepressant therapies, with the aim of reducing cortisol
levels and mitigating their negative impact on the brain.
The pathophysiology of MDD is not attributable to a single
factor but rather to the integration of various biological

:)
Genetic factors 3

systems. Dysregulation in neurotransmitter systems,
inflammation, and impaired neuroplasticity interact in
a complex manner to produce the symptoms of MDD.
Understanding these interactions is crucial for developing
more effective treatments. For example, combining anti-
inflammatory agents with traditional antidepressants may
enhance treatment efficacy for some patients.”® Figure 1
demonstrates the overall pathology of MDD.

2. Material and methods
2.1. Selection criteria

Research articles published from January 2011 till July
2024 were selected according to the following criteria:
(a) Studies in the English language, (b) studies in adult
humans diagnosed with MDD and compared with age-
matched healthy controls, (c) studies that applied valid
statistical tools to explore association, (d) Studies with a
sample size not <10, (e) all animal studies were excluded,
and (f) all randomized controlled trials and clinical trials
were selected.

2.2. Search strategy

Research papers were identified by searching PubMed
(https://pubmed.ncbi.nlm.nih.gov/) and Cochrane Library
(https://www.cochranelibrary.com) using the following
mesh words: Major depression, diagnostic biomarkers,
prognostic biomarkers, and genetic biomarkers. After

¥
_ e
Environmental stressor

HPA

axis dysregulation

Neuroinflammation

Neuroplasticity changes

Figure 1. Pathophysiology of MDD. Figure created by the authors.
Abbreviations: HPA: Hypothalamic-pituitary-adrenal; MDD: Major depressive disorder.
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removing duplicates, 568 articles in English were acquired.
Based on the title and abstract, only 80 articles met the
selection criteria. The search strategy is summarized in
Figure 2.

3. Findings and discussion
3.1. Cell surface signaling biomarkers

MDD has been linked to various pathological processes
activated by abnormal cellular signaling such as
inflammation and immune mediation. These signaling
pathways play a pivotal role in MDD pathogenesis and
their components may provide clues for diagnosing
MDD, predicting treatment response, or understanding
treatment resistance. Toll-like interacting protein and
vascular endothelial growth factor a (VEGFa) interact with
numerous signaling components through their receptors.
Both factors may serve as biomarkers for distinguishing
patients with MDD, especially those who suffered from
early childhood abuse.” Homocysteine acts as an agonist
over the N-methyl D-aspartate (NMDA) subtype of
glutamate receptor. Homocysteine can be a potential
biomarker for registering MDD among patients with acute
coronary syndrome.” Dehydroepiandrosterone sulfate
(DHEAS) is a well-known neurosteroid and is vital for
neuronal function through multiple cellular pathways. Its
plasma concentration has been declared as a biomarker for
treatment response.”’ With an animal model of depression,
Blugeot et al. demonstrated that decreased serum BDNF
levels along with normal corticosterone concentration may
serve as a predictive biomarker for MDD vulnerability.2
They also showed that the agonist of tropomyosin kinase
B (TrkB), a BDNF receptor, will lead to the alleviation of
MDD symptoms. Through multiplex bead-based assay
analysis, TNF-a. levels significantly differentiated cases of
high-risk TRD.” In the genome-based therapeutic drugs
for depression (GENDEP) study, participants were divided

586 records identified through database
searching and after duplicates removed

322 records excluded:

- 212 unrelated to MDD

- 87 disease control not MDD

- 15 without matched healthy control
- 8 animal studies

| 568 record@-’

246 full-text articles
assessed for eligibility

166 full-text excluded:
Not statistically Significant

80 studies selected
for systemic review

Figure 2. Flow chart for article selection
Abbreviation: MDD: Major depressive disorder.

into two groups to determine drug response in relation
to the baseline C reactive protein (CRP) levels, which
proved its role as a biomarker for treatment response.**
Druzhkova et al. pointed out the significant role of IL-6
and ciliary neurotrophic factor in the diagnosis of MDD
and observed an acute stress-induced rise in TNF-a and
glucose levels, suggesting the involvement of inflammatory
and metabolic pathways.” Tolahunase et al. utilized
elevated serum BDNF levels to validate MDD treatment
response and demonstrated that elevated sirtuin 1 levels
and decreased cortisol levels may also serve the same
purpose.”* Gadad et al. declared inflammatory proteins,
i.e., interferon-gamma and eotaxin/CCL1, as predictors of
treatment response in MDD patients.?

Bot et al. worked on signal transduction, cell
communication, and immune pathways to explore
biomarkers for active MDD and declared pancreatic
polypeptide, macrophage migration inhibitory factor
(MIF), ENRAGE, IL-1 receptor antagonist, tenascin-C
growth regulated alpha protein and von Willebrand factor
as useful biomarkers.”” On the other hand, Ramsey et al.
worked on inflammatory pathway profile and declared CRP,
trefoil factor 3, cystatin C, fetuin-A, B2-microglobulin,
CD5L, FASLG receptor, and TNF receptor 2 with
sufficient sensitivity and specificity (area under the curve
[AUC] =0.63) for male gender.”® Carboni et al. worked on
treatment response predictors and established baseline
cutoff values with significant accuracy and specificity for
IL-6, IL-10, and TNF-ot when using paroxetine, and for
CRP when using venlafaxine as an antidepressant.? Most
recently, Park et al. and Han et al. explored the role of a
novel brain-specific chemokine, family with sequence
similarity 19 member A5 (FAMI19A5), as a biomarker
for the pathogenesis of MDD. The researcher guaranteed
authenticity with a significant area under the curve
(AUC = 0.785), 60% sensitivity, and 100% specificity.***!
Yang et al. showed an excitatory relationship between
proBDNF/p75 neurotropic receptors (p75NTR) signaling
and inflammatory cytokines (IL-1f and IL-10) in the
peripheral blood mononuclear cells of subjects diagnosed
with MDD.”> A summary of the cell surface signaling
biomarkers in MDD is shown in Table 1.

3.2. Organelle-based or cytoplasmic biomarkers

L-carnitine and alpha L-carnitine are endogenous
compounds that promote the P-oxidation of long-chain
fatty acids in the mitochondria. Li- Juan et al. and Nasca
et al. utilized human samples and established these
compounds for diagnosing MDD, grading severity, and
assessing treatment response, with acceptable sensitivity
and specificity (AUC = 0.694 to 0.849).*** Du et al
demonstrated that glucocorticoid (GC) toxicity results in
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Table 1. Summary of cell surface signaling biomarkers in MDD

Biomarker Source/Type Role in MDD Key findings References

TOLLIP Immune cells Inflammation May distinguish MDD patients with childhood abuse 19

VEGF Blood Neurogenesis Potential diagnostic marker for MDD 30

Homocysteine Blood NMDAR agonist Potential biomarker for MDD in acute coronary syndrome patients 20

DHEAS Blood Neurosteroid Treatment response biomarker 21

BDNF Serum Neuroplasticity Predictive biomarker for MDD vulnerability 22

Abbreviations: BDNF: Brain-derived neurotrophic factor; DHEAS: Dehydroepiandrosterone sulfate; MDD: Major depressive disorder;

NMDAR: N-methyl D-aspartate receptors; TOLLIP: Toll-like interacting protein; VEGF: Vascular endothelial growth factor.

depression by stimulating the opening of mitochondrial p—

permeability transition pores through transcriptional | cowmm,canl,

upregulation of cyclophilin D.** Cyclophilin D inhibition \

using a mitochondria-targeted compound, mito-apocynin, ﬁ::::

and a GC receptor antagonist, mifepristone, protects L R
MATR3,RPLS

against mitochondrial dysfunction, synaptic loss, and
behavioral deficits induced by GC.**

4, Intranuclear biomarkers

Intranuclear biomarkers (Figure 3) are the product of
genetic machinery that playsa crucial cellular role including
neurogenesis, neuro-inflammation, receptor toxicity,
synaptogenesis, aging apoptosis, and mitochondrial
respiratory chain.”® The various intranuclear biomarkers
and their clinical relevance are shown in below Table 2.

4.1. Transcriptional biomarkers for MDD

Transcriptional biomarkers are the members of the
transcriptome family produced by DNA. They are broadly
classified into the transcriptome, encompassing protein-
coding RNAs (messenger RNAs; mRNAs) involved in
protein synthesis, and the epitranscriptome, encompassing
non-coding RNAs, such as microRNAs (miRs), long non-
coding RNAs (IncRNAs) and circular RNAs (circRNAs),
involved in the regulation of protein synthesis. Recent
advances in medical science have pointed out the
fundamental role of these genomic and epigenomic
components in the pathogenesis of highly intractable
diseases, especially cancers and neurological disorders.*>*

4.1.1. mRNA expression as biomarkers for MDD

The dissociation between “predictors” and “targets” of
antidepressant responders was first reported by Cattaneo
et al. who extensively explored mRNA-based biomarkers
for MDD management. MDD non-responders had
higher baseline mRNA levels of IL-13, MIF, and TNF-
o.. Antidepressants reduced these levels significantly but
there was no effect on disease severity. MDD remission
was associated with a significant rise in mRNA levels of
BDNF and vascular growth factor (VGF) and a decrease
in mRNA levels of IL-6 and GC receptor function-related

miR-221-3p
miR-16

| cgl4d72315

EEIRCOZES circRNA 2sk3pAS3
22029879
g24437859
circRNA_103636, circDYM
rs1126757 = et
circ_0059684, circ_0002387

206926818 [ \
cire_0072760, circ_0046702 |

cire_0030991, circ_0004976
cire_0007161, circ_0044623

Figure 3. Intranuclear biomarkers associated with MDD. Figure created
by the authors.

Abbreviations: BDNEF: Brain-derived neurotrophic factor;
circRNA: Circular RNA; IncRNA: Long non-coding RNAs; MDD: Major
depressive disorder; mRNA: Messenger RNA; miR: microRNA;
PDE-8A: phosphodiesterase 8A; SNCA: Alpha-synuclein.

FKBP-5.* Cattaneo et al. determined highly specific cutoft
values for MIF and IL-18 mRNA levels from peripheral
leukocytes that predict treatment response among MDD
patients from a registered cohort as well as an independent
cohort.”” Lin et at. demonstrated a significant role of the
mRNA expression levels of NMDAR genes (SRR, PSAT1,
GCAT, GADI1, NRG1, and COMT) in white blood cells
by plotting receiver operating characteristics curve for the
accurate diagnosis of drug naive MDD patients.*® Most
recently, significant differences in the phosphodiesterase
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Table 2. Intranuclear biomarkers and their clinical relevance in MDD

Biomarker Type Role in MDD Clinical utility References
mRNA of IL-1f Transcriptomic Inflammation Predicts treatment response 37
miR-221-3p Epitranscriptomic Post-transcriptional Diagnostic and prognostic marker 38
modification
gsk3PASI IncRNA Epitranscriptomic Synaptic plasticity Diagnostic and therapeutic marker 39
circRNA_103636 Epitranscriptomic Development Diagnostic marker with 73% sensitivity 40
stage-specific and 65% specificity
expression
DNA methylation of GSK3f gene Epigenetic Gene regulation Diagnostic marker with 100% 41

sensitivity and specificity

Abbreviations: circRNA: Circular RNA; IL: Interleukin; IncRNA: Long non-coding RNAs; MDD: Major depressive disorder;

mRNA: Messenger RNA; miR: microRNA.

8A (PDE-8A) mRNA editing profile have been observed in
brain areas, including the dorsolateral prefrontal cortex and
anterior cingulate gyrus, between depressed suicidal victims
and healthy controls. They further suggested that suicidal
ideation results from immune response-mediated brain
damage due to the involvement of PDE-8A, and that in the
future, this may act as a predictive biomarker for suicide.*
In the same year, Salvetat et al. invented an application
for estimating the mRNA editing profile of PDESA
from blood, saliva, and urine samples, demonstrating
its potential for identifying mood disorders, including
suicidal behavior.”” Rotter et al. discovered a positive
correlation between the RNA expression level of alpha-
synuclein (SNCA) and the severity of MDD - characterized
by the Hamilton Depression Rating Scale (HAM-D 17)
and Becks Depression Inventory (BDI-II) score.”® The
study showed that mRNA expression levels of SNCA, a
presynaptic membrane protein, could serve as a potential
biomarker for both diagnosis and grading MDD.* Most
recently, it has been documented that mRNA expression of
serotonin transporter (SERT) on the surface of peripheral
blood mononuclear cells (PBMCs) is significantly reduced
in subjects with MDD.*

4.1.2. miRs expression as biomarkers for MDD

miRs are small endogenous molecules consisting
of approximately 20 nucleotides that play a role in
post-transcriptional modification of mRNA. Several
neurobiological  processes including neurogenesis,
neuronal proliferation, and synaptic plasticity have been
linked to this epitranscriptome. As miR expression in the
peripheral circulating cells changes both during MDD
progression and remission, their levels could serve as
potential biomarkers and may facilitate the management
of intricate MDD.* Differential expression (DE) of
miR can be determined through tissues (e.g., brain),
cells (e.g., lymphocytes and monocytes), and body fluid
exosomes (e.g., blood, urine, and saliva).”*> A summary

of significant miR expression patterns for MDD diagnosis
and treatment response is given in Table 3 and Table 4.

Torres-Berrio et al. documented that miR-218
expression in the prefrontal cortex significantly correlates
with susceptibility to depression and its expression can
be detected in the blood as well.®® Feng et al. identified
miR-221-3p expression in human serum and suggested
that it can predict depressed mood.*® Their work revealed
that IFN-a-induced activation of nuclear factor kappa
B (NF-xB) in astrocytes, mediated by miR-221-3p
targeting of IRF2, may be one of the potential mechanisms
underlying MDD.

4.1.3. IncRNA expression as biomarkers for MDD

Non-coding RNAs are pivotal for many cellular functions,
such as splicing, gene regulation, chromosome structure
regulation, and hormone-like activity. IncRNAs, which
range from 200 to several hundred nucleotides, have
recently been explored as genetic biomarkers for various
diseases. While protein and DNA constitute the majority of
chromatin, an increasing number of studies have revealed
that IncRNAs occupy a large portion of chromatin and act
as regulators of nuclear architecture and the expression of
nuclear chromatin as coding RNA (genomic role) or non-
coding RNA (epigenomic role).”

Liu et al. were the first to link co-expression of IncRNA
and mRNA with MDD pathogenesis. Chromosomal
regions chr10:874695-874794, chr10:75873456-75873642,
and chr3:47048304-47048512 were identified as major
sites co-expressions associated with MDD. Gene ontology
(GO) and pathway analyses revealed metabolic pathway
and neurodevelopment disease (Alzheimer’s disease and
Parkinson’s disease) pathways.”” Two studies examined
the DE of IncRNAs in PBMCs among patients of
schizophrenia (SZ), MDD, and generalized anxiety disorder
(GAD).”*?  After cross-validation, six downregulated
IncRNAs (TCONS_00019174, ENST00000566208,
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Table 3. miR expression for MDD diagnosis

Tissue miR Expression Associated signaling pathways References
PBMCs (human) Upregulated GO, KEGG, and BioCarta 53
miR-26b, miR-4743, miR-4498, miR-4485 and miR-1972
PBMCs (human) Upregulated Wnt/VEGF/mTOR/ErbB pathways 51
miR-26b, miR-1972, miR-4485, miR-4498, and miR-4743
Downregulated
miR-338
CSF (human) Upregulated Serine protein kinases 54
miR-125a-5p, miR-30a-5p, let-7d-3p, miR-34a-5p, miR-221-3p, SHT/CRH/Glu/Wnt/VEGF/mTOR/
miR-29b-3p, miR-10a-5p, miR-375, miR-155-5p, miR-33a-5p, ErbB/LTD pathways
miR-139-5p.
Downregulated
miR-185-5p, miR-590-5p
miR-106b-5p, miR-15Bb-5p, miR-451a
Serum (human) Upregulated
miR-221-3p, miR-34a-5p, let-7d-3p
Downregulated
miR-451
CSF and serum Downregulated Serotonin pathway 55
(human and rat) miR-16
PBMCs Upregulated Wnt/mTOR/ErbB/insulin/Jak-STAT 56
miR-199a-5p, miR-24-3p and miR-425-3p pathway
Downregulated
miR-1915-3p, let-7a-5p, let-7d-5p and let-7f-5p
Blood Upregulated BRPF1 (required for mouse 57
(human) pmiR-chrl1, miR-3158-3p, miR-433, miR-3944-5p hippocampus development)
Downregulated
miR-1275, miR-4516, miR-30e-3p, miR-148b-3p
Hippocampus Downregulated NO and cytokines inflammatory 58
(mouse) miR-124 pathway
PBMCs, Downregulated TLR4 signaling pathway 59
monocytes PBMC: let-7e, miR-146a, and miR-155
(human) Monocytes: miR-146a and miR-155
(Both upregulated after treatment)
Plasma (human) Downregulated 60
miR-184
PBMCs (human) Upregulated CC chemokine receptor activity, T 47
ENSG00000238243.3_1, ENSG00000126353.3_2 cell receptor pathways.
ENSG00000198034.10_1, ENSG00000254996.5_2
ENSG00000184613.10_2, ENSG00000139193.3_2
ENSG00000101224.17_1, ENSG00000197153.4_2
ENSG00000103064.13_2, ENSG00000256235.1_1
Downregulated
ENSG00000150991.14_2, ENSG00000172057.9_2
Plasma (human) Upregulated Microglial activation pathway 61
Hippocampus, miR-134
PFC (rat)
Extracellular Downregulated Microglial activation pathway 62
vesicles miR-92a-3p
miR-129-5p
PFC miR-194-5p, miR-25-3p, miR-125-5p Th17 differentiation in the immune 63

system

Abbreviations: BRPF1: Bromodomain and PHD finger-containing protein 1; CSF: Cerebrospinal fluid; CRH: Corticotropin releasing
hormone; Glu: Glutamate; IncRNA: Long non-coding RNAs; LTD: Long-term depression; MDD: Major depressive disorder; miR: microRNA;
mTOR: Mammalian target of rapamycin; NO: Nitric oxide; PBMC: Peripheral blood mononuclear cells; PFC: Prefrontal cortex; VEGF: Vascular

endothelial growth factor; 5HT: 5 — hydroxyl tryptan.

Volume 8 Issue 2 (2025) 37 doi: 10.36922/itps.4404


https://dx.doi.org/10.36922/itps.4404

INNOSC Theranostics and
Pharmacological Sciences

MDD biomarkers: Clinical implications

Table 4. MiR expression for MDD treatment response

Tissue/Sample miR Expression Associated signaling pathways References
PBMCs (Human) Upregulated GO, KEGG and BioCarta 53
miR-4743, miR-4498, miR-4485 and miR-1972
Downregulated
miR-4485
Plasma and PFC Downregulated MAPK/Wnt 52
(human) miR-146a-5p, miR-146b-5p, miR-24-3p and miR-425-3p
Plasma (mouse)
Plasma, exosome Upregulated MAPK and Wnt 64
EDP, PNBCs miR-26a (in EDP - exosomes depleted plasma)
miR-494 (in exosomes and EDP)
Among MDD-treated patients
Plasma (human) Upregulated Morphogenesis, COPII vesicle coating, 65
miR-16-5p, miR-146a-5p and miR-21-5p IP3 metabolic process, apoptotic process,
cytoplasmic stress granule, NO metabolic
process, NO synthase, and virion assembly
PBMCs (human) Upregulated Prion diseases (TGF() and morphine 66
miR-27a-3p, miR-197-3p, miR-22-5p, miR-221-3p, addiction signaling pathways
miR-126-3p, miR-128-1-5p, miR-30b-5p, miR-339-3p,
miR-301a-3p, miR-345-5p, miR-505-3p, miR-1249,
miR-132-3p, miR-550a-5p, miR-589-5p, miR-769-5p,
miR-10b-5p, miR-210-3p, miR-628-3p, let-7d-3p,
miR-148a-5p, miR-155-5p, miR-140-3p, miR-150-3p,
miR-181a-5p, miR-24-3p, miR-629-5p, let-7a-3p,
miR-194-5p, miR-28-3p, miR-378a-3p, miR-6852-5p,
miR-7706
Plasma (human) Upregulated MAPK and Wnt 67

miR-135a-5p (the higher the miR-135a-5p expression, the

faster the remission.)

Abbreviations: EDP: Exosomes depleted plasma; IncRNA: Long non-coding RNAs; MDD: Major depressive disorder; miR: microRNA;
MAPK: Mitogen-activated protein kinase; NO: Nitric oxide; PBMC: Peripheral blood mononuclear cells; PFC: Prefrontal cortex; PNBC: Peripheral

nucleated blood cells; TGFf: Transforming growth factor beta.

NONHSAG045500, ENST00000517573, NONHSAT034045,
and NONHSAT142707) were found highly sensitive and
specific for the diagnosis of MDD (AUC = 0.719). Seki
et al. discovered RMRP, a nuclear DNA-encoded IncRNA
and a component of nuclear RNase mitochondrial RNA
processing (MRP) complex, as a potential biomarker for
the diagnosis and severity assessment of MDD in both
human and animal research models.”” Most recently, Liu
et al. conducted in vitro and in vivo studies on regulatory
antisense IncRNAs of GSK3p, a serine-threonine kinase
involved in synaptic plasticity, neurogenesis, and resilience
to neuronal injury® The study identified gsk3BAS1
[ENST00000482027], gsk3BAS2 [ENST00000491262], and
gsk3BAS3 [BC035247] as novel diagnostic and therapeutic
biomarkers for MDD. A summary of IncRNAs that play a
significant role in the diagnosis and treatment response of
MDD is presented in Table 5.

4.1.4. circRNA expression as biomarkers for MDD

Previously considered just a byproduct of genetic
malfunctioning, circRNAs have now been assigned

multiple regulatory roles in physiological and pathological
processes at the nuclear and cellular levels. The mysterious
circRNAs are formed from pre-mRNA through back-
splicing of introns, exons, or both, while the canonical
splicing of the same pre-mRNA results in the formation of
protein-coding mRNA.7*7

Cui et al. were the first to recommend the expression
of circRNAs (circRNA_103636) in PBMCs as a biomarker
for MDD diagnosis and treatment response, with 73%
sensitivity and 65% specificity as determined by receiver
operating characteristic (ROC) curve analysis.” Zhang et al.
conducted experiments to validate the ameliorative effects
of circRNA DYM (circDYM) expression in depressive-
like mice models. In vitro studies on BV-2 cells revealed
that circDYM inhibits miR-9 which increases target-
HECT domain E3 ubiquitin protein ligase 1 (HECTDI)
and depresses microglial activation.®’ Following Zhang
et al., Song et al. sorted out the correlation between
downregulated plasma circDYM and MDD up to 94%
sensitivity.”
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Table 5. Significant IncRNA related to MDD

Expression Utility Signaling pathway References

Downregulated Diagnostic marker (upregulated Synaptic plasticity 39
gsk3PAS1 post-treatment)

Downregulated Diagnosis and treatment Ribosome activities, Alzheimer’s disease, RNA 71
TCONS_00019174 response degradation, pancreatic cancer, Parkinson’s
ENST00000566208 disease, cell cycle, DNA replication, prostate
NONHSAG045500 cancer, Huntington’s disease and long-term
ENST00000517573 depression
NONHSAT034045
NONHSAT142707

Upregulated Diagnosis and severity Gene regulation 73
Y5, MER11C, PCAT1, PCAT29

Downregulated Diagnosis, severity, and Wnt signaling pathway 39
gsk3PAS1 [ENST00000482027], treatment response (upregulated
gsk3PAS2 [ENST00000491262] post-treatment)
gsk3BAS3 [BC035247]

Downregulated Diagnostic and severity Gene regulation 73
RMRP assessment

Downregulated Diagnosis Cellular pathways 71
TCONS_00019174

Upregulated Diagnosis CC chemokine receptor activity and 47

ENSG00000229807.1_2
ENSG00000234449.2_1
ENSG00000205663.5_1
ENSG00000271964.1_2
ENSG00000279995.1_2
ENSG00000271109.1_1
ENSG00000205662.2_1
ENSG00000244620.1_1
ENSG00000204282.4_2
ENSG00000225938.1_1
Downregulated
ENSG00000273295.1_1
ENSG00000218537.1_1
ENSG00000271869.1_1

cytokine-cytokine receptor interactions and T
cell receptor

Abbreviation: MDD: Major depressive disorder.

An et al. investigated DE of circRNAs among patients of
MDD and type II diabetes and reported that the following
circRNAs were exclusively and significantly expressed
in MDD, summarized in Table 6. Yu et al. documented
that circHIPK2 expression was significantly enhanced
(AUC =0.796) in MDD individuals and it is highly specific
for diagnosing and predicting MDD 1.7

4.1.5. DNA methylation in MDD

Numata et al. explored the role of DNA methylation in
diagnosing MDD using blood samples.” A multiplex
DNA methylation profile, predominantly from gene
promoter regions within CpG islands, demonstrated 100%
sensitivity and specificity as a diagnostic biomarker for
MDD. Among 313 differentially methylated CpG sites in
the CGIs in the gene promoter regions, several genes, such
as DGKH (cg00109274), GSK3B (cg14472315), and SGK1

(cg06642177), have been implicated in MDD. DGKH and
SGK1 are specific for bipolar disorder whereas the GSK3B
is specific for MDD.*! Clive et al. worked on validating their
previously identified biomarker - spindle and kinetochore-
associated protein (SKA2) - which predicts suicide risk and
post-traumatic stress disorder (PTSD).”® DNA methylation
of SKA2 revealed three probes (cg08469255, cg22029879,
and cg24437859) that were significantly correlated with
the biosignature for DNA methylation-based suicidal
behavior prediction. Powel et al. investigated IL-11 gene-
related DNA methylation across the CpG island and
its role in predicting MDD treatment response in the
GENDERP clinical trial.”® In the same clinical trial, the role
of IL-11 transcriptional differences and the associated
single nucleotide polymorphism (SNP), rs1126757, in
predicting MDD treatment response was also determined.
DNA methylation in the IL-11 gene has thus proved to
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Table 6. circRNA expressed in MDD

Upregulated Downregulated

circRNA ID Gene name circRNA ID Gene name
circ_0046702 YES1 circ_0009024 TXLNG2P
circ_0059684 ZNF337-AS1 circ_0008297 DDX3Y
circ_0002387 TNIK circ_0001953 ZFY
chr5:162909647-162911251 HMMR chr5:178043882-178044435 CLK4
circ_0072760 CCNB1 circ_0006660 CHPT1
chr3:195781950-195782172 TFRC chr19:11759172-11759299 ZNF833P
circ_0030991 CUL4A circ_0003068 SYNE1
circ_0004976 ASXL2 chr11:66372959-66373063 CCS
circ_0007161 YAF2 circ_0028904 RNF10
circ_0044623 LUC7L3 chr1:41474465-41474562 CTPS19

Abbreviations: YES1: YES Proto-Oncogene 1, Src Family Tyrosine Kinase), ZNF337-AS1: ZNF337 Antisense RNA 1, TNIK: TRAF2 and
NCK-Interacting Protein Kinase, HMMR: Hyaluronan Mediated Motility Receptor, CCNB1: Cyclin B1, TFRC: Transferrin Receptor, CUL4A: Cullin
4A, ASXL-2: ASXL Transcriptional Regulator 2, YAF2: YY1 Associated Factor 2, LUC7L3: LUC7 Like 3 Pre-MRNA Splicing Factor, TXLNG2P: Taxilin
Gamma Y-Linked, DDX3Y: DEAD-Box Helicase 3 Y-Linked, ZFY: Zinc Finger Protein Y-Linked, CLK4 - CDC Like Kinase 4, CHPT1: Choline
Phosphotransferase 1, ZNF833P: Zinc Finger Protein 833, Pseudogene, SYNEI: Spectrin Repeat Containing Nuclear Envelope Protein 1, CCS: Copper
Chaperone For Superoxide Dismutase, RNF10: Ring Finger Protein 10, CTPS19: CTP Synthase 1.

Table 7. Genes involved in MDD remission

Drug Clinical variable Genetic variable

Escitalopram Appetite, sleep change, somatic 151392611, rs10812099, rs1891943, rs151139256, rs11002001, rs62182022,
symptoms, and interest activity 1528373080, rs7757702, rs76557116, 1s9557363, 1s2704022

Nortriptyline Not applicable 156794400, rs79693177, rs12874087, rs2345113, rs17091959, rs10792321, rs199561596,

15144829540, 15149619279, rs34319049, rs151132095, rs37596, rs8053632,
rs111685823, rs4279984, rs17057129, rs5889536, rs34841556, rs4773117, rs8082631

Abbreviation: MDD: Major depressive disorder.

be an authentic biomarker for predicting MDD treatment
response and may guide the selection of best-suited
treatment in the future.”” Kang et al. worked on the DNA
methylation profile of the BDNF gene and revealed it
could precisely predict suicidal ideation status and also
the treatment outcome.” Ju et al. identified differentially
methylated positions (DMP) in peripheral DNA samples
for predicting MDD treatment response.®! After validations,
DMP in the CHN2 gene (cg06926818) was successfully
replicated, demonstrating 100% specificity and sensitivity.*'

4.1.6. Peripheral gene expression in MDD

Guilloux et al. identified and validated a set of six
peripheral genes with 76% accuracy and 86% sensitivity
for the prediction of MDD drug responses. These
double-validated genes include IFITM3 (INF-induced
transmembrane protein 3), GZMA (granzyme A), MATR3
(matrin 3), and ribosomal proteins RPL5, RPL17, and
RPL24.% Iniesta et al. documented a validated set of genes
for drug-specific treatment response among MDD subjects.
For escitalopram response, both genetic and clinical

variables predict remission with high accuracy, while for
nortriptyline response, only genetic variables serve as
predictors (AUC = 0.77) (summarized in Table 7).%

Pajer et al. worked for authenticated genetic peripheral
markers for diagnosing MDD at earlier onset.** A set of
11 candidate transcriptomic genes (ATP11C, CD59,
IGSF4/CADM1, MAE RAPHI1, AMFR, CAT, CDR2,
CMAS, PSME1, and PTP4A3) could differentiate MDD
cases from healthy subjects with sufficient accuracy.
Similarly, Redei et al. explored diagnostic genetic markers
from peripheral blood samples and reported that RAPH1,
KIAA1539, and DGKA gene expression demonstrated the
highest specificity and sensitivity for differentiating MDD
cases, regardless of treatment status, as determined by ROC
curve analysis.¥ Most recently, Wang et al. documented
differentially expressed hub genes, including MRPS2,
MRPS7, MRPS11, MRPS18, MRPL2, MRPL9, MRPL15,
MRPL16, MRPL27, MRPL36, RPS3, RPS19, RPS19, RPL6,
RPL11, RPL19, RPL26L1, RPL29, NAS2, NHP2, and
RPP38, which were highly specific and sensitive for MDD
diagnosis (ROC AUC >0.8).% Furthermore, Liang et al.
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and Li et al. have recently conducted case-control studies
in a Chinese cohort and established that the rs155979
polymorphism in the IncRNA NONHSAT102891 was
significantly associated with depression susceptibility and
risk of suicide.®”#

5. Conclusion

This review highlights the progress made in identifying
cellular and nuclear biomarkers for MDD. These biomarkers
hold promise for enhancing diagnostic accuracy, predicting
treatment response, and personalizing therapeutic
approaches. However, further research is required to
validate these biomarkers in clinical settings and to explore
their application in routine clinical practice. Despite
extensive and advanced research, the cure for MDD is partial
and inadequate. Major challenges persist in screening,
diagnosis, effective treatment, and prognosis. Identifying
specific genetic factors could enable personalized treatment
strategies, potentially improving outcomes.
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Abstract

Heart failure (HF) is categorized by left ventricular ejection fraction (LVEF) into three
groups. HF with reduced ejection fraction (HFrEF) is one of these groups characterized
by the heart’s inability to pump sufficient blood to meet the body’s needs, resulting
from the left ventricle’s impaired ability to contract effectively. The Canadian
Cardiovascular Society (CCS) guidelines recommend vericiguat for hospitalized
patients experiencing worsening symptoms of HFrEF. This article reviews vericiguat’s
efficacy and potential benefits in Pakistani patients with HFrEF. A literature search
from 2013 to 2024 was conducted using PubMed, ScienceDirect, and Google
Scholar, employing keywords such as guidelines, heart failure, Pakistan, and reduced
ejection fraction. Soluble guanylate cyclase (sGC) stimulators, like vericiguat, have
shown benefits in patients with left ventricular hypertrophy and fibrosis by reducing
afterload through vasodilation. Vericiguat (2.5 — 10 mg taken orally once daily) shows
promise in reducing cardiovascular mortality and hospitalization in adults with LVEF
<45%. Vericiguat may alleviate Pakistan’s growing cardiovascular disease burden.
Expedited access to this innovative therapy can be achieved through collaborative
efforts among policymakers, healthcare authorities, and international research
centers, potentially reducing hospitalization rates in Pakistani HFrEF patients.

Keywords: Vericiguat; Heart failure with reduced ejection fraction; Pakistan; Soluble
guanylate cyclase stimulator; Cardiovascular disease

1. Introduction

Heart failure (HF) is a multifaceted clinical condition characterized by dyspnea or
exertional limitation due to impaired ventricular filling, impaired blood ejection, or a
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combination of both.! HF affects an average of 64.3 million
people worldwide, making it a significant global cardiac
pathology.? As the population ages and the outcomes of
acute cardiovascular events improve, the prevalence of HF
has increased.” Despite new therapies and management
strategies, individuals with HF still face a poor prognosis,
witha5-yearsurvival rate estimated ataround 50% following
the initial diagnosis.” Recurrent hospital stays and the need
for additional parenteral therapy during exacerbations
further indicate worse prognoses and lower quality of life.?
HF with reduced ejection fraction (HFrEF) is a condition
where the heart is unable to pump enough blood to meet
the body’s needs due to an inability of the left ventricle to
contract sufficiently.! This leads to clinical manifestations
such as shortness of breath and fatigue. Ejection fraction
(EF), which measures the amount of blood pumped out
with each contraction, is normally 55% and above, whereas
HFrEFis defined by an ejection fraction 0o£40% or less."* The
HF is categorized into HF with preserved ejection fraction
(HFpEF, ejection fraction >50%),* mid-range ejection
fraction (HFmrEF EF: 40 - 49%),” and reduced ejection
fraction (HFrEF, ejection fraction <40%)."* HFrEF poses
a significant health challenge globally and is particularly
prevalent in Pakistan, where approximately 2.8 million
people are affected by congestive heart failure (CHF).> The
prevalence of CHF is higher in urban areas and among
older adults, driven by high rates of diabetes, hypertension,
and obesity.® In Pakistan, HFrEF management involves a
combination of lifestyle modifications — such as quitting
smoking, exercising regularly, and adhering to a healthy
diet - alongside pharmacological treatments including
diuretics, angiotensin-converting enzyme inhibitor
(ACEi), angiotensin II receptor blocker (ARBs), beta-
blockers, and mineralocorticoid receptor antagonists
(MRAs) In severe cases, surgical interventions such as
implantable cardioverter-defibrillators (ICDs) or cardiac
resynchronization therapy (CRT) are considered.®
Recent advancements in HFrEF management, such as
vericiguat, provide hope for improving outcomes in these
patients. Vericiguat is an oral soluble guanylate cyclase
stimulator that enhances the activity of cyclic guanosine
monophosphate (¢cGMP), which plays a critical role in
regulating cardiovascular, renal, and metabolic functions.!
The VICTORIA trial specifically targeted a higher-
risk population with HFrEF, characterized by elevated
N-terminal pro-B-type natriuretic peptide (NT-proBNP)
levels, lower EFs, and recent hospitalizations for HE' The
trial demonstrated that vericiguat significantly reduced
the composite outcome of cardiovascular death or first HF
hospitalization in these patients (35.5% vs. 38.5%; hazard
ratio, 0.90 [95% confidence interval, 0.82 - 0.98]), primarily

driven by a reduction in HF hospitalization, over a median
follow-up of 10.8 months.! Table 1 summarizes the key
outcomes of the VICTORIA trial, comparing Vericiguat
and placebo groups in terms of cardiovascular events,
mortality, and adverse effects. However, the reduction in
cardiovascular death was not statistically significant (16.4%
vs. 17.5%; hazard ratio, 0.93 [95% confidence interval,
0.81-1.06])." This suggests that vericiguat is particularly
beneficial for HFrEF patients with worsening symptoms
who remain clinically unstable despite being on guideline-
directed medical therapy (GDMT), as evidenced by high
NT-proBNP levels and frequent hospital admissions. The
findings of the VICTORIA study can be contrasted with
those of the EMPEROR-Reduced study,” which focused
on a slightly different patient population. The EMPEROR-
Reduced study included patients with a broader range
of baseline ejection fractions and NT-proBNP levels,
which may explain the different outcomes observed
between the studies.” In addition, the treatment protocols
in the EMPEROR-reduced study emphasized the
comprehensive use of GDMT, whereas, in the VICTORIA
trial, a significant portion of the cohort was not optimally
managed according to current guidelines. This discrepancy
highlights the need for precise patient selection and
optimization of background therapy when evaluating the
efficacy of novel treatments like vericiguat in real-world
settings.” Evidence from the VICTORIA study, supported
by additional analyses, suggests that the ideal candidates
for vericiguat are HFrEF patients with an ejection fraction
of 40% or less, elevated NT-proBNP levels, and a history
of recent HF hospitalizations or outpatient intravenous
diuretic use. These patients typically exhibit worsening
symptoms despite being on maximally tolerated doses
of standard therapies, including ACE inhibitors, ARBs,
beta-blockers, and MRAs.” As such, vericiguat should be
considered an adjunctive therapy for patients at high risk
of adverse outcomes to reduce the likelihood of further
hospitalizations and potentially improve survival, in line
with European and American HF management guidelines.”
This review evaluates the efficacy of vericiguat and its
potential benefits for Pakistani patients with HFrEE

2. Methodology

For this review, relevant articles were searched on electronic
databases including PubMed, Science Direct, and Google
Scholar from 2013 to 2024 using keywords such as
guidelines, HF, Pakistan, and reduced ejection fraction.
Inclusion criteria include article types such as cross-
sectional studies, narrative reviews, systematic reviews,
meta-analyses, and case reports that met the study’s
objectives, written in the English language, conducted
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Table 1. Outcomes of cardiovascular events, mortality, and adverse effects in heart failure patients (vericiguat-treated group

versus placebo) based on VICTORIA Trials

Outcome Vericiguat group (n=2526) Placebo group (n=2524) HR P-value References
Primary outcome (CV death or HF hospitalization) 897 (35.5%) 972 (38.5%) 0.90 0.02 7
Cardiovascular death 414 (16.4%) 442 (17.5%) 0.92 0.27 7
All-cause death 513 (20.3%) 535 (21.2%) 0.95 0.38 7
Heart failure hospitalization 691 (27.4%) 747 (29.6%) 0.90 0.048 7
Serious adverse events 828 (32.8%) 878 (34.8%) - - 7
New anemia occurrence 344 (13.6%) 266 (10.5%) - <0.001 7

Abbreviations: CV: Cardiovascular; HF: Heart failure; HFrEF: Heart failure with reduced ejection fraction; HR: Hazard ratio.

in Pakistan, and focused on the Pakistani population
diagnosed with HE. However, we excluded article types
such as editorials, commentaries, and perspectives that did
not meet the study’s objectives, were written from other
countries, and focused on other populations diagnosed
with HE.

3. Results

3.1. Preclinical evidence about therapeutic benefits
of vericiguat

The nitric oxide (NO)-soluble guanylate cyclase (sGC)-
cyclic guanosine monophosphate (cGMP) (NO-sGC-
c¢GMP) pathway is crucial for cardiovascular function
but becomes impaired in HE diminishing the heart’s
natural protective mechanisms.® This disruption is due
to reduced NO availability and changes in the redox state
of sGC, making it less responsive to NO.® Vericiguat, an
sGC stimulator, enhances sGC sensitivity to endogenous
NO, offering a more physiological effect compared to sGC
activators like cinaciguat, which bypass NO but elevate
risk of hypotension.® In preclinical studies, vericiguat
demonstrated efficacy in restoring NO/sGC signaling
across various animal models of HE, leading to improved
cardiac function and hemodynamic.” The effects of
vericiguat were dose-dependent, with higher doses leading
to increased cGMP levels and enhanced heart function,
emphasizing the importance of determining optimal
dosing for clinical applications.” In addition, preclinical
safety data indicated that vericiguat was well-tolerated
in animal models, showing no significant adverse effects
at therapeutic doses.” These promising results laid the
groundwork for human trials, including the VICTORIA
Phase 3 trial, where vericiguat showed potential in
improving clinical outcomes for HF patients.” In summary,
preclinical studies highlight vericiguat's mechanism of
action, efficacy in restoring NO-sGC-cGMP signaling,
dose-dependent effects, and favorable safety profile,
strongly supporting its therapeutic role in chronic HF and
possibly other cardiovascular conditions.’

3.2. Global trials of vericiguat in patients with heart
failure and reduced ejection fraction

Various potential benefits of sGC stimulators have been
recognized, including the capacity to prevent or evenreverse
left ventricular hypertrophy and fibrosis, as well as decrease
left ventricular afterload due to systemic and pulmonary
vasodilation.'” Consequently, restoring adequate NO-sGC-
c¢GMP signaling is and recognized as an essential treatment
objective for HE, with vericiguat enhancing sGC sensitivity
to endogenous NO.! A study that explored the potential
of vericiguat as the fifth cornerstone in the treatment of
HFrEFE found that the drug yielded promising treatment
outcomes.”! The promising results demonstrated by
vericiguat in high-risk HF patients indicate its potential
as a valuable therapeutic option for HFrEF treatment,
possibly leading to the recommendation of quintuple
therapy, in addition to standard optimal medical therapy."
A study on eligibility for vericiguat in a real-world HF
population included patients from the Sweden HF registry,
who were aged 18 or older, with their ejection fraction and
HF duration recorded between May 2000 and December
2018." Using the VICTORIA trial eligibility criteria, only
21% of patients with chronic HFrEF were eligible for
vericiguat, while 47% met the criteria based on guidelines
and regulatory labelling.!? Prior hospitalization for HF
was the most restrictive factor in determining eligibility,
resulting in the exclusion of 49% of patients with chronic
HFrEFE. The eligibility criteria for vericiguat set by the
VICTORIA trial, guidelines, and regulatory labeling were
designed to target a high-risk population with HFrEF in
a real-world setting.”? A consensus statement from India,
based on expert opinions regarding the identification
and pharmacological management of worsening HF,
concluded that vericiguat effectively reduces the risk of
cardiovascular death and hospitalization for adults with
symptomatic chronic HF and an ejection fraction of
<45%." This medication is recommended for individuals
who have been recently hospitalized for HF or require
outpatient intravenous diuretics.” The initial dose of
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vericiguat is 2.5 mg, taken orally once daily with food; this
dose should be increased approximately every 2 weeks
until it reaches the target maintenance dose of 10 mg once
daily, as tolerated by the patient."”® African Americans were
significantly underrepresented in the VICTORIA trial,
accounting for only 4.9% of the vericiguat arm and 5%
of the placebo arm." However, this underrepresentation
should be considered in the context of the trial’s global
nature, with the majority of trial sites located in Eastern
Europe and the Asia Pacific region - have low populations
of the African diaspora.' It is worth noting that other
recent positive HF trials, such as PARADIGM-HF
and DAPA-HE, also had low representation of African
Americans, with percentages ranging between 4.4% and
5.1%.'* Table 2 shows the eligibility criteria for inclusion of
HFrEF patients in vericiguat clinical trials.

At present, clinical trial data on vericiguat in Pakistan
are scarce, raising concerns given the increasing prevalence
of cardiovascular diseases in the country. Conducting a
clinical trial of vericiguat in Pakistan would be a significant
step forward in addressing the management of HFrEF
among the Pakistani population. Such a trial would not
only benefit the local population but also contribute
to enhancing global HF care. Figure 1 shows the role of
vericiguat in HFrEE.

3.3. Potential benefits of vericiguat for HF
management in Pakistan

Among FDA-approved medications between 2021 and
2022, vericiguat was notable, with the most commonly
reported side effects of hypotension and anemia - both
exceeding 5% of reported incidents."* Using sacubitril/
valsartan in the Pakistani population with HFrEF is
generally safe and well-tolerated, as indicated by stable
hemodynamic parameters and a notable improvement in
left ventricular function and functional class.'”” Thus, this
therapy can be considered as a primary treatment option
for patients with HFrEF, with a gradual dose escalation
over a 6-week timeframe."

The benefit of vericiguat in heart failure with reduced
ejection fraction (HFrEF) was studied in patients

experiencing worsening heart failure events.” This
population includes those with a history of decompensation
events leading to emergency department visits and
hospitalizations. The focus is on optimizing treatment
for high-risk patients, particularly those who have not
responded adequately to standard therapies.”® In Pakistan,
HF is a major public health issue, and further research is
needed to explore the use and role of vericiguat in patients
with HFrEE.

3.4. Safety profile of vericiguat and its adverse
effects

A study has shown that vericiguat has proven effective in
reducing cardiovascular mortality and hospitalization rates
for HF patients with reduced ejection fraction (HFrEF),
but did not demonstrate a therapeutic benefit for those
with preserved ejection fraction (HFpEF).'® The treatment
showed a favorable safety profile, with common adverse
events including hypotension, syncope, and anemia.”
Consequently, vericiguat is indicated for HFrEF patients
with a minimum systolic blood pressure of 100 mmHg,
particularly those experiencing symptom worsening
despite optimal medical therapy, including ACE inhibitors,
beta-blockers, spironolactone, and SGLT?2 inhibitors.'

Another study found that vericiguat significantly
lowered the risk of cardiovascular death or hospitalization
due to HF in high-risk patients, showcasing its positive
impact on clinical outcomes.'

3.5. Flaws and limitations of VICTORIA’S trial

The VICTORIA trial demonstrated that vericiguat
significantly reduced the risk of cardiovascular death and
hospitalization for heart failure compared to placebo,
with a hazard ratio of 0.90 for the primary composite
outcome (Table 1). Hospitalization rates were slightly
lower in the Vericiguat group (35.5%) versus placebo
(38.5%), indicating a modest benefit (Table 1). However,
this marginal reduction may reflect suboptimal baseline
therapy among participants, suggesting Vericiguats full
potential could be greater under optimized conditions.
While generally well-tolerated, Vericiguat was associated
with a higher incidence of new anemia (Table 1). The

Table 2. Eligibility criteria for inclusion of heart failure with reduced ejection fraction patients in vericiguat clinical trials

Eligibility Criteria Description Reference (s)
Symptoms despite optimal medical care HFrEF patients experiencing symptoms despite receiving optimal medical care. 12-14
Worsening heart failure HEFrEF patients with worsening condition despite receiving treatment. 12-14
Usage of nitrates HF patients using nitrates. 12-14
Increased NT-proBNP levels Patients with elevated levels of N-terminal pro-B-type natriuretic peptide 12-14
(NT-proBNP), indicating HF severity. 12-14

Abbreviations: HF: Heart failure; HFrEF: Heart failure with reduced ejection fraction; NT-proBNP: N-terminal pro-B-type natriuretic peptide.
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Figure 1. The role of vericiguat in heart failure with reduced ejection fraction. Image created by authors.

Abbreviations: ACEi: Angiotensin-converting enzyme inhibitor; ARB: Angiotensin II receptor blocker; B-blockers: Beta-blockers; cGMP: Cyclic guanosine
monophosphate; EF: Ejection fraction; GTP: Guanosine triphosphate; HFrEF: Heart failure with reduced ejection fraction; MRA: Mineralocorticoid
receptor antagonists; NO: Nitric oxide; sGC: Soluble guanylate cyclase; SGLT2i: Sodium-glucose cotransporter-2 inhibitors.

inclusion of the post hoc analysis by Senni et al. and other
relevant studies adds depth to the discussion of these
flaws.” Senni’s analysis, for example, underscores the
importance of patient stratification and tailored therapy in
HF management, particularly in assessing new treatments
like vericiguat.” The analysis found significant variations
in treatment efficacy based on baseline risk factors, which
aligns with the concerns raised about the mixed population
and subgroup differences in the current study.” In addition,
studies focusing on the importance of adhering to GDMT
in clinical trials highlight the need for rigorous application
of existing guidelines to ensure new therapies are evaluated
against a standard of care that reflects best practices in HF
management.”

3.5.1. Mixed population

The inclusion of a diverse patient population in the study,
characterized by variations in age, NT-proBNP levels,
ejection fraction, and other clinical parameters, presents
bothstrengthsandlimitations for the study’s generalizability
and interpretation.” While a heterogeneous cohort can offer
a broad perspective on the potential benefits of vericiguat
across different subgroups, it also complicates the ability
to generalize findings to specific patient populations
with HFrEE’ For instance, the variation in NT-proBNP
levels, a biomarker for HF severity, could lead to differing
responses to therapy and skewed outcomes.” Patients with
higher NT-proBNP levels typically have a worse prognosis;
if these patients were unevenly distributed across the
study groups, it might impact the findings regarding the
vericiguat’s effectiveness.’

Moreover, age and ejection fraction differences among
the participants can significantly affect the outcomes, as

older patients or those with lower ejection fractions often
have different comorbidities and treatment responses.” This
diversity makes it challenging to draw robust conclusions
about the efficacy of vericiguat for the general HFrEF
population without a more nuanced stratification of results
by these variables.” Previous studies, including a post hoc
analysis by Senni et al., have highlighted the importance
of patient selection and stratification in evaluating HF
therapies, suggesting that more uniform populations
may provide clearer insights into drug efficacy and safety
profiles in clinical practice.’”

3.5.2. Inadequate guideline-directed medical therapy

A study”® failed to ensure that a substantial portion of the
cohort received GDMT, specifically the recommended
triple therapy comprising an ACEi or ARB, a beta-blocker,
and an MRA, which undermines its claims about the
effectiveness of vericiguat. GDMT is the cornerstone of
HFrEF management, and its omission or underuse could
confound the study results, making it difficult to isolate
the true impact of vericiguat.'® Patients not receiving full
GDMT may have had worse baseline characteristics or
more severe disease, leading to poorer outcomes regardless
of additional therapies like vericiguat.'®

The lack of adherence to GDMT also limits the study’s*®
applicability to real-world settings, where adherence to
guidelines is crucial for improving patient outcomes.'
Previous research has shown that patients who receive
comprehensive GDMT have significantly better outcomes,
including reduced mortality and hospitalization rates,
compared to those who do not.”® Thus, the observed benefits
of vericiguat treatment in this study'® may reflect an effect
on a population that is not optimally managed, rather than
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the additive benefit of the drug itself.'® To better assess
the efficacy of new drugs, future studies should ensure
that all participants are on full GDMT before introducing
additional therapies.'®

3.5.3. Subgroup differences between quartiles

The presence of notable differences between quartiles
(e.g., QL - Q3 vs. Q4) in terms of baseline characteristics
and outcomes suggests potential biases in the study design’
that may limit its ability to deliver robust conclusions about
the general HFrEF population.” For example, if patients
in Q4 had higher baseline NT-proBNP levels or worse
kidney function compared to those in Q1 - Q3, the overall
outcomes could be skewed by these more severe cases,
making the treatment appear less effective than it might be
in a more homogenous population.”

This variability highlights the need for more precise
stratification in the study’ design to ensure comparability
across different patient subgroups.” The post hoc analysis
by Senni et al. emphasizes that subgroup analysis is critical
in interpreting clinical trial results for HF treatments.”
Their findings suggest that patients with high-risk profiles
or more advanced disease stages may not benefit as much
from certain therapies, which could explain the differences
observed between quartiles in the current study.” Thus,
while the study provides valuable insights on the use of
vericiguat, its design limits the applicability of its findings
to the broader HFrEF population, necessitating further
research with more homogeneous patient groups.

3.6. Challenges faced in the treatment of HFrEF

Studies have shown that patients with HFrEF in Pakistan
are not receiving the optimal medication dosages, resulting
in suboptimal treatment outcomes.’ This is likely due to
a variety of factors, including a lack of awareness about
optimal dosages, a lack of access to medications, and poor
adherence to the treatment regimen. The main challenges
faced in the treatment of HFrEF are poor adherence to
the treatment plan and side effects from the medications.
Adherence can be a challenge because some of the
medications need to be taken multiple times a day and
must be continued for life.® Side effects of the medications
can include dizziness, fatigue, cough, and headaches. Some
people may also experience low blood pressure and kidney
problems. Another challenge can be the cost, as some HF
medications are expensive.

Depression is a common comorbidity in patients
with CHF in general, and it is associated with increased
morbidity and mortality.’ While this has been studied
in high-income countries, the prevalence and impact of
depression in CHF patients in low- and middle-income

countries like Pakistan is less well-understood.” A study
showed that the clinical assessment of CHF symptoms, as
determined by the NYHA classification, did not accurately
reflect the severity of the disease."” It was also found that
many CHF patients with reduced ejection fraction were
not being prescribed the appropriate medications, such
as ACE inhibitors and beta blockers, as recommended
by clinical guidelines. This indicates a need for improved
assessment and treatment of CHF in Pakistan.”

3.7. Consideration when administering or using
medications for HFrEF

There are a few considerations when using the above
medications to treat HFrEF; the patients other health
conditions and risk factors should be considered before
administering the drugs. For example, if a patient has
diabetes or kidney problems, some of these medications
may not be suitable for them.* Another consideration is the
patient’s age and overall health. Beta-blockers, for example,
may not be suitable for elderly patients or those with a
history of heart block or asthma.” It is also important to
consider whether the patient is pregnant or breastfeeding,
as some of these medications can be harmful to the
fetus or baby.*' Table 3 presents potential challenges and
considerations for vericiguat implementation in Pakistan.

3.8. Current guidelines of vericiguat and its
implications in Pakistan

In patients with HFrEE vericiguat, a new oral sGC
activator, has demonstrated promise in lowering the risk
of cardiovascular death and HF hospitalizations.”>* For
instance, vericiguat stimulates the biochemical pathways
of cGMP and NO, which are impaired in patients with
HE?* Therefore, patients with HFrEF who are experiencing
symptoms even after receiving the best medical care and
whose HF is worsening may consider vericiguat as a new
treatment option. Patients with HFrEF who fit specific criteria
might consider receiving vericiguat medication. Based on
the guidelines and trial conditions, the eligibility to receive
vericiguat varies; about 21.4% of patients with HFrEF would
be eligible for vericiguat treatment based on the VICTORIA
trial’s criteria.!* The most significant factors influencing
this eligibility include the usage of nitrates, increased
NT-proBNP levels, and recent hospitalization for HE** The
VICTORIA study, a prospective, randomized, double-blind,
placebo-controlled study, evaluated the efficacy and safety
of vericiguat in patients with HE** The study found that
vericiguat supplementation, at a target dose of 10 mg twice
a day, reduced cardiovascular death and hospitalization for
HF in patients with clinical manifestations of chronic HF
and reduced ejection fraction." In Pakistan, the introduction
of vericiguat may have an impact on the management of
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Table 3. Challenges and considerations in implementing vericiguat therapy for heart failure with reduced ejection fraction in
Pakistan: accessibility, education for healthcare providers, and regulatory approval

Challenges and Description References
Considerations
Accessibility and affordability Ensuring that vericiguat is readily available and affordable to patients in Pakistan 21

by taking into account the economic factors and accessibility of healthcare

infrastructures.
Education for healthcare Providing information and training to healthcare professionals in Pakistan on the 21
providers appropriate use of vericiguat as a treatment for heart failure.
Regulatory approval process Navigating the regulatory approval process in Pakistan to ensure that vericiguat 21

meets safety and efficacy standards for use in heart failure treatment.

3
i 4

Vericiguat for HFrEF management

P

Global trials and
efficacy

Safety and adverse
effects

Application in Pakistan

Mechanism: enhances
sGC sensitivity to NO

/" Benefits: prevents LV
hypertrophy and fibrosis,
reduces afterload

)

Global trial results:
promising outcomes in
high-risk HFrEF

(

Common side
effects:
hypotension,
syncope, anemia

Public health
relevance: high
prevalence of HF|

-

Dosing: starts at 2.5 mg,

increased to 10 mg as
tolerated

Existing therapies:
Sacubitril/Valsartan
(well-tolerated)

Eligibility: 21% (VICTORIA Trial),
47% (regulatory guidelines)

Target population: patients with
systolic BP > 100 mmHg, Future research: Need for
clinical trials on vericiguat

worsening symptoms

Figure 2. Summary flowchart for the efficacy, safety, and application of vericiguat for the management of heart failure with reduced ejection fraction. Image

created by authors.

Abbreviations: BP: Blood pressure; HF: Heart failure; HFrEF: Heart failure with reduced ejection fraction; LF: Left ventricle; NO: Nitric oxide; sGC: Soluble

guanylate cyclase.

HFrEE* In individual patients with HFrEFE particularly those
at higher risk for HF hospitalization, the addition of vericiguat
to the treatment regimen may be considered.”® However,
the effectiveness of the combination of vericiguat with
sacubitril and valsartan in HFrEF is currently unknown.”® In
Pakistan, the use of vericiguat could enhance cardiac disease
management by exerting a targeted pharmacological effect,
specifically by increasing the sensitivity of soluble guanylate
cyclase (sGC) to endogenous nitric oxide (NO), thereby
improving heart function.” Vericiguat has the potential to
improve outcomes for individuals with HFrEE, especially
in terms of lowering hospitalizations and cardiovascular
deaths.! Its implementation in Pakistan might improve
patient outcomes and the management of heart disease.

However, to fully comprehend its effectiveness when used
with other medications such as valsartan and sacubitril, more
research is needed.

4. Future perspective for vericiguat in
Pakistan

Considering Pakistan’s high rate of HE integrating
vericiguat into clinical practice may have a significant
impact on patient outcomes and healthcare systems. HF
and other cardiovascular diseases are becoming more
common in Pakistan, a situation that calls for creative and
practical solutions.” Due to its distinct mode of action and
encouraging outcomes from clinical trials, vericiguat is a
solid contender for inclusion in national HF management
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protocols.” It is reccommended that Pakistani policymakers
and healthcare authorities keep a close eye on the
ongoing Phase III trials of vericiguat.”” By incorporating
this innovative therapy into existing treatment plans,
hospitalization rates may be decreased, and patients
with HF may have a higher quality of life.”” To ensure
optimal use and maximize patient benefits, extensive
training programs for healthcare providers should be
introduced alongside the adoption of vericiguat.”’ Given
its demonstrated efficacy and safety in preliminary clinical
trials, Pakistan’s regulatory bodies ought to think about
expediting vericiguat’s approval process. Partnerships
with foreign pharmaceutical firms and research centers
may make this drug more accessible, guaranteeing that
Pakistani patients will be among the first to take advantage
of this innovative therapy.”’

In Pakistan, a study showed vericiguat’s effectiveness in
reducing all-cause mortality, cardiovascular mortality, and
HF-related hospitalizations, regardless of atrial fibrillation
(AF) status.?® In 2019, the prevalence and disability rates
for HF in Pakistan were 405.12 and 35.80 per 100,000
populations, respectively, with the highest burden in
Islamabad and the lowest in Khyber Pakhtunkhwa.”
Females saw a higher increase in HF prevalence from 1990
to 2019 compared to males, and the burden of HF increased
in the 10 - 49 age group.” The integration of GDMT and
recent pharmacological advancements in Pakistan reflects
an effort to align with international standards, although
resource constraints pose significant challenges.*® Access to
educational resources, patient education, and improvements
in healthcare policy are crucial to enhancing HF outcomes
in such settings.*® Figure 2 shows the flowchart for the
adoption of vericiguat in HFrEF management in Pakistan.

5. Conclusion

The use of vericiguat in the treatment of HF in Pakistan is
an important topic of discussion that warrants significant
attention. The use of this drug would reduce the burden
of HF in Pakistan. It is crucial for policymakers and
healthcare authorities to demonstrate strong political will
and implement effective research and policy strategies to
facilitate the adoption of vericiguat in Pakistan.
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toxicology and pharmacology of the
erythropoietin biosimilar GBpoietin® and Eprex®
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Samir Kumar'®, Md. Enamul Haq Sarker'(®, Bipul Kumar Biswas',
Sheikh Rejaul Haq'(”, Sitesh Chandra Bachar**'2, and Naznin Sultana?*

'Globe Biotech Limited, Dhaka, Bangladesh
2R&D Management Solution Inc., Ontario, Canada
3Department of Pharmacy, Faculty of Pharmacy, University of Dhaka, Dhaka, Bangladesh

Abstract

Erythropoietin (EPO) is an essential growth factor for erythropoiesis. We report the
results of the preclinical safety evaluation of GBpoietin®, a recombinant human EPO
(rhEPOQ), through a comparative acute toxicity study with the reference product,
Eprex®. The products were administered subcutaneously into Wistar rats for both
the single-dose and repeated-dose toxicity studies. Hematological and biochemical
parameters were measured for all test subjects before the first dose and the day
after the last dose in both studies. Necropsy and histopathology of representative
subjects from each group were also performed to find any pathological changes,
such as degeneration or cellular necrosis in internal organs such as the kidney, liver,
lung, and spleen. Both GBpoietin® and Eprex® comparative toxicology studies, which
were not significantly different (P > 0.05), revealed similar pharmacologically driven
mechanisms of toxicity. Although hematological parameters stayed within the
normal range throughout the study, improved profiles of hemoglobin and hematocrit
(P < 0.05) confirmed the therapeutic effect of rhEPO in both studies. Moreover, the
initial and final values of aspartate aminotransferase, alanine aminotransferase, and
blood urea nitrogen were comparable (P > 0.05) for both experimental products.
The study established that the toxicological profiles of GBpoietin® and Eprex® were
similar and aligned with the known pharmacology of EPO alfa, demonstrating proof
of “totality” and “no residual uncertainty.”

Keywords: Erythropoietin; Preclinical study; Single-dose toxicity; Repeat-dose toxicity;
GBpoietin®; Drug safety profile

1. Introduction

The hormone erythropoietin (EPO), a glycoprotein, is essential for the production of
red blood cells (RBCs). In adults, EPO is mostly produced in the kidney’s peritubular
cells and released into the bloodstream.' The EPO receptor (EPOR) on bone marrow
erythroid progenitors is bound to circulating EPO, initiating a number of signaling
pathways that promote the development of mature RBCs.? It was originally isolated from
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the urine of aplastic anemia patients and characterized as
a 34000 Da protein.’ The expression of this endogenous
glycoprotein is controlled by the transcription factor
hypoxia-inducible factor.* Carbohydrates constitute 40%
of the molecule, primarily in the form of sialic acid, which
is distributed across three N-linked and one O-linked
glycosylation sites. These carbohydrates are necessary for
the biological function of EPO.” The terminal sialic acid
residues prevent rapid hepatic clearance, preserving its
activity in the bone marrow. Conversely, the biological
activity of EPO in vivo is lost when sialic acid is
enzymatically removed by neuraminidases.® The kidneys
are the primary physiological site of EPO synthesis,
and its production increases in response to a localized
reduction in renal oxygen supply or systemic anemia.
EPO interacts with its target cells through EPORs on the
cell surface. The receptor undergoes homodimerization
upon EPO binding, activating Janus kinase 2 (JAK2)
through transphosphorylation. Phosphorylated receptor
tyrosines recruit intracellular proteins like STAT5, which,
upon activation, enter the nucleus to induce erythroid
gene transcription. Phosphatases  dephosphorylate
JAK2 to downregulate the receptor. EPO can bind to the
tissue-protective receptor, specifically EPOR/CD131
heterodimer, to play a critical role in tissue protection
and immune regulation in addition to its function in
erythropoiesis. These receptors are expressed mostly on
erythroid progenitor cells, but they are also present in
neuronal, endothelial, multipotent hematopoietic, and
embryonic stem cells.”

As a therapeutic agent, EPO is made using recombinant
DNA technology in mammalian cell cultures that were
transfected with the human EPO gene.* Recombinant DNA
technology has enabled the production of recombinant
human EPO (thEPO), allowing its extensive therapeutic
application in clinical settings.” Non-clinical tests should
be conducted following manufacturing changes in a
biologic product and for products claimed to be similar to
an already approved one.'®'" A series of in vitro receptor
binding studies and in vivo investigations were required
under the guidelines “if there are specific uncertainties
or concerns regarding safety”'? Clinical evidence suggests
that thEPO can be used to treat anemia associated with
conditions such as chronic renal insufficiencies, rheumatoid
arthritis, premature birth, chemotherapy, transfusions, and
hematological diseases."””> When rhEPO is administered, no
allergies have been reported; nevertheless, a small number
of patients have had arthralgias and local cutaneous
responses. Preclinical trials involving rhEPO are,
therefore, important for establishing its safety, and efficacy,
and understanding its potential therapeutic applications
across various medical conditions.®

The purpose of this study is to provide a comprehensive
overview of the preclinical studies conducted on rhEPO,
with a focus on its safety, efficacy, and potential as a drug
product. As a prelude to clinical trials and subsequent
regulatory approval, preclinical investigations play a
pivotal role in elucidating the pharmacological properties,
toxicological profiles, and mechanisms of action of
novel therapeutic agents.'®'” The exploration of rhEPO
begins with an examination of the protein’s structure
and the underlying genetic modifications that render it
a recombinant biopharmaceutical.'® By delving into the
molecular intricacies of rhEPO, we aim to establish a
foundational understanding of its design and functionality.
In addition, this study will highlight the significance
of rhEPO in the context of endogenous EPO while
emphasizing the potential advantages and limitations of
using the recombinant form.

The first-ever alfa epoetin product, Eprex®, is a
prescription medication with a track record of safety and
effectiveness.”” Eprex® was manufactured by Johnson
& Johnson and it was the first EPO formulation to
receive regulatory approval in Europe in 1988. In the
early 1990s, physicians outside of the United States
adopted the subcutaneous route of administration of
EPO for hemodialysis patients due to the socioeconomic
benefit for the patients.® GBpoietin® is a biosimilar of
Eprex®, which was developed by Globe Biotech Limited
and synthesized in genetically engineered Chinese
hamster ovary cells. Upstream and downstream process
development and validation were done for large-scale
production.! Step-by-step analytical results confirmed the
biosimilarity of GBpoietin®™ to Eprex® in terms of molecular
characterization.!

Thisstudyinvestigated the preclinical safetyassessments,
encompassing acute and chronic toxicity studies in relevant
animal models. Comprehensive evaluations of potential
adverse effects, dose-dependent responses, and organ-
specific toxicity are crucial in establishing a safety profile
for rhEPO, guiding subsequent clinical trial designs, and
mitigating risks associated with human administration.”
This study, designed for the preclinical safety assessment
of GBpoietin®, includes the evaluation of single- and
repeated-dose toxicity. With this goal, the product was
compared to a commercial homolog (Eprex®) in Wister
rats to assess the toxicity of GBpoietin®.

2. Materials and methods

2.1. Materials

The drug product, GBpoietin™ (code name: GBPD002),
was obtained from Globe Biotech Limited (Bangladesh)
while the reference product, Eprex®, was purchased from
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Janssen (USA). Ethylenediaminetetraacetic acid (EDTA)
was purchased from Merck (USA).

2.2, Formulation of GBpoietin®

The sample was formulated using formulation buffer
(L-glycine, sodium chloride, sodium phosphate,
Polysorbate 80, water for injection; pH: 6.8 — 7.2) and
AKTA Flux S (GE Healthcare, USA). After sterile filtration
through a 0.22-micron PES Sartopore 2 filter (Sartorius
Stedim, Germany), the pre-formulated bulk sample was
transferred to quality control (QC) for testing as per
the specification. The sterile, pre-formulated bulk drug
substance was then transferred to a fill-finish facility in a
2D single-use bag (Sartorius Stedim, France) for filling and
packaging while maintaining a temperature of 4 - 8°C. The
sterile 1 mL empty long syringes (Schott, Switzerland) were
filled using automatic combo filling and closing machine
(Tofflon, China) at 1 mL volume for dose preparation.
The pre-filled syringes were packaged (blistered) using the
HM-AV Plus blister machine (Hoonga, The Republic of
Korea). After blistering completion, the drug product was
stored at 4 — 8°C. Finally, the pre-filled syringes were tested
for QC as per the specification and transferred to the pre-
clinical (animal) study center, maintaining a temperature
of 4 - 8°C, for the toxicology study.

2.3. Animal selection

Wistar rats (Rattus norvegicus) were used for the
single- and repeated-dose safety and toxicity studies.
A total of 75 Wistar male and female rats (10 — 15 weeks
old) were selected and isolated 5 days before the dosing.
After attentive monitoring and conditioning, 36 rats
(18 males and 18 females) were subjected to single-dose
toxicity analysis and 24 rats (12 males and 12 females)
were subjected to repeated-dose toxicity analysis. The
temperature of the experimental animal room was 26 +
2°C and the relative humidity was 60 + 5%. The room was
an HVAC-controlled ISO class 7 room with 70% fresh air
intake and full exhaust. The rats were individually housed
in a polypropylene cage with proper water and feed and
kept under 12 h of the day-night cycle. The target weight
of male animals was 185 + 20 g and female animals were
175 + 20 g. In the entire experiment, 20% of additional
animals (males and females) were used as substitutes for
the excluded animals. Healthy young adult animals were
used. Females were nulliparous and non-pregnant. At the
beginning of the study, each animal was between 10 and
15 weeks old. The weight difference of animals used was
minimal, not exceeding * 20% of the mean weight for each
sex. These animals were used to replace any individuals
that were excluded during the study periods. The study

plan and procedures were approved by the internal ethical
review board of Globe Biotech Limited, complying with
local ethical regulations. No treatment randomization and
blinding methods were used in the study and sample sizes
were determined by the resource equation method.

2.4. Single-dose toxicity assay

A total of 36 Wister rats, including both male and female,
were used for the study comprising four treatment groups,
a placebo group, and a control group — each group consists
of three male and three female rats. The four treatment
groups were assigned to either normal (500 IU/kg) or toxic
dose (1500 IU/kg) to assess the toxicological similarity
of GBpoietin® to Eprex®. Treatment-1 and Treatment-2
were injected with normal and toxic doses of GBpoietin®,
respectively, while Treatment-3 and Treatment-4 were
injected with normal and toxic doses of Eprex®, respectively.
The placebo group was injected with 100 uL of formulation
buffer used for GBpoietin® and Eprex®. The control
group was not given any injection, serving as a negative
control of the study. Two days before dosing, whole blood
(approximately 200 uL) was collected in 2% EDTA from
each rat for the complete blood count (CBC) analysis.
Similarly, whole blood was also collected after the last
dosing at day 14 for the CBC analysis. Pharmacodynamic
(PD) endpoints including RBC count, white blood cell
(WBC) count, hemoglobin (HGB) level, platelet (PLT)
count, hematocrit (HCT) level, mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration (MCHC)
were measured for all test subjects before injection and
on the last day of the 14-day study using BK-6190-Vet
auto hematology analyzer (Biobase, Germany). Similarly,
alanine  aminotransferase  (ALT)/glutamic  pyruvic
transaminase (GPT), aspartate aminotransferase (AST)/
serum glutamic-oxaloacetic transaminase (sGOT), and
blood urea nitrogen (BUN) assays were performed on
blood serum using a semi-automatic chemistry analyzer
(Biobase, Germany) to assess the toxic effect of GBpoietin®
and Eprex® on the liver and kidney. Body temperature and
weight were also measured during the whole study period.
A necropsy of representative subjects from each treatment,
placebo, and control groups was done to check for
abnormalities in the kidney, lung, liver, spleen, and heart.
During the necropsy, external surfaces, all orifices, cranial
cavities, external surfaces of the brain and spinal cord,
thoracic, abdominal, and pelvic cavities, cervical tissues,
and organs were also examined. Finally, histopathological
evaluation was carried out to find any pathological
significance like degeneration or cellular necrosis in the rat
internal organs such as the kidney, liver, lung, and spleen.
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2.5. Repeated-dose toxicity assay

A total number of 24 rats were separated into four different
groups consisting of 6 rats (3 males and 3 females) in each
group. There were four different treatment groups (1 and
2), one placebo group, and one control group. Each rat of
the two treatment groups was subcutaneously (SC) injected
with sterile 125 TU/kg, 250 IU/kg, 500 IU/kg, 750 1U/kg,
1000 IU/kg, 1250 IU/kg, and 1500 IU/kg of GBpoietin®
(Group 1) and Eprex® (Group 2) on 7 consecutive days.
The placebo and the control groups were similar to those
in the single-dose toxicity assay. For CBC analysis, whole
blood was collected 2 days before dosing as well as after
the last dosing on day 7 using similar protocols described
in Section 2.4. PD endpoints including RBC, WBC, HGB,
HCT, MCV, MCH, MCHC, and PLT count were measured
for all test subjects before the first dose injection and the
day after the last dose. ALT, AST, and BUN assays as well
as necropsy tests and histopathological evaluations were
performed as described in Section 2.4. Body temperature
and weight were also measured during the whole study
period.

2.6. Data evaluation and statistical analysis

The variables used for statistical processing are body
weight, body temperature, hematological and biochemical
parameters, as well as microscopy findings. Central
tendency and dispersion statistics, including mean,
standard deviation, maximum, and minimum values, were
calculated. The variable FD (difference between the final
and initial value) was calculated to assess the treatment
effects on hematological and biochemical parameters. The
assumptions of normal distribution and homogeneity of
variance were verified using the Kolmogorov-Smirnov and
Shapiro-Wilk tests, and the Levene test, respectively, before
the analysis of body weight and body temperature variables
for each evaluation time point. A parametric analysis
of variance (ANOVA) or a non-parametric alternative
(Kruskall-Wallis test) was used, depending on whether the
data followed a normal distribution. Paired comparisons
were performed in consecutive intervals, using either the
paired t-test or the Wilcoxon test, depending on whether
the data followed a normal distribution. The results from
the histopathological studies were analyzed using cross-
tabulated classification tables and the test for association
of independence (Fisher’s exact test). The data were
processed with Microsoft Excel, 2010, running on the
Windows operating system. The mean difference between
the test and the comparator product was calculated using
linear mixed-effect analysis of variance, along with the
corresponding P-value. Statistical significance was defined
asaP<0.05. A P> 0.05 for the PD parameters of the sample
formulations was considered similar and non-significant.

3. Results

3.1. Body weight assessment

Body weight increased steadily and significantly during
the single-dose toxicity study, as shown in Figure 1A. The
differences in body weight for all study groups at different
evaluation time points (day 0, 7, and 14) suggested that
the body weight gains were significant (P < 0.05) for
Treatment-2 (P = 0.01), Treatment-4 (P = 0.006), Control
(P =0.001), and Placebo (P = 0.017) groups but were not
significant in Treatment-1 (P = 0.09) and Treatment-3
(P =0.07) groups. On the other hand, during the repeated-
dose toxicity study, body weight increased steadily but not
significantly, as shown in Figure 1C; the differences in body
weight across all study groups at different evaluation time
points (day 0, 3, and 7) were not significant (P > 0.05). The
results remained consistent when the data were analyzed
independently per gender or evaluation time points. An
increase of body weight for all the groups suggests a normal
evolution of body weight which is an indicator of sound
health for the animals, substantiating the non-toxicity
of the GBpoietin® under both single- and repeated-dose
toxicity studies. The absence of negative effects on body
weight gain is favorable for the evaluation of the substance
under the study, as a decrease in body weight is one of
the primary clinical symptoms of stress or illness in this
rat strain. Therefore, the increase in body weight serves
as indirect evidence of the non-toxicity of the substance
being analyzed.

3.2. Body temperature assessment

During the single-dose toxicity test, the changes in
body temperature were not significant (P > 0.05) for
all four treatment groups (Treatment-1, Treatment-2,
Treatment-3, Treatment-4) and Placebo group (P = 0.009),
while nearly significant in Control group (P = 0.07), as
shown in Figure 1B. On the other hand, the changes in
body temperature were not significant (P > 0.05) for all
study groups (Treatment-1, Treatment-2, Placebo, and
Control) in the repeated-dose toxicity study, as shown in
Figure 1D. These results remained consistent when the
data were analyzed independently per gender or evaluation
time points, indicating normal health for the animals
and substantiating the non-toxicity of the GBpoietin®.
In addition, the absence of changes in body temperature
outside the normal range serves as an indirect indicator of
non-toxicity for the test animals.

3.3. Hematological assessments

When analyzing the results of the hematological tests,
differences were detected among treatment groups of both
doses of GBpoietin® and the reference drug, Eprex®.
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Figure 1. Changes in the body weight and body temperature of the subjects. Body weight (A) and temperature (B) changes in single-dose toxicity studies.
Changes in body weight (C) and temperature (D) in repeated-dose toxicity studies. Data are presented as mean + standard deviation.

3.3.1. Single-dose toxicity study

The change in RBC count was significant (P < 0.05) in
Treatment-1 (P = 0.02), Treatment-3 (P = 0.02), and
Placebo (P = 0.00) groups but not significant (P > 0.05)
in Treatment-2 (P 0.16), Treatment-4 (P 0.14),
and Control groups (P = 0.43) as shown in Figure 2A.
A significant (P < 0.05) change in WBC count in
Treatment-1 (P = 0.05), Treatment-4 (P = 0.038), and
Control (P = 0.001) groups was observed; however, the
changes found in Treatment-2 (P = 0.80), Treatment-3
(P=0.80), and Placebo groups (P = 0.86) were insignificant
(P > 0.05), as shown in Figure 2B. The change in HGB
level was significant (P < 0.05) in Treatment-1 (P = 0.01),
Treatment-3 (P = 0.00), and Placebo (P = 0.001) groups
but not significant (P > 0.05) in Treatment-2 (P = 0.11),
Treatment-4 (P = 0.05), and Control (P = 0.27) groups, as
shown in Figure 2C. For the PLT count, we did not find
any significant (P < 0.05) differences in all the groups;
Figure 2D. The percentage of HCT was also checked,
where the changes in HCT percentage were significant
(P < 0.05) in Treatment-1 (P 0.01), Treatment-3
(P 0.02), and Placebo groups (P 0.00) but not
significant (P > 0.05) in Treatment-2 (P = 0.218), Control
(P = 0.55), and Treatment-4 (P = 0.08) groups, as
shown in Figure 2E. The changes in MCV values were
significant (P <0.05) in Treatment-1 (P=0.02), Treatment-4
(P=0.01), and Placebo (P =0.02) groups but not significant
(P > 0.05) in Treatment-2 (P = 0.20), Control (P = 0.86),

and Treatment-3 (P = 0.07) groups, as shown in Figure 2F.
The amount of MCH was also measured, and the changes
were found to be significant (P < 0.05) in Placebo
(P=0.03) group but not significant (P> 0.05) in Treatment-1
(P =0.54), Treatment-2 (P = 0.91), Treatment-3 (P = 0.37),
Treatment-4 (P = 0.97), and Control groups (P = 0.91) as
shown in Figure 2G. The changes in MCHC count were
significant (P < 0.05) in Treatment-1 (P = 0.03) and
Placebo (P = 0.06) groups; however, it was not significant
(P > 0.05) in Treatment-2 (P 0.47), Treatment-3
(P =0.28), Treatment-4 (P = 0.40), and Control (P = 0.90)
groups, where the initial and final values were very close to
each other as shown in Figure 2H.

3.3.2. Repeated-dose toxicity study

For the analysis of one-way ANOVA and t-test, the
hematology parameters were compared between the
measurements on day 0 and day 7 in all the study
groups. The RBC count increased in all study groups
but Treatment-1 and Treatment-2 groups showed the
highest count compared with Control and Placebo groups,
as shown in Figure 3A. The differences in RBC count
between the two treatment groups were very significant
(P = 0.0002). We also compared the differences between
the groups by doing a t-test, which showed significant
differences between Treatment-1 and Control (P = 0.002),
Treatment-2 and Control (P = 0.002), Treatment-1 and
Placebo (P = 0.002), Treatment-2 and Placebo (P = 0.002)
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Figure 2. Hematological test findings of single-dose toxicity study. (A) Red blood cell count; (B) White blood cell count; (C) Hemoglobin count;
(D) Platelet count; (E) Hematocrit; (F) Mean corpuscular volume; (G) Mean corpuscular hemoglobin; (H) Mean corpuscular hemoglobin concentration.

Data are presented as mean + standard deviation.

but no significant differences between Treatment-1 and
Treatment-2 (P =0.83) and Placebo and Control (P = 0.64).
WBC count decreased within the normal range in all
study groups, including Control group, and their results
were almost similar, as shown in Figure 3B. However, the
differences in WBC count among the groups were not
significant (P = 0.80). HGB levels increased in all study
groups but Treatment-1 and Treatment-2 groups showed
the highest levels compared with Control and Placebo
groups, as shown in Figure 3C. The differences in HGB
levels on day 0 and day 7 among the different study groups
were very significant (P = 0.0004). HCT also increased
in Treatment-1 and Treatment-2 groups but decreased
in Control and Placebo groups, as shown in Figure 3E.
The differences in HCT percentage among the different
study groups were very significant (P = 0.0001). We also

found significant differences between Treatment-1 and
Control (P = 0.01), Treatment-2 and Control (P = 0.000),
Treatment-1 and Placebo (P = 0.04), Treatment-2 and
Placebo (P = 0.000). The MCV increased within the
normal range in all study groups, including Control, where
Treatment-1 group showed the highest level compared
with Treatment-2, Placebo, and Control groups, as shown
in Figure 3F. When the differences in HCV count among
the groups were analyzed, we did not find any significant
(P = 0.64) differences. MCH level decreased within the
normal range in all study groups except Treatment-2
group where the results were insignificant (P = 0.46), as
shown in Figure 3G. MCHC decreased in Treatment-2 and
Control groups but increased in Treatment-1 and Placebo
groups, as shown in Figure 3H. The differences in MCH
levels among the groups were not significant (P = 0.27).
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Figure 3. Hematological test findings of repeated-dose toxicity study. (A) Red blood cell count; (B) White blood cell count; (C) Hemoglobin count;
(D) Platelet count; (E) Hematocrit; (F) Mean corpuscular volume; (G) Mean corpuscular hemoglobin; (H) Mean corpuscular hemoglobin concentration.
Data are presented as mean + standard deviation.

Finally, PLT count increased within the normal range in 3.4. Biochemical tests

all study groups, including Control group, and their results

were almost similar, as shown in Figure 3D. However, the 3.4.1. ALT/GPT assay

differences in PLT count among the groups were significant Increased ALT was observed in all animal groups of
(P=0.44). the toxicity study. In the single-dose toxicity study, the
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Treatment-4 group showed the highest positive value
among all the study groups, whereas Treatment-1 showed
the lowest value, as shown in Figure 4A. The change
in ALT levels was significant (P < 0.05) in Treatment-2
(P =0.03), Treatment-4 (P = 0.00), Control (P = 0.01), and
Placebo (P = 0.06) groups but not significant (P > 0.05)
in Treatment-1 (P = 0.14) and Treatment-3 (P = 0.10)
groups. On the other hand, in the repeated-dose toxicity
study, ALT levels also increased in all study groups, where
Treatment-2 and Control groups showed higher values
compared to Treatment-1 and Placebo groups, as shown in
Figure 4D. However, the difference in ALT levels between
the two treatment groups was not significant (P < 0.05).

3.4.2. AST assay

AST level increased in all animal groups under study,
where Treatment-4 group showed higher values
compared to all other groups in the single-dose toxicity
study, as shown in Figure 4B. The change in AST levels
was significant (P < 0.05) in Treatment-1 (P = 0.02),
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Treatment-2 (P = 0.02), Treatment-4 (P = 0.01), Control
(P=0.01), and Placebo (P = 0.06) groups but not significant
(P > 0.05) in Treatment-3 (P = 0.28) group. The AST level
increased within the normal range in all study groups,
including Control group, and their results were almost
similar, as shown in Figure 4E. However, the analysis
of AST levels among the groups showed no significant
(P =0.76) differences.

3.4.3. BUN assay

BUN level also increased in all groups under toxicity study,
except Treatment-3 group in the single-dose toxicity test,
as shown in Figure 4C. The change in BUN levels was
significant (P <0.05) in Treatment-1 (P=0.03), Treatment-2
(P =0.00), and Treatment-3 (P = 0.00) groups. However, it
was not significant (P > 0.05) in Treatment-4 (P = 0.80),
Control (P =0.31), and Placebo (P = 0.12) groups, in which
the initial and final values were very close. The BUN level
also increased in Treatment-1, Treatment-2, and slightly
in Control groups but decreased in Placebo group in
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Figure 4. Analysis of biochemical parameters of the study subjects. (A-C) show the findings of alanine aminotransferase (ALT)/glutamic pyruvic
transaminase (GPT), aspartate aminotransferase (AST)/serum glutamic-oxaloacetic transaminase (sGOT), and blood urea nitrogen (BUN) assays,
respectively, for single-dose toxicity tests. (D-F) show the findings of ALT/GPT, AST/sGOT, and BUN assays, respectively, for repeated-dose toxicity tests.

Data are presented as mean + standard deviation.
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the repeated-dose toxicity study, as shown in Figure 4F.
However, the differences in BUN levels among the groups
were not significant (P = 0.02).

3.5. Necropsy findings

Single representative subjects from all Treatment, Placebo,
and Control groups were euthanized for necropsy findings.
External surfaces, all orifices, cranial cavities, external
surfaces of the brain and spinal cord, thoracic, abdominal,
and pelvic cavities, cervical tissues, and organs were observed
for any abnormalities. However, no abnormal lesions were
found during necropsy examination, as shown a Figure 5.

3.6. Histopathology study

No morphological signs of toxicity were observed in
internal organs such as the kidney, liver, lung, and spleen
of experimental animals from the single- and repeated-
dose toxicity studies (Figure 6). No lesions of pathological
significance like degeneration or cellular necrosis were
found on these internal organs in all treatment groups,
including the group that received Eprex®.
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Lung
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Heart Kldney
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4. Discussion

This study presents the overall results of the preclinical safety
evaluation of GBpoietin® in rats through a comparative
acute toxicity study with Eprex®, following subcutaneous
administration. The findings demonstrated that the
toxicological profiles of GBpoietin® and Eprex® were similar
and aligned with the known pharmacology of EPO alfa,
previously studied for a comprehensive safety and toxicity
assessment of rhEPO.” No side effects or signs of toxicity
were observed during daily observations of the animals
inoculated with GBpoietin® or Eprex® in the comparative
acute toxicity assay. There were no changes in fur or
pigmentation, and the eyes and mucosal surfaces appeared
normal, as did the somatomotor activity and behavior.
Proper responses to stimulation were obtained, and no
deaths were reported during the study. Upon evaluation
of the inoculation site, no signs of damage attributable to
the administration of rhEPO.***¢ were evidenced. The only
abnormalities detected were hemorrhagic areas observed in
the repeated-dose toxicity study, but these were attributed

Figure 5. Representative necropsy findings of both single- and repeated-dose toxicity studies. (A) Control, (B) Placebo, (C) Treatment 1, (D) Treatment
2, (E) Treatment 3, and (F) Treatment 4 groups of single-dose toxicity study. (G) Control, (H) Placebo, (I) Treatment 1, and (J) Treatment 2 groups of
repeated dose toxicity study.

Volume 8 Issue 2 (2025) 63 doi: 10.36922/itps.5797


https://dx.doi.org/10.36922/itps.5797

INNOSC Theranostics and
Pharmacological Sciences

Preclinical study of GBpoietin biosimilar

Figure 6. Representative histopathological findings. (A and B) kidney, (C and D) liver, (E and F) lung, (G and H) spleen, for both single- and repeated-dose

toxicity studies, respectively.

to the method and the repetitive nature of the inoculation
rather than to rhEPO itself,”* as they appeared with the
same intensity in the placebo group. The results of the
hematological tests were normal when compared to their
values before the start of the study.

Body weight increased steadily and significantly
(P < 0.05) during the single-dose toxicity study; we found
similar differences in body weight in all study groups at
different evaluation time points (days 0, 3, and 7). The
results were insignificant (P > 0.05) for the repeated-dose
toxicity study as well. The increase of this parameter in
all the study groups translates into a normal evolution of
body weight for both genders indicating good health for
the animals, further substantiating the non-toxicity of
the GBpoietin™ in both studies. The absence of negative
effects on body weight gain is favorable for evaluating the
substance under study, as a decrease in body weight is one of
the primary clinical symptoms of stress or illness in this rat
strain.*** Therefore, the increase in body weight is indirect
evidence of non-toxicity for the substance under analysis.
No significant changes in body temperature were observed
among the treatment groups. This result remained similar
when the same data were analyzed independently by
gender or evaluation time points, which indicated normal
health for the animals, further supporting the non-toxicity
of the GBpoietin®. Abnormal changes in body temperature
under test conditions have been shown to indicate induced
toxicity.*»** Accordingly, the absence of significant changes
in body temperature outside the normal range suggests
that severe toxicity was unlikely in the test animals during
the experiment.

The results of the hematological tests were normal
when compared to their values before the start of the
study. Differences were found in the groups inoculated
with GBpoietin®, Eprex®, or the placebo in both single- and
repeated-dose studies. The values stayed within the
normal range for the species used in the study.*** WBC
levels decreased within the normal range across all study
groups, including the control, with results being largely
similar. The absence of WBC count changes beyond the
normal range serves as evidence of the non-toxicity of
the test item under analysis.® The high RBC count, HGB
level, and HCT, together with the slight increase in PLT,
confirm the therapeutic effect of EPO. These high counts
of hematological parameters also reveal the therapeutical
similarity of GBpoietin® compared with Eprex®. These
results are attributed to the mobilization of hematopoietic
progenitor cells to the peripheral blood, which is the
reported mechanism of action of the product under study.*
On the other hand, MCV increased in all groups under
study with Treatment-1 showing higher value than all other
groups in the toxicity study. The differences in MCV levels
among the groups were insignificant (P < 0.05). MCH
levels increased in Treatment-2, Treatment-3, and Control
groups, while they decreased in Treatment-1, Treatment-4,
and Placebo groups, though the values were within the
normal range (P = 0.46) in all study groups. In single-
dose toxicity study, MCHC levels decreased in all animal
groups, while they decreased in Treatment-2 and Control
groups and increased in Treatment-1 and Placebo groups
in the repeat-dose toxicity study. The absence of change
in MCV, MCH, and MCHC levels outside the normal
range demonstrates the non-toxicity of the test item under
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analysis.” Collectively, these results also demonstrate the
similarity between the two experimental EPO preparations,
namely GBpoietin® and Eprex®.

Our result is in agreement with the findings of other
studies, where similar levels of biochemical parameters
were reported (ALT/GPT, AST, and BUN).* In our study,
we reported that serum ATL/GPT increased in all the
treatment groups. Serum AST and BUN also increased
beyond the normal level but the increases were less than
that of the ALT/GPT levels in both single- and repeated-
dose toxicity tests. Similar studies suggest that the upper
level within the normal range of biochemical parameters
indicates the uniformity of liver function.*” It also serves as
evidence for non-toxicity of the test item under analysis.*
The observation suggests that GBpoietin® is safe, with
a toxicity profile similar to that of the reference product
Eprex®.

The results of the necropsies for both experiments
showed no indication of any abnormalities or anatomical
changes. After two doses, the hemorrhagic regions were
observed for single animal from each group (control,
placebo, and treatment groups). Presumably, the trauma
from repeated subcutaneous injections at the same location
is associated with this symptom.® Thus, the macroscopic
results support the clinical findings, indicating no changes
attributable to EPO and no signs of local irritation or injury.
Regardless of the dosage or volume of administration, the
lack of macroscopic damage in the organs and tissues of
the experimental animals is a crucial factor in assessing
the safety of the tested product in both trials. One of the
observed histopathological findings was the absence of
lesions of pathological significance like degeneration
or cellular necrosis in internal organs. These reactions
have been described in the literature as a consequence
of the intense metabolic activity of the organ, and their
spontaneous appearance has been reported for this animal
species.”! The presence of these findings in the control
groups indicates that their occurrence is not dependent on
the effect of the different rhEPO doses in any of the assayed
formulations. Notably, the histopathological results
further support the safety of the test product GBpoietin®,
demonstrating similarity to the reference product Eprex®.

5. Conclusion

This study establishes that the toxicological profiles of
GBpoietin® and Eprex® are similar and align with the
known pharmacology of EPO alfa. It is also important
to note that the histopathological results preclude any
noticeable toxicity effect of the test product, GBpoietin®, in
major organs and injection sites. Based on the experimental
results, we conclude that the biological response of

GBpoietin® and Eprex® is essentially equivalent. Therefore,
they can be considered biosimilar in pre-clinical settings,
with a clinical study in humans potentially providing
further insights.

Acknowledgments

We thank Md. Harunur Rashid (the chairman of Globe
Pharmaceuticals Group of Companies) Ahmed Hossain,
Md. Mamunur Rashid, Md. Shahiduddin Alamgir and
Abdullah Al Rashid (the directors of Globe Pharmaceuticals
Group of Companies) for their continuous support and
encouragement. We thank Dr. Rustom Ali and Uttam
Barman for animal management, animal husbandry,
surgical process, and tissue preparation and scoring. We
also thank Gini Biswas, Dibakor Paul, and Zahir Uddin
Babor for their support of the information and facility
management system.

Funding
The study was funded by Globe Biotech Limited.

Conflict of interest

Kakon Nag is the CEO of Globe Biotech Limited, Dhaka,
Bangladesh and R&D Management Solution Inc., Ontario,
Canada. However, this has not influenced the content of
the manuscript. The other authors declare that they have
no competing interests.

Author contributions

Conceptualization: Kakon Nag, Naznin Sultana, Sitesh
Chandra Bachar

Formal analysis: Mohammad Mohiuddin, Md. Maksudur
Rahman Khan, Samir Kumar, Sheikh Rejaul Haq

Investigation: Md. Enamul Haq Sarker, Bipul Kumar Biswas

Methodology: Mohammad Mohiuddin, Md. Maksudur
Rahman Khan, Samir Kumar, Md. Enamul Haq
Sarker, Bipul Kumar Biswas, Sitesh Chandra Bachar

Writing-original ~ draft: Kakon Nag, Mohammad
Mohiuddin, Sheikh Rejaul Hagq, Sitesh Chandra
Bachar, Naznin Sultana

Writing-review ¢ editing: Kakon Nag, Mohammad
Mohiuddin, Sitesh Chandra Bachar, Naznin Sultana

Ethics approval and consent to participate

The study plan and procedures for experiments were
approved by the internal ethical review board (IECB-PCS:
Internal Ethical Clearance Board for Pre-Clinical Study)
of Globe Biotech Limited, which complies with local and
international regulations. The ethical approval reference
number is GB/EC/19/001.

Volume 8 Issue 2 (2025)

65

doi: 10.36922/itps.5797


https://dx.doi.org/10.36922/itps.5797

INNOSC Theranostics and
Pharmacological Sciences

Preclinical study of GBpoietin biosimilar

Consent for publication

Not applicable.

Availability of data and materials

The data that support the findings of this study are available
within the article or are available from the corresponding
author upon reasonable request.

Further disclosure

The study was published in the preprint journal BioRxiv
under the title “Preclinical study of the human recombinant
Erythropoietin (GBPD002) compared with Eprex®” with a
DOI number 10.1101/2024.06.05.597513.

References

1.

Al Mahtab M, Bachar SC, Nag K, et al. Clinical evaluation
in adult human revealed the biosimilarity of recombinant
Erythropoietin GBPD002 with eprex®. Arch Clin Biomed
Res. 2023;7(4):459-474.

doi: 10.26502/acbr.50170361

Bhoopalan SV, Huang LJ, Weiss M]. Erythropoietin
regulation of red blood cell production: From bench to
bedside and back. F1000Res. 2020;9:F1000 Faculty Rev-1153.

doi: 10.12688/f1000research.26648.1

Miyake T, Kung CK, Goldwasser E. Purification of human
erythropoietin. ] Biol Chem. 1977;252(15):5558-5564.

Igarashi P. Kidney-specific gene targeting. ] Am Soc Nephrol.
2004;15(8):2237-2239.

doi: 10.1097/01.ASN.0000136298.09488.D7

Jelkmann W. Physiologyand pharmacologyoferythropoietin.
Transfus Med Hemother. 2013;40(5):302-309.

doi: 10.1159/000356193

Bacardi DM, Cosme K, Gutiérrez A, et al. Preclinical safety
demonstration of the human recombinant erythropoietin
HEBERITRO®. Biotecnol Apl. 2005;22(4):273-278.

Shih HM, Wu CJ, Lin SL. Physiology and pathophysiology
of renal erythropoietin-producing cells. ] Formos Med Assoc.
2018;117(11):955-963.

doi: 10.1016/j.jfma.2018.03.017

Zhang Y, Wang L, Dey S, et al. Erythropoietin action in
stress response, tissue maintenance and metabolism. Int |
Mol Sci. 2014;15(6):10296-10333.

doi: 10.3390/ijms150610296

Pucaj K, Riddle K, Taylor SR, Ledon N, Bolger GT.
Safety and Biosimilarity of ior® EPOCIM compared with
eprex” based on toxicologic, pharmacodynamic, and
pharmacokinetic studies in the sprague-dawley Rat. ] Pharm
Sci. 2014;103(11):3432-3441.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

doi: 10.1002/jps.24164

Dzierzak E, Philipsen S. Erythropoiesis: Development
and differentiation. Cold Spring Harb Perspect Med.
2013;3(4):a011601.

doi: 10.1101/cshperspect.a011601

Committee for Medicinal Products for Human Use
(CHMP). Guideline on Comparability of Medicinal Products
Containing  Biotechnology-Derived —Proteins as Active
Substance. Non-Clinical and Clinical Issues. Netherlands:
European Medicines Agency; 2003.

Guideline IHT. Guidance on Nonclinical Safety Studies
for the Conduct of Human Clinical Trials and Marketing
Authorization for Pharmaceuticals M3 (R2); 2009.

Parnham M], Schindler-Horvat ], Kozlovi¢ M. Non-
clinical safety studies on biosimilar recombinant
human erythropoietin. Basic Clin Pharmacol Toxicol.
2007;100(2):73-83.

doi: 10.1111/j.1742-7843.2007.00028.x

Thachil J, Owusu-Ofori S, Bates I. Haematological diseases
in the tropics. In: Manson’s Tropical Infectious Diseases.
Amsterdam: Elsevier Health Sciences; 2014. p. 894.

Weber G, Gross J, Kromminga A, Loew HH, Eckardt KU.
Allergic skin and systemic reactions in a patient with pure red
cell aplasia and anti-erythropoietin antibodies challenged
with different epoetins. ] Am Soc Nephrol. 2002;13(9):
2381-2383.

doi: 10.1097/01.asn.0000027031.79843.6¢

Lewis LD. Preclinical and Clinical Studies: A Preview of
Potential Future Applications of Erythropoietic Agents.
Netherlands: Elsevier; 2004. p. 17-25.

Singh G. Preclinical Drug Development. In: Pharmaceutical
Medicine and Translational Clinical Research. Netherlands:
Elsevier; 2018. p. 47-63.

Broichhausen C, Riquelme P, Ahrens N, et al. In question:
The scientific value of preclinical safety pharmacology
and toxicology studies with cell-based therapies. Mol Ther
Methods Clin Dev. 2014;1:14026.

doi: 10.1038/mtm.2014.26

De Mora F, Torres R. Biotechnology-derived medicines:
What are they? A pharmacological and a historical
perspective. ] Generic Med. 2010;7(2):145-157.

doi: 10.1057/jgm.2010.10

Beiraghdar F, Panahi Y, Einollahi B, et al. Evaluation of a
biosimilar recombinant alpha epoetin in the management
of anemia in hemodialysis patients. Saudi Pharm ].
2015;23(5):544-548.

doi: 10.1016/j.jsps.2015.02.007

Nag K, Islam MJ, Rahman Khan MM, et al. Development
and qualification of a high-yield recombinant human

Volume 8 Issue 2 (2025)

doi: 10.36922/itps.5797


https://dx.doi.org/10.36922/itps.5797
http://dx.doi.org/10.26502/acbr.50170361
http://dx.doi.org/10.12688/f1000research.26648.1
http://dx.doi.org/10.1097/01.ASN.0000136298.09488.D7
http://dx.doi.org/10.1159/000356193
http://dx.doi.org/10.1016/j.jfma.2018.03.017
http://dx.doi.org/10.3390/ijms150610296
http://dx.doi.org/10.1002/jps.24164
http://dx.doi.org/10.1101/cshperspect.a011601
http://dx.doi.org/10.1111/j.1742-7843.2007.00028.x
http://dx.doi.org/10.1097/01.asn.0000027031.79843.6c
http://dx.doi.org/10.1038/mtm.2014.26
http://dx.doi.org/10.1057/jgm.2010.10
http://dx.doi.org/10.1016/j.jsps.2015.02.007

INNOSC Theranostics and
Pharmacological Sciences

Preclinical study of GBpoietin biosimilar

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Erythropoietin Biosimilar. bioRxiv [Preprint]; 2023.
doi: 10.1101/2023.01.22.525046

Pognan E Beilmann M, Boonen H, et al. The evolving role of
investigative toxicology in the pharmaceutical industry. Nat
Rev Drug Discov. 2023;22(4):317-335.

doi: 10.1038/s41573-022-00633-x

Ait-Oudhia S, Scherrmann JM, Krzyzanski W. Time-
dependent clearance and hematological pharmacodynamics
upon erythropoietin multiple dosing in rats. Biopharm Drug
Disposit. 2010;31(5-6):298-315.

doi: 10.1002/bdd.712

Marone PA, Lau FC, Gupta RC, Bagchi M, Bagchi D. Safety
and toxicological evaluation of undenatured type II collagen.
Toxicol Mech Methods. 2010;20(4):175-189.

doi: 10.3109/15376511003646440

Barnes CA. Memory deficits associated with senescence:
A neurophysiological and behavioral study in the rat.
J Comp Physiol Psychol. 1979;93(1):74.

doi: 10.1037/h0077579

Haley T, McCormick W. Pharmacological effects produced
by intracerebral injection of drugs in the conscious mouse.
Br ] Pharmacol Chemother. 1957;12(1):12-15.

doi: 10.1111/j.1476-5381.1957.tb01354.x

Silva I, Alipio C, Pinto R, Mateus V. Potential anti-
inflammatory effect of erythropoietin in non-clinical
studies in vivo: A systematic review. Biomed Pharmacother.
2021;139:111558.

doi: 10.1016/j.biopha.2021.111558

Isbrucker R, Edwards J, Wolz E, Davidovich A, Bausch J.
Safety studies on epigallocatechin gallate (EGCG)
preparations. Part 2: Dermal, acute and short-term toxicity
studies. Food Chem Toxicol. 2006;44(5):636-650.

Lim HK, Choi J, Kim D, et al. Single-and repeat-dose
toxicity of HM10760A, a long-acting erythropoietin, in rats
and monkeys. Toxicol Appl Pharmacol. 2020;402:115126.

doi: 10.1016/j.taap.2020.115126

Patterson ZR, Abizaid A. Stress induced obesity: Lessons
from rodent models of stress. Front Neurosci. 2013;7:130.

doi: 10.3389/fnins.2013.00130

Everds NE, Snyder PW, Bailey KL, et al. Interpreting
stress responses during routine toxicity studies: A review
of the biology, impact, and assessment. Toxicol Pathol.
2013;41(4):560-614.

doi: 10.1177/0192623312466452

Mehany HM, El-Shafai NM, Attia AM, Ibrahim MM,
El-Mehasseb IM. Potential of chitosan nanoparticle/fluoride

33.

34.

35.

36.

37.

38.

39.

40.

41.

nanocomposite for reducing the toxicity of fluoride an
in-vivo study on the rat heart functions: Hematopoietic and
immune systems. Int ] Biol Macromol. 2022;216:251-262.

doi: 10.1016/j.ijbiomac.2022.06.171

Lin N, Liu B, Zhang J, et al. Acute toxicity, 28-day repeated-
dose toxicity and toxicokinetic study of timosaponin BII in
rats. Regul Toxicol Pharmacol. 2017;90:244-257.

doi: 10.1016/j.yrtph.2017.09.021

Risso A, Turello M, Biffoni F, Antonutto G. Red blood cell
senescence and neocytolysis in humans after high altitude
acclimatization. Blood Cells Mol Dis. 2007;38(2):83-92.

doi: 10.1016/j.bcmd.2006.10.161

Martell RE, Peterson BL, Cohen H, et al. Analysis of
age, estimated creatinine clearance and pretreatment
hematologic parameters as predictors of fludarabine toxicity
in patients treated for chronic lymphocytic leukemia:
A CALGB (9011) coordinated intergroup study. Cancer
Chemother Pharmacol. 2002;50:37-45.

doi: 10.1007/s00280-002-0443-5

Neben S, Marcus K, Mauch P. Mobilization of hematopoietic
stem and progenitor cell subpopulations from the marrow
to the blood of mice following cyclophosphamide and/
or granulocyte colony-stimulating factor. Blood. 1993;81:
1960-1967.

Wazis C, Anuka ], Timothy S, Zezi A, Mohammed G,
Hussaini I. Acute toxicity and in-vivo effects of leaf extracts
of Byrsocarpus coccineus Shum and Thonn in pregnant rat
uterus. ] Appl Pharm Sci. 2012;2(12):130-136.

El-Hak HNG, Moustafa ARA, Mansour SR. Toxic effect of
Moringa peregrina seeds on histological and biochemical
analyses of adult male Albino rats. Toxicol Rep. 2018;5:38-45.

doi: 10.1016/j.toxrep.2017.12.012

Vessal S, Naidoo S, Hodson J, Stella DL, Gibson RN.
Hepatic vein morphology: A new sonographic diagnostic
parameter in the investigation of cirrhosis? J Ultrasound
Med. 2009;28(9):1219-1227.

doi: 10.7863/jum.2009.28.9.1219

Inam S, Irfan M, Lali NUA, et al. Development and
characterization of eudragit® EPO-based solid dispersion
of rosuvastatin calcium to foresee the impact on solubility,
dissolution and antihyperlipidemic activity. Pharmaceuticals
(Basel). 2022;15(4):492.

doi: 10.3390/ph15040492

Oleaga C, Bernabini C, Smith AS, et al. Multi-Organ toxicity
demonstration in a functional human in vitro system
composed of four organs. Sci Rep. 2016;6(1):20030.

doi: 10.1038/srep20030

Volume 8 Issue 2 (2025)

doi: 10.36922/itps.5797


https://dx.doi.org/10.36922/itps.5797
http://dx.doi.org/10.1101/2023.01.22.525046
http://dx.doi.org/10.1038/s41573-022-00633-x
http://dx.doi.org/10.1002/bdd.712
http://dx.doi.org/10.3109/15376511003646440
http://dx.doi.org/10.1037/h0077579
http://dx.doi.org/10.1111/j.1476-5381.1957.tb01354.x
http://dx.doi.org/10.1016/j.biopha.2021.111558
http://dx.doi.org/10.1016/j.taap.2020.115126
http://dx.doi.org/10.3389/fnins.2013.00130
http://dx.doi.org/10.1177/0192623312466452
http://dx.doi.org/10.1016/j.ijbiomac.2022.06.171
http://dx.doi.org/10.1016/j.yrtph.2017.09.021
http://dx.doi.org/10.1016/j.bcmd.2006.10.161
http://dx.doi.org/10.1007/s00280-002-0443-5
http://dx.doi.org/10.1016/j.toxrep.2017.12.012
http://dx.doi.org/10.7863/jum.2009.28.9.1219
http://dx.doi.org/10.3390/ph15040492
http://dx.doi.org/10.1038/srep20030

ACCSCIENCE
PUBLISHING

INNOSC Theranostics
and Pharmacological Sciences

*Corresponding author:
Yusuf Usman
(usman.yusuf@fuhsi.edu.ng)

Citation: Usman Y, Aderibigbe AO,
Fehintola FA. Repeated

ketamine doses elevate
superoxide dismutase activity

in a pharmacological model of
schizophrenia-like phenotypes

in mice. INNOSC Theranostics
and Pharmacological Sciences.
2025;8(2):68-76.

doi: 10.36922/itps.6372

Received: November 20, 2024
1st revised: January 6, 2025
2nd revised: January 14, 2025
3rd revised: February 12, 2025
Accepted: February 17, 2025

Published online: February 28,
2025

Copyright: © 2025 Author(s).
This is an Open-Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations

ORIGINAL RESEARCH ARTICLE

Repeated ketamine doses elevate superoxide
dismutase activity in a pharmacological model
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Abstract

This study evaluated behavioral phenotypes and superoxide dismutase (SOD)
enzymatic activity in a repeated sub-anesthetic dose of ketamine (KET) administered
to model schizophrenia in an animal study. The animals were divided into three
(3) experimental groups. The KET alone group received sub-anesthetic dose of
KET (20 mg/kg) for 14 consecutive days. The control group vehicle (VEH) received
distilled water (10 mL/kg) as a VEH, while the KET and risperidone (RISP) group (KET
+ RISP) received a sub-anesthetic dose of KET (20 mg/kg) alone for 7 consecutive
days, followed by RISP (0.5 mg/kg) administered 1-h post-KET treatment from days
8 to 14. All treatments were administered intraperitoneally (i.p.). Twenty-four hours
after the last treatment, behavioral phenotypes (locomotor activity and cognition)
were assessed using the locomotor activity cage and the elevated plus maze (EPM).
Thereafter, SOD enzymatic activity was evaluated in homogenized brain tissue
from each mouse using spectrophotometric analysis. Animals that received KET
(20 mg/kg i.p) alone showed a significant (P < 0.05) increase in movement counts
and rearing events in the locomotor activity test. It also prolonged the latency to
enter the open arms during the anxiety-induced cognitive assessment in the EPM,
compared to animals that received distilled water or those that received KET and
RISP. SOD enzymatic activity was significantly elevated in the KET group compared to
the VEH and KET + RISP groups. The elevated SOD enzymatic activity may represent a
compensatory response to the oxidative stress induced by repeated sub-anesthetic
doses of KET.

Keywords: Superoxide dismutase; Ketamine; Schizophrenia; Phenotypes; Mice; Model

1. Introduction

Superoxide dismutase (SOD) is an endogenous antioxidant enzyme that plays a critical
role in converting superoxide radicals into less toxic hydrogen peroxide and oxygen
molecules, thus protecting cells from oxidative damage.! In schizophrenia, altered
SOD enzymatic activity has been observed, with studies showing both increased
and decreased activities, depending on the stage of the disease and treatment status,
with increased levels in first-episode schizophrenic patients.> Changes in endogenous
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antioxidant enzyme activity are implicated in the
pathogenesis of schizophrenia.’ Increased SOD enzymatic
activity has been reported in schizophrenic patients.* In
severe schizophrenia, changes in SOD enzymatic activity
have been experimentally shown to be associated with the
general pathology of the disorder and the exacerbation of
its symptoms.>

Ketamine (KET), an N-Methyl-D-Aspartate (NMDA)
receptor antagonist, is commonly used in preclinical
research to model schizophrenia in animals. Its sub-
anesthetic doses have been shown to induce a variety of
schizophrenia-like symptoms, including hyperactivity,
cognitive deficits, social withdrawal, anxiety and behavioral
changes, which mimic positive, negative, and cognitive
symptoms of the disorder as seen in humans.” Acute or
repeated KET administration has been used to induce
schizophrenia-like phenotypes and to study the underlying
neurobiological mechanisms in animal studies.*” The
drug’s action on glutamatergic neurotransmission,
specifically its antagonism of NMDA receptors, leads to
an increase in dopamine release, which is thought to be
the underlying mechanism of some of these effects.® The
antagonistic effect of KET on NMDA receptors alters
cognitive functions, as demonstrated in assessments of
working memory using alternation tasks,” which could
be associated with anxiety overload. In human studies,
administration of sub-anesthetic doses of KET in healthy
volunteers blocks NMDA receptors, thereby interfering
with sensory information processing.'® A single low dose
of KET in the range of 10 - 30 mg/kg induces impaired
working memory in a dose-dependent manner; the
impaired working memory can be reversed by atypical
antipsychoticdrugssuchasrisperidone (RISP)." Behavioral
paradigms such as hyperactivity and space exploration in
the open field test (OFT) are used to assess psychotic-like
behaviors in rodents.” The simplicity, reproducibility, and
versatility of these paradigms make them essential tools
for evaluating schizophrenia-like behaviors in animal
models. Schizophrenia, a complex psychiatric disorder, is
phenotypically characterized by hyperactivity as a positive
symptom in rodents.® The OFT is particularly effective in
evaluating hyperactivity, which is integral to schizophrenia
pathophysiology.'> Behavioral tests, including the elevated
plus maze (EPM), have been extensively used to assess
anxiety, risk-taking behavior, and cognitive impairments,
which are often altered in schizophrenia.”® The validity of
these tests in assessing cognitive impairments lies in their
ability to evaluate excessive and chronic anxiety, which
may be interpreted in the context of thinking, memory,
concentration, and decision-making.”* Brain cognitive
processing is a function of dopaminergic transmission in
the prefrontal cortex (PFC) and is critically important for

working memory.® In vivo microdialysis study have shown
that acute KET administration impairs working memory,
which is accompanied by increased dopamine release in
the PFC." In patients with schizophrenia, KET exacerbates
both positive and negative symptoms, indicating that
NMDA receptor antagonists may act on a neural system
already compromised in psychosis."

In animal models, KET induces behavioral and
electrophysiological changes that parallel psychosis-
like features observed in humans.” Late adolescence and
early adulthood stages reflect the developmental periods
when schizophrenia symptoms typically emerge in
humans.”*® Behavioral, biochemical, and cognitive deficits
induced at this stage closely mimic human schizophrenia
phenotypes, including hyperactivity, sensorimotor gating
deficits, and cognitive impairments.”'® Studies using
pharmacological interventions, such as glutamate receptor
antagonists like KET, demonstrate that developmental
manipulations during late adolescence or early adulthood
effectively reproduce schizophrenia-like behaviors. This
allows for the evaluation of therapeutic interventions,
such as antipsychotics or antioxidants, during critical
neurodevelopmental windows in rodents.” Repeated
administrations of low doses of KET (10, 20, and
30 mg/kg) have been shown to increase glutamate release
in the PFC, thus non-NMDA receptors activation triggers
dysregulation of dopaminergic neurotransmission in the
PFC, thereby contributing to cognitive impairments."”
Psychotic-like phenotype induction by KET suggests
that endogenous dysfunction or dysregulation of NMDA
receptor-mediated transmission may play a role in
schizophrenia pathogenesis, potentially in conjunction
with altered dopamine transmission. Furthermore,
NMDA receptor antagonism affects serotonergic and
GABAergic transmission in the PFC.'® Most animal studies
on NMDA receptor blockade focus on single-dose drug
administration to induce schizophrenia-like phenotypes
and mimic behavioral deficits. However, the effects of
prolonged NMDA receptor antagonism in exploring
the behavioral and neurobiological abnormalities of
schizophrenia remain underexplored.”

Chronic exposure to sub-anesthetic doses of KET
alters oxidative stress markers, including changes in SOD
enzymatic activity, potentially driven by the activation
of nicotinamide adenine dinucleotide phosphate
oxidase in neurons.’' These changes may also reflect a
compensatory response to oxidative damage.”?® KET-
induced schizophrenia models not only mimic behavioral
symptoms but also replicate underlying biochemical
abnormalities, such as the dysregulation of the
endogenous antioxidant system.?** While SOD is critical
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in the pathogenesis of schizophrenia, limited research
has explored its association with psychopathological
symptoms. Notably, studies have revealed a significant
positive correlation between SOD enzymatic activity and
symptom severity across the positive, negative, and general
psychopathology subscales of the positive and negative
syndrome scale in chronic schizophrenia patients.”®
Elevated SOD enzymatic activity has also been linked to
impaired cognitive performance, particularly in memory
and decision-making tasks, as observed in the Y-Maze and
locomotor behavior in an OFT.*

Neuroprotective effects of atypical antipsychotics in
addressing the underlying pathophysiological mechanisms
of the disorder have been reported. These therapeutic
effects could be attributed to their role in microglial
activation or maintenance of antioxidant mechanisms
in the cerebral cortex and hippocampus.** This study
examines the effects of repeated sub-anesthetic doses
of KET administration on SOD enzymatic activity and
schizophrenia-like behaviors in mice. Hyperactivity was
measured in the OFT, while spatial working memory, as an
indicator of cognitive dysfunction, was assessed with the
EPM. These assessments provide insights into hyperactivity
and anxiety-induced poor exploratory performance as
representations of positive and cognitive symptoms of
schizophrenia in an animal model, respectively.

2. Materials and methods
2.1. Animals

Male and female Swiss mice at postnatal days 56 -
70 (8 - 10 weeks) used for this study were obtained from the
Department of Pharmacology and Therapeutics Animal
House, Faculty of Basic Medical Sciences, University of
Ibadan (Ibadan, Nigeria). They were housed in plastic cages
under standard laboratory conditions (12 h light/dark
cycle, temperature range of 25 + 2°C, and relative humidity
of 60 £ 5). The mice were provided with a standard diet and
water ad libitum. They were acclimatized in the laboratory
for 2 weeks before the experimental procedure. The animals
were handled according to the institutional-based research
ethics committee and National Institutes of Health (NIH)
guidelines for the use and care of laboratory animals.

2.2. Drugs and chemicals

KET hydrochloride (Ranbaxy Pharm. Nigeria), RISP
(Afrab Chem, Nigeria), carbonate buffer, pH 9.5, 200 mM
(G-Biosciences, St Louis, USA), phosphate buffer solution,
1.0 M, pH 7.4 (Sigma-Aldrich, USA), and adrenaline
(Sigma-Aldrich, USA) were used in this study. All
chemicals and drugs were of analytical and pharmaceutical
grades, respectively.

2.3. Dose selection

Doses administered were based on previous studies
that demonstrated the induction of schizophrenia-
like behaviors and altered oxidative stress in murine
models.®* KET (20 mg/kg) was administered to the KET
group and RISP (0.5 mg/kg) was given along with KET
to the KET + RISP group, and distilled water (10 mL/kg)
was administered to the Vehicle (VEH) group as the
VEH, based on previously established protocols.® KET
was diluted in distilled water (VEH) and administered
intraperitoneally (i.p.) as previously described.” Similarly,
RISP was dissolved in the VEH before intraperitoneal
(i.p.) administration.®*

2.4. Experimental design

Male and female mice were randomly assigned to one
of three groups: control (VEH), KET, or KET and RISP
(KET + RISP), with no sex-specific ratio, as previously
used.® The KET group received sub-anesthetic dose of
KET (20 mg/kg, i.p.) alone once daily for 14 consecutive
days. The control group (VEH) was given distilled water
(10 mL/kg, ip.) for the duration of the experiment.
Animals in the KET and RISP (KET + RISP) group were
pre-treated with KET (20 mg/kg, i.p.) from day 1 to day 7
and received RISP (0.5 mg/kg, i.p.) from the day 8 to day
14, 1 h after KET administration.”

2.4.1. Behavioral assessments

Twenty-four hours after the last treatment, each mouse was
subjected to behavioral tests to assess schizophrenia-like
symptoms. Hyperactivity was evaluated using the OFT,
while cognitive deficits were evaluated using the EPM, as
previously described with some modifications.”>* Each
animal was tested individually, beginning with the OFT,
followed by the EPM.

2.4.2. OFT

Hyperactivity was evaluated in an open field apparatus for
5min, as previously described,” with minor modifications.
Briefly, spontaneous locomotor activity was measured in
an activity cage (Ugo Basile, Varese, Italy) with dimensions
of 39 x 28 x 26 cm, featuring a front-view glass wall. The
movementactivity of each mouse was automatically recorded
by the activity cage for 5 min. Data were presented as the
number of horizontal and vertical motor activities measured
by the apparatus in response to animal movements, and the
number of times each mouse raises the forelimbs (rearing),
respectively. The apparatus was thoroughly cleaned with
70% ethanol before introducing subsequent mouse. Before
the locomotor activity test, each animal was habituated to
the activity cage (Ugo Basile, Varese, Italy) for 10 min daily
over 3 consecutive days after chronic KET administration.
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2.4.3.EPM

Cognitive function was assessed using an EPM apparatus
with 2 open arms (25 x 5 cm) and 2 closed arms (25 x 5
x 20 cm) extending from the cross-center platform (5 x
5 cm). The entire apparatus was elevated to 50 cm above
the floor. At the start of the test, each mouse was placed on
the cross-center platform facing an open arm. The latency
period to enter the open arms was observed and recorded
for 5 min using a stopwatch as a paradigm for assessing
memory impairment.’*” A prolonged delay in entering
the open arms was considered an indicator of altered
exploratory performance, representing anxiety-induced
decision-making deficits in working memory. Before
testing, each mouse was exposed to the EPM apparatus for
5 min daily over 3 consecutive days to ensure familiarity.

2.5. Biochemical analysis

Immediately after the behavioral tests, each mouse was
sacrificed by cervical dislocation, performed by trained
and experienced personnel, in accordance with the
institution and national guidelines on animal welfare.
Then, the animals were decapitated, and their brain
tissues were carefully removed. The whole brain tissue
of each animal was homogenized for 60 s in 5 mL of
10% w/v cold phosphate buffer (0.1 M, pH 7.4, 4°C)
using a homogenizer. The homogenates were stored in
a refrigerator until biochemical analysis was carried
out. Subsequently, the homogenates were centrifuged at
10,000 g for 10 min at 4°C. The resulting homogenized
supernatant was separated from the pellets for SOD
activity assay. The SOD activity in each brain homogenate
was determined as described.”® Briefly, 0.5 mL of
the homogenate was diluted with 4.5 mL of distilled
water to make a 1 in 10 dilution. Anhydrous sodium
bicarbonate (6.897 g) was added to the carbonate buffer
solution to achieve a pH of 10.2. An aliquot of 0.2 mL
of the diluted sample was added to 2.5 mL of 0.05 M
carbonate buffer (pH 10.2) and allowed to equilibrate
in a spectrophotometer. The reaction was initiated by
adding 0.3 mL of freshly prepared 0.3 mM adrenaline
(epinephrine) dissolved in distilled water, which was
quickly mixed by inversion. The reference cuvette (blank)
contained 2.5 mL of carbonate buffer, 0.3 mL of substrate
(adrenaline), and 0.2 mL of distilled water. The increase
in absorbance at 480 nm was monitored for 60, 120, and

180 s.

A3-A0
Calculation: Increase in absorbance per minute = os ;

Where A = absorbance after 60 s, A= absorbance after 180 s

28

o Increaseinabsorbance for substrate
%inhibition=100- - x100
Increaseinabsorbance for blank

One unit of SOD activity is defined as the amount of
SOD necessary to cause 50% inhibition of the oxidation of
adrenaline.”®

2.6. Statistical analysis

The data (behavioral and biochemical) were expressed
as mean * S.E.M and analyzed using one-way analysis
of variance and post hoc tests (Student’s Newman-Keuls)
for the multiple comparisons where appropriate using
GraphPad InStat Biostatistics software (GraphPad
Software Inc. USA). A level of P < 0.05 was considered
statistically significant for all tests.

3. Results
3.1. KET-induced hyperactivity

Locomotor activity, assessed by measuring movement counts
over 5 min (in seconds) and the number of rearing events,
showed that the KET group exhibited a significant (P < 0.05)
increase in movement counts and rearing events in the OFT
compared to the VEH and KET + RISP groups. Specifically,
the KET group showed an average movement of 549.0 + 19.9
and 16.40 + 0.93 rearing events. The control group (VEH)
showed an average movement of 377.4 + 14.6 and 9 + 0.71
rearing events, while the RISP-treated group (KET + RISP)
showed an average movement of 446.0 + 10.2 and 10.40 +
0.93 rearing events, respectively (Table 1). The significant
increase in both movement counts and rearing events in the
KET group suggests that KET induces hyperactivity. The
control group showed the lowest activity levels, while the
KET + RISP group exhibited intermediate activity (Table 1),
indicating that RISP may mitigate some of the hyperactive
behavior induced by KET (20 mg/kg, i.p.) administration.

3.2. Exploratory performance in the EPM

The KET group showed poor exploratory performance
in the EPM test, with significant increase (P < 0.05) in
latency to enter the open arms. The mean latency value
for the KET group was 34.30 + 1.77 s, in contrast to 18.79
+ 0.47 and 24.36 + 1.75 s for the VEH and KET + RISP
groups, respectively (Table 2). The increased latency in the
KET group suggests that KET impaired spatial memory, as
evidenced by the poor performance after prior exposure
and the increased time spent to enter the open arms. The
control group showed the shortest latency, while the KET
+ RISP group showed an intermediate latency (Table 2),
suggesting that RISP may have cognitive-enhancing effect,
reducing the altered decision-making and exploratory
performance deficits induced by KET administration.

3.3. KET increases SOD activity

Animals in the KET group, which received KET alone
for the duration of the experiment, showed a significant
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Table 1. Locomotor activity assessment

S/N  Treatments Movement counts/5 min Numbers of rearing
in activity cage (secs)

1. VEH 377.4+14.6** 9+0.71**

2. KET 549.0+19.9 16.40+0.93

3. KET+RISP 446.0+10.2** 10.40+0.93**

Notes: Ketamine-induced hyperactivity (spontaneous movement and
rearing events) in mice.

Values represent mean+S.E.M of 5 animals per group. In one-way
analysis of variance test (ANOVA), (F 2.000, 9.552] = 31.43, P<0.0001;
F 2,000, 11.* = 20.88, P<0.0001), VEH and KET+RISP groups showed
significant difference when compared with KET group. **P<0.05 as
compared with KET group.

Abbreviations: VEH: Vehicle; KET: Ketamine; RISP: Risperidone.

Table 2. Evaluation of anxiety-induced poor exploratory
performance

S/N Treatments Latency period in open arms
entries in EPM/5 min) (sec)

1 VEH 18.7940.47**

2 KET 34.30+1.77

3 KET+RISP 24.36+1.75%*

Notes: Ketamine-induced altered spatial working memory (cognitive
dysfunction) in mice.

Values represent mean+S.E.M of 5 animals per group. In one-way
analysis of variance test (ANOVA), (F 1.000, 8.551] = 28.95, P<0.0001),
VEH and KET+RISP groups showed significant difference when
compared with KET group. **P<0.05 as compared with KET group.
Abbreviations: VEH: Vehicle; KET: Ketamine; RISP: Risperidone;
EPM: Elevated plus maze.

(P < 0.05) increase in SOD activity, with a mean value of
49.98 £ 0.51 unit/mg protein, compared to the VEH and
KET + RISP groups, which showed mean values of 34.84
+ 1.06 and 36.52 + 1.30 unit/mg protein, respectively
(Figure 1).

4, Discussion

This study investigated the behavioral phenotypes and
alterations in SOD enzymatic activity in a mouse model
of schizophrenia induced by repeated sub-anesthetic
doses of KET. Rodent models are widely utilized to study
the biochemical and behavioral aspects of schizophrenia,
providing insights into its underlying pathophysiology.”'¢
Behavioral paradigms such as the OFT and the EPM
are particularly effective in evaluating hyperactivity and
anxiety, respectively.” The EPM is also employed to assess
altered exploratory behavior, which serves as a measure
of cognitive impairments'*” integral to schizophrenia
pathophysiology.' In these models, EPM assesses anxiety-
induced decision-making processes during exploratory
performance as spatial working memory by evaluating

»
o
1

SOD (Unit/mg protein)
[N
o
1

KET

KET + RISP

Treatments

Figure 1. Superoxide dismutase activity in brain samples. Bars represent
mean + S.E.M of 5 animals per group. In one-way analysis of variance test
(ANOVA), (F 1.000, 9.055] = 67.55, P < 0.0001), VEH and KET + RISP
groups showed significant differences when compared with KET group.
**P < 0.05 as compared with KET group.

Abbreviations: VEH: Vehicle; KET: Ketamine; RISP: Risperidone; SOD:
Superoxide dismutase.

rodents’ ability to adapt their exploratory behavior in
response to environmental cues as evaluated by latency
period to enter the open arms.”**”” Frequent entries and
preference for the closed arms, resulting in prolonged
latency time to enter the open arms, suggest deficits in
decision-making processes during exploration of the
habituated environment. This behavior serves as a measure
of anxiety-associated poor exploratory performance.” The
OFT is particularly effective in evaluating hyperactivity.”?
Notably, alterations in the endogenous antioxidant
system, marked by changes in antioxidant enzyme
activity, have linked oxidative stress to behavioral deficits
in schizophrenia.? Activities of endogenous antioxidant
enzymes underscore the critical role of oxidative stress
in schizophrenia pathophysiology. Alterations in brain
biochemical activities, including induced oxidative stress
and compensatory enzymatic activities of SOD, have been
reported following the administration of psychotomimetic
drugs like KET.** often coupled with schizophrenia-
like behavioral manifestations.® Single and repeated
administrations of KET are commonly employed to alter
glutamate neurotransmission, serving as a model for
psychosis-like effects. By acting as an NMDA receptor
antagonist, KET induces a dissociative state characterized
by disorganization and sensory perception.'* In this study,
findings from the OFT demonstrated that repeated sub-
anesthetic doses of KET induced significant hyperactivity
in a mouse model of schizophrenia. Increased horizontal
and vertical movement, as well as rearing events, in the
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KET-treated mice suggests heightened motor activity,
which is the characteristic of KET’s psychostimulant
properties.**? The enhanced locomotor activity observed
in experimental animals following the administration of
KET is often considered a model for the positive symptoms
of schizophrenia, including arousal and disorganized
behavior. This behavioral response may be attributed
to heightened dopaminergic activity, particularly in the
nucleus accumbens,” and disrupted cortical connectivity
induced by the hypofunction of glutamatergic activity.®
As such, deficit in behavior that followed repeated sub-
anesthetic doses of KET administration may be triggered
by the combined effects of direct or indirect dopamine
agonists and NMDA receptor antagonists.” Cognitive
function, as inferred from the EPM performance, was also
impaired in the mice that received KET alone. The KET
group demonstrated a prolonged latency period to enter
the open arms (P < 0.05), which may reflect high level of
anxiety-induced poor task performance due to deficits
in decision-making processes.’*”** Altered exploratory
performance and frequent entries into the closed arms as
indicatives of phenotypic anxiety were observed in KET
group during the EPM test. This finding is consistent with
previous findings linking anxiety overload to impaired
normal cognitive processes in schizophrenia models.”*
This behavioral change might be due to the disruption of
normal glutamatergic neurotransmission caused by KET,
leading to impaired cognitive and memory functions.

Schizophrenia pathophysiology is intricately linked
to oxidative stress, marked by a disruption between
the production of reactive oxygen species (ROS) and
antioxidant defense mechanisms. Elevated ROS activity,
primarily resulting from NMDA receptor dysfunction,
disrupts  glutamate homeostasis, contributing to
excitotoxicity and synaptic damage. These biochemical
alterations are closely associated with the development of
schizophrenia’s positive, negative, and cognitive symptoms.
Among the key components of the antioxidant defense
system, SOD plays a pivotal role by converting superoxide
radicals into hydrogen peroxide (H,O.) and oxygen,
thereby preventing the formation of peroxynitrite through
the interaction of nitric oxide (NO) with superoxide
radicals.” The altered SOD enzymatic activity observed in
schizophrenia is of particular interest, as it provides insights
into the oxidative mechanisms underlying the disorder and
the potential neuroprotective or neurotoxic implications
of SOD enzymatic activity. While heightened SOD
enzymatic activity may reflect a compensatory mechanism
against excessive ROS production,'*” it also suggests an
overwhelmed antioxidant defense system, which can lead
to persistent oxidative damage.'” In this study, the impact
of repeated sub-anesthetic doses of KET administration on

SOD enzymatic activity in a mouse model of schizophrenia
was investigated. The findings revealed that repeated KET
administration significantly elevated SOD enzymatic
activity, which may indicate an enhanced endogenous
antioxidant system resulting from an increased oxidative
stress response. These results align with existing literature
emphasizing oxidative stress as a central component of
schizophrenia pathology and the potential of KET to
exacerbate this condition under certain dosing regimens.*
Also, the observed increase in SOD enzymatic activity
may represent a compensatory response to counteract
elevated ROS levels induced by KET’s pharmacological
actions.”* Elevated SOD enzymatic activity may reflect
attempts to preserve overall redox balance, although it
can simultaneously exacerbate the neurobiological and
behavioral symptoms of schizophrenia.*® Moreover, KET’s
effect on NMDA receptors may lead to increase NO
generation via the NO/Ras/extracellular-regulated kinase
1/2 pathway,” and it may also interfere with mitochondrial
function, particularly complex I activity, which further
contributes to oxidative stress.”** This disruption impairs
oxidative phosphorylation, increases mitochondrial NO
synthase activity, and generates superoxide radicals and
NO.*”* These alterations likely trigger heightened SOD
enzymaticactivity asa compensatory response. Interestingly,
preconditioning studies involving volatile anesthetics
have demonstrated that transient inhibition of complex I,
accompanied by a moderate increase in NO or superoxide
radicals, activates SOD, resulting in a subsequent increase
in its activity”®” However, in schizophrenia models,
KET’s persistent effects may overwhelm this protective
mechanism.*®* Furthermore, heightened SOD enzymatic
activity may signify increased neuroinflammation, as
oxidative stress activates pro-inflammatory pathways,
leading to cytokine release and neuronal damage.’*
Neuroinflammation exacerbates schizophrenia symptoms,
creating a cycle of oxidative damage and inflammation.*

The relationship between oxidative stress and
schizophrenia symptoms was further underscored by
behavioral correlations observed in the study. Elevated
SOD enzymatic activity may contribute to phenotypic
hyperactivity and cognitive impairments, which could be
associated with the reinforcing role of oxidative stress and
antioxidant dysregulation in schizophrenia. These findings
highlight the potential of antioxidant therapies to alleviate
schizophrenia-related symptoms.

Treatment with the atypical antipsychotic drug RISP
(0.5 mg/kg, intraperitoneally) provided significant
therapeutic benefits in the study. RISP mitigated KET-
induced hyperactivity in the OFT and improved cognitive
performance in the EPM test. Importantly, RISP
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administration significantly (P < 0.05) reduced elevated
SOD activity in KET-treated mice. This reduction was
accompanied by behavioral symptom amelioration,
consistent with clinical findings in schizophrenic patients
receiving RISP** The ability of antipsychotic medications
to modulate the oxidative stress defense system may
contribute to their therapeutic efficacy.

5. Conclusion

This study confirms that KET-induced NMDA receptor
blockade leads to hyperactivity, cognitive impairment,
and elevated SOD enzymatic activity, mirroring key
schizophrenia-like phenotypes. Elevated SOD enzymatic
activity was observed as a response to repeated sub-
anesthetic doses of KET administration. The heightened
SOD enzymatic activity likely represents a compensatory
mechanism aimed at mitigating the effects of oxidative
stress induced by KET administration. However, this
response may also contribute to the persistence or
exacerbation of neurobiological and behavioral symptoms
associated with schizophrenia.

The findings suggest that oxidative stress plays a central
role in the pathophysiology of KET-induced schizophrenia
models. Elevated SOD enzymatic activity highlights
the dysregulation of antioxidant defenses in response
to excessive ROS production. Targeting this oxidative
imbalance with antioxidant therapies holds potential for
alleviating neurobiological and behavioral symptoms.
Further investigations could focus on assessing oxidative
and antioxidant markers, inflammatory cytokines, and
neurotransmitter parameters to explore their modulation
by therapeutic interventions.

These results emphasize the interplay between SOD
enzymatic activity and NMDA receptor dysfunction
in schizophrenia and underscore the importance of
antioxidant approaches that restore redox balance. Such
approaches may also improve behavioral and cognitive
outcomes in schizophrenia models.

Acknowledgments

I would like to acknowledge the efforts of all the technical
staff of the Department of Pharmacology and Therapeutics
Laboratory, University of Ibadan for their technical
assistants.

Funding

None.

Conflict of interest

The authors declare that they have no competing interests.

Author contributions

Conceptualization: All authors

Formal analysis: Yusuf Usman, Adegbuyi Oladele
Aderibigbe

Investigation: Yusuf Usman

Methodology: All authors

Writing-original draft: Yusuf Usman

Writing-review & editing: Adegbuyi Oladele Aderibigbe,
Fatai Adewale Fehintola

Ethics approval and consent to participate

All experimental procedures were approved by the Animal
Care and Use Research Committee (ACURC), Faculty
of Basic Medical Sciences, Federal University of Health
Sciences Ila-Orangun (FUHSI/BMS/AREC/2401). All the
procedures were in-line with the guidelines set forth by the
NIH for the care and use of laboratory animals.

Consent for publication
Not applicable.

Availability of data

Data supporting the findings of this study are available
from the corresponding author upon reasonable request.

Further disclosure

The paper has been uploaded to or deposited in a preprint
(bioRxiv repository, with MS ID#: BIORXIV/2024/610179.
doi: https://doi.org/10.1101/2024.08.28.610179  https://
biorxiv.org/cgi/content/short/2024.08.28.610179v1).

References

1. NgF Berk M, Dean O, Bush Al Oxidative stress in psychiatric
disorders: Evidence base and therapeutic implications. Int |
Neuropsychopharmacol. 2008;11(6):851-876.

doi: 10.1017/S1461145707008401

2. Murray AJ, Rogers JC, Katshu MZUH, Liddle PE
Upthegrove R. Oxidative stress and the pathophysiology and
symptom profile of schizophrenia spectrum disorders. Front
Psychiatry. 2012;12:703452.

doi: 10.3389/fpsyt.2021.703452

3. Dudzinska E, Szymona K, Bogucki J, et al. Increased
markers of oxidative stress and positive correlation low-
grade inflammation with positive symptoms in the first
episode of schizophrenia in drug-naive patients. J Clin Med.
2022;11(9):2551.

doi: 10.3390/jcm11092551

4.  Padurariu M, Ciobica A, Dobrin I, Stefanescu C. Evaluation
of antioxidant enzymes activities and lipid peroxidation
in schizophrenic patients treated with typical and atypical

Volume 8 Issue 2 (2025)

doi: 10.36922/itps.6372


https://dx.doi.org/10.36922/itps.6372
http://dx.doi.org/10.1017/S1461145707008401
http://dx.doi.org/10.3389/fpsyt.2021.703452
http://dx.doi.org/10.3390/jcm11092551

INNOSC Theranostics and
Pharmacological Sciences

Ketamine and SOD activity in schizophrenia

10.

11.

12.

13.

14.

antipsychotics. Neurosci Lett. 2010;479(3):317-320.
doi: 10.1016/j.neulet.2010.05.088

Parise EM, Alcantara LE Warren BL, et al. Repeated ketamine
exposure induces an enduring resilient phenotype in adolescent
and adult rats. Biol Psychiatry. 2013;74(10):750-759.

doi: 10.1016/j.biopsych.2013.04.027

Usman Y, Aderibigbe AO, Benneth, BA, Fehintola FA.
Antipsychotic effects of ethanol extract of Blighia sapida
(Sapindaecea) stem bark in pharmacological models of
psychosis in Swiss mice. Afr ] Med Med Sci. 2019;48:151-160.

Uliana DL, Zhu X, Gomes FV, Grace AA. Using animal
models for the studies of schizophrenia and depression: The
value of translational models for treatment and prevention.
Front Behav Neurosci. 2022;16:935320.

doi: 10.3389/fnbeh.2022.935320

Krystal JH, D’Souza DC, Mathalon D, Perry E, Belger A,
Hoffman R. NMDA receptor antagonist effects,
cortical ~glutamatergic function, and schizophrenia:
toward a paradigm shift in medication development.
Psychopharmacology (Berl). 2003;169(3-4):215-233.

doi: 10.1007/s00213-003-1582-z

Driesen NR, McCarthy G, Bhagwagar Z, et al. The
impact of NMDA receptor blockade on human working
memory-related prefrontal function and connectivity.
Neuropsychopharmacology. 2013;38(13):2613-2622.

doi: 10.1038/npp.2013.170

Muthukumaraswamy SD, Shaw AD, Jackson LE, Hall J,
Moran R, Saxena N. Evidence that sub-anesthetic doses of
ketamine cause sustained disruptions of NMDA and AMPA-
Mediated frontoparietal connectivity in humans. J Neurosci.
2015;35(33):11694-11706.

doi: 10.1523/J]NEUROSCI.0903-15.2015

Lindefors N, Barati S, O’Connor WT. Differential effects of
single and repeated ketamine administration on dopamine,
serotonin and GABA transmission in rat medial prefrontal
cortex. Brain Res. 1997;759(2):205-212.

doi: 10.1016/S0006-8993(97)00255-2

Cadinu D, Grayson B, Podda G, Harte MK, Doostdar N,
Neill JC. NMDA receptor antagonist rodent models for
cognition in schizophrenia and identification of novel drug
treatments, an update. Neuropharmacology. 2018;142:41-62.

doi: 10.1016/j.neuropharm.2017.11.045

Jirgenson M, Aonurm-Helm A, Zharkovsky A. Behavioral
profile of mice with impaired cognition in the elevated plus-
maze due to a deficiency in neural cell adhesion molecule.
Pharmacol Biochem Behav. 2010;96(4):461-468.

doi: 10.1016/j.pbb.2010.07.006
Kokkinou M, Ashok AH, Howes OD. The effects of ketamine

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

on dopaminergic function: Meta-analysis and review of the
implications for neuropsychiatric disorders. Mol Psychiatry.
2018;23(1):59-69.

doi: 10.1038/mp.2017.190

Frohlich J, Van Horn JD. Reviewing the ketamine model for
schizophrenia. J Psychopharmacol. 2014;28(4):287-302.

doi: 10.1177/0269881113512909

Malik JA, Yaseen Z, Thotapalli L, Ahmed S, Shaikh ME
Anwar S. Understanding translational research in
schizophrenia: A novel insight into animal models. Mol Biol
Rep. 2023;50(4):3767-3785.

doi: 10.1007/s11033-023-08241-7

Behrens MM, Ali SS, Dao DN, et al. Ketamine-induced loss
of phenotype of fast-spiking interneurons is mediated by
NADPH-oxidase. Science. 2007;318(5856):1645-1647.

doi: 10.1126/science.1148045

Koju N, Qin Z, Sheng R. Reduced nicotinamide adenine
dinucleotide phosphate in redox balance and diseases:
A friend or foe? Acta Pharmacol Sin. 2022;43:1889-1904.

doi: 10.1038/s41401-021-00838-7

Wang Y, Branicky R, Noé A, Hekimi S. Superoxide dismutases:
Dual roles in controlling ROS damage and regulating ROS
signaling. J Cell Biol. 2018;217(6):1915-1928.

doi: 10.1083/jcb.201708007

Stojkovi¢ T, Radonji¢ NV, Velimirovi¢ M, et al. Risperidone
reverses phencyclidine induced decrease in glutathione
levels and alterations of antioxidant defense in rat brain. Prog
Neuropsychopharmacol Biol Psychiatry. 2012;39:192-199.

doi: 10.1016/j.pnpbp.2012.06.013

Lang X, Wang DM, Du XD, et al. Elevated activity of
plasma superoxide dismutase in never-treated first-
episode schizophrenia patients: Associated with depressive
symptoms. Schizophrenia Res. 2020;222:291-296.

doi: 10.1016/j.schres.2020.05.032

Ben-Azu B, Aderibigbe AO, Ajayi AM, Iwalewa EO.
Neuroprotective effects of the ethanol stem bark extracts of
Terminalia ivorensis in ketamine-induced schizophrenia-
like behaviors and oxidative damage in mice. Pharm Biol.
2016;54(12):2871-2879.

doi: 10.1080/13880209.2016.1190382

Yan BC, Park JH, Ahn JH, et al. Neuroprotection of post-
treatment with risperidone, an atypical antipsychotic
drug, in rat and gerbil models of ischemic stroke and the
maintenance of antioxidants in a gerbil model of ischemic
stroke. ] Neurosci Res. 2014;92:795-807.

doi: 10.1002/jnr.23360

Puech C, Badran M, Runion AR, et al. Explicit memory,
anxiety and depressive like behavior in mice exposed to

Volume 8 Issue 2 (2025)

doi: 10.36922/itps.6372


https://dx.doi.org/10.36922/itps.6372
http://dx.doi.org/10.1016/j.neulet.2010.05.088
http://dx.doi.org/10.1016/j.biopsych.2013.04.027
http://dx.doi.org/10.3389/fnbeh.2022.935320
http://dx.doi.org/10.1007/s00213-003-1582-z
http://dx.doi.org/10.1038/npp.2013.170
http://dx.doi.org/10.1523/JNEUROSCI.0903-15.2015
http://dx.doi.org/10.1016/S0006-8993(97)00255-2
http://dx.doi.org/10.1016/j.neuropharm.2017.11.045
http://dx.doi.org/10.1016/j.pbb.2010.07.006
http://dx.doi.org/10.1038/mp.2017.190
http://dx.doi.org/10.1177/0269881113512909
http://dx.doi.org/10.1007/s11033-023-08241-7
http://dx.doi.org/10.1126/science.1148045
http://dx.doi.org/10.1038/s41401-021-00838-7
http://dx.doi.org/10.1083/jcb.201708007
http://dx.doi.org/10.1016/j.pnpbp.2012.06.013
http://dx.doi.org/10.1016/j.schres.2020.05.032
http://dx.doi.org/10.1080/13880209.2016.1190382
http://dx.doi.org/10.1002/jnr.23360

INNOSC Theranostics and
Pharmacological Sciences

Ketamine and SOD activity in schizophrenia

25.

26.

27.

28.

29.

30.

31.

32.

chronic intermittent hypoxia, sleep fragmentation, or
both during the daylight period. Neurobiol Sleep Circadian
Rhythms. 2022;13:100084.

doi: 10.1016/j.nbscr.2022.100084

Ben-Azu B, Aderibigbe AO, Adeoluwa OA, Iwalewa EO.
Ethanol extracts of Terminalia ivorensis (Chev A.) stem bark
attenuates the positive, negative and cognitive symptoms of
psychosis in experimental animal models. Br J Pharm Res.
2016;12:1-14.

doi: 10.9734/BJPR/2016/28629

Ben-Azu B, Adebayo OG, Fokoua AR, Kumanwee L,
Uyere EG, Emuakpeje TM. Antipsychotic effect of diosgenin
in ketamine-induced murine model of schizophrenia:
Involvement of oxidative stress and cholinergic transmission.
IBRO Neurosci Rep. 2024;16:86-97.

doi: 10.1016/j.ibneur.2023.12.008

Danduga RCSR, Kola PK. Elevated plus maze for assessment
of anxiety and memory in rodents. In: Ray SK, editor.
Neuroprotection. Methods in Molecular Biology. New York:
Humana; 2024. p. 2761.

doi: 10.1007/978-1-0716-3662-6_8

Alex EA, Tanko Y, Muhammed K, et al. Modulatory role
of lauric acid supplement on lipid peroxidation and some
antioxidant enzymes activity in high fat diet, streptozotocin-
induced type 2 diabetic male wistar rats. ] Afr Assoc Physiol
Sci. 2019;7(1):23-29.

Venancio C, Félix L, Almeida V; et al. Acute ketamine impairs
mitochondrial function and promotes superoxide dismutase
activity in the rat brain. Anesth Analg. 2015;120(2):320-328.

doi: 10.1213/ANE.0000000000000539

Jefferson PG, Alex CM, Ana Cristina CC, et al. Profiling
of behavioural effects evoked by ketamine and the role of
5HT, and D, receptors in ketamine-induced locomotor
sensitization in mice. Prog Neuropsychopharmacol Biol
Psychiatry. 2020;97:109775.

doi: 10.1016/j.pnpbp.2019.109775

Jonathan A, Naomi EM, Alex LW, Emily MJ, Jessica AS. The
effects of acute and repeated administration of ketamine
on memory, behaviour, and plasma corticosterone levels in
female mice. Neuroscience. 2023;512:99-109.

doi: 10.1016/j.neuroscience.2022:12.002
Gabor I, Dirk SE Johan AD, Gert JTH. Dose-response

33.

34.

35.

36.

37.

39.

40.

characteristics of ketamine effect on locomotion, cognitive
function and central neuronal activity. Brain Res Bull.
2006;69(3):338-345.

doi: 10.1016/j.brainresbull.2006.01.010

Sokoloff P, Leriche L, Diaz J, Louvel J, Pumain R. Direct
and indirect interactions of the dopamine D; receptor
with glutamate pathways: Implications for the treatment
of schizophrenia. Naunyn Schmiedebergs Arch Pharmacol.
2013;386(2):107-124.

doi: 10.1007/500210-012-0797-0

Suda Y, Uka T. The NMDA receptor antagonist ketamine
impairs and delays context-dependent decision making in
the parietal cortex. Commun Biol. 2022;20:5(1):690.

doi: 10.1038/s42003-022-03626-2

Boskovi¢c M, Vovk T, Kores Plesnicar B, Grabnar I
Oxidative stress in schizophrenia. Curr Neuropharmacol.
2011;9(2):301-312.

doi: 10.2174/157015911795596595

Rawani NS, Chan AW, Dursun SM, Baker GB. The
underlying neurobiological mechanisms of psychosis: Focus
on neurotransmission dysregulation, neuroinflammation,
oxidative  stress, and mitochondrial  dysfunction.
Antioxidants (Basel) 2024;13(6):709.

doi: 10.3390/antiox13060709

Dharmalingam SK, Amirtharaj GJ, Ramachandran A,
Korula M. Volatile anesthetic preconditioning modulates
oxidative stress and nitric oxide in patients undergoing
coronary artery bypass grafting. Ann Card Anaesth.
2021;24(3):319-326.

doi: 10.4103/aca.ACA_130_20

Steurer MP, Steurer MA, Baulig W, et al. Late pharmacologic
conditioning with volatile anesthetics after cardiac surgery.
Crit Care. 2021;16(5):R191.

doi: 10.1186/cc11676

Zhang XY, Zhou DE, Cao LY, Zhang PY, Wu GY, Ying YC. The
effect of risperidone treatment on superoxide dismutase in
schizophrenia. ] Clin Psychopharmacol. 2003;23(2):128-131.

Zhang XY, Zhou DE Shen YC, et al. Effects of risperidone
and haloperidol on superoxide dismutase and nitric oxide in
schizophrenia. Neuropharmacology. 2012;62(5-6):1928-1934.

doi: 10.1016/j.neuropharm.2011.12.014

Volume 8 Issue 2 (2025)

76

doi: 10.36922/itps.6372


https://dx.doi.org/10.36922/itps.6372
http://dx.doi.org/10.1016/j.nbscr.2022.100084
http://dx.doi.org/10.9734/BJPR/2016/28629
http://dx.doi.org/10.1016/j.ibneur.2023.12.008
http://dx.doi.org/10.1007/978-1-0716-3662-6_8
http://dx.doi.org/10.1213/ANE.0000000000000539
http://dx.doi.org/10.1016/j.pnpbp.2019.109775
http://dx.doi.org/10.1016/j.neuroscience.2022:12.002
http://dx.doi.org/10.1016/j.brainresbull.2006.01.010
http://dx.doi.org/10.1007/s00210-012-0797-0
http://dx.doi.org/10.1038/s42003-022-03626-z
http://dx.doi.org/10.2174/157015911795596595
http://dx.doi.org/10.3390/antiox13060709
http://dx.doi.org/10.4103/aca.ACA_130_20
http://dx.doi.org/10.1186/cc11676
http://dx.doi.org/10.1016/j.neuropharm.2011.12.014

ACCSCIENCE
PUBLISHING

INNOSC Theranostics
and Pharmacological Sciences

*Corresponding author:
Gholamreza Hassanzadeh
(hassanzadeh@tums.ac.ir)

Citation: Ebrahimi B, Yarahmadi A,
Ghaffari N, Hassanzadeh G.
Antioxidant effects of curcumin

in unilateral spinal cord injury
model in adult male rats. INNOSC
Theranostics and Pharmacological
Sciences. 2025;8(2):77-86.

doi: 10.36922/itps.4795

Received: September 9, 2024
Revised: October 25, 2024
Accepted: November 13, 2024
Published online: March 4, 2025

Copyright: © 2025 Author(s).
This is an Open-Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

ORIGINAL RESEARCH ARTICLE
Antioxidant effects of curcumin in unilateral
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Abstract

Inflammatory responses and oxidative stress (OS) play a significant role in the
development of spinal cord injury (SCI), as evidenced by both pre-clinical and
clinical studies. This research aimed to assess the potential antioxidant and anti-
inflammatory properties of curcumin (CuC) as a therapeutic approach in a unilateral
SCl model using male rats. We used 40 adult male Wistar rats (each weighing 220 -
250 g) that were randomly assigned to one of the five experimental groups: (1)
Control (Con), (2) Model (SCI animals), (3) Model+CuC20, (4) Model+CuC40, and
(5) Model+CuC80. Accordingly, the SCI animals in Model+CuC20, Model+CuC40,
and Model+CuC80 groups received 20, 40, and 80 mg/kg/day of CuC through the
intraperitoneal route, respectively. We assessed functional recovery, measured
OS indicators, including malondialdehyde (MDA), glutathione (GSH), superoxide
dismutase (SOD), and total antioxidant capacity (TAC) in the blood, and evaluated
protein levels of caspase 1, NOD-like receptor family pyrin domain-containing 3
(NLRP3), and apoptosis-associated speck-like protein containing a CARD (ASC) in
the spinal cord tissue. The CuC treatment groups showed a significant enhancement
in functional recovery, a marked decrease in MDA levels, and a notable elevation in
SOD activity relative to the SCI animals. Model+CuC40 and Model+CuC80 animals
exhibited a significant improvement in GSH activity and TAC level as compared
to the SCI animals. The results also showed a dramatic decrease in the protein
concentration of NLRP3, ASC, and Casp1 in the Model+CuC40 and Model+CuC80
groups relative to the Model group (P < 0.0001). In conclusion, the treatment with
CuC significantly enhanced functional recovery in SCl rats by effectively mitigating
OS and reducing inflammatory markers.

Keywords: Curcumin; Spinal cord injury; Neuroinflammation; Oxidative stress

1. Introduction

The pathogenesis of spinal cord injury (SCI) entails two distinct phases: primary injury,
which refers to the immediate impact resulting from the initial trauma, and secondary
injury, characterized by a cascade of pathological processes that ensue post-trauma.’
The ensuing complications of SCI include oxidative stress (OS), inflammation, and
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neurotoxicity, with OS being a significant contributor to
secondary SCL.>* OS occurs when there is an excess of free
radicals in the body’s cells, overwhelming the antioxidant
defenses that typically neutralize these harmful molecules.®
Free radicals, primarily oxygen-based molecules such as
superoxide and hydroxyl radicals, are naturally produced
during cellular processes. However, after SCI, there is
a significant increase in free radical production due to
factors like ischemia (lack of blood flow) and hypoxia (lack
of oxygen).®”

In addition to OS, neuroinflammation is a fundamental
factor in the onset and progression of SCI. One of the
key components of this inflammatory mechanism is the
activation of the NOD-like receptor family pyrin domain-
containing 3 (NLRP3) inflammasome, which recruits
pathways that enhance the secretion of inflammatory
cytokines.® This activation results in pyroptosis, a specific
type of programmed cell death, occurring at the site of
injury, thereby worsening tissue damage and inflammation.’
Furthermore, previous research has shown NLRP3
activation following SCI in animal and clinical studies.>'°

The body’s antioxidant mechanisms are unable to cope
with the substantial surge in free radicals, resulting in the
irremeable devastation of neuronal cells. This damage leads
to neuronal death and tissue destruction.'** Research
indicates that preventing free radical production after SCI
can preserve nerve cells from oxidative damage, potentially
mitigating the pathological processes associated with SCI
and promoting nerve repair and regeneration.'*'* Pro-
oxidants are often linked to the onset of various diseases,
while antioxidants are typically employed to prevent or
mitigate these conditions.'>*¢

Commonly found as a spice in the Indian kitchen and
used in traditional Chinese medicine, curcumin (CuC)
is a natural compound that constitutes 60 — 70% of the
curcuminoids derived from the rhizomes of Curcuma
longa.'” CuC has been well-researched and is known for
its diverse bioactive properties applied in traditional
medicine.” It acts as a potent antioxidant through two
primary mechanisms: first, by directly scavenging free
radicals such as superoxide anions and hydroxyl radicals
to prevent oxidative damage, and second, by enhancing
cellular defenses against OS. This enhancement occurs
through the reduction of lipid peroxidation, an increase
in glutathione (GSH) levels, and the stimulation of key
proteins such as superoxide dismutase (SOD) and catalase
(CAT), which collectively contribute to its protective
effects against OS in several pathological conditions
beyond SCI.*"?* Despite the aforementioned beneficial
effects, the ingestion of high doses of CuC can lead to
adverse gastrointestinal reactions, including stomach

upset, nausea, gastroesophageal reflux disease, diarrhea,
and dizziness.”*

This current research aimed to investigate the
antioxidant and anti-inflammatory impacts of CuC in
a unilateral SCI model using male rats. Recognizing
the detrimental roles of free radicals and inflammatory
cytokines in SCI, we explored how different doses of
CuC could modulate OS and inflammation. Specifically,
we assessed the impacts of CuC on OS indicators and
components of the NLRP3 inflammasome, which are
critical in mediating inflammatory responses.

2. Materials and methods
2.1. Animals

A total of 40 adult male Wistar rats, each weighing
220 - 250 g, were procured from the animal room at the
Tehran University of Medical Sciences (TUMS) in Tehran,
Iran. These rats were housed under carefully controlled
standard laboratory conditions, with a consistent ambient
temperature maintained at 22 — 24°C. They were provided
with unlimited access to both food and fresh water,
ensuring their well-being throughout the study. The study
protocol received approval from the Institutional Research
Ethics Committee at TUMS (Approval No.: IR TUMS.
SPH.REC.1400.160), and the ethical treatment of animals
was adhered to in the present study.

2.2, Study design

The animals were divided into separate experimental
groups (n = 8 in each group) to facilitate comparative
analyses of the treatment effects: (1) Control group, in
which the animals underwent laminectomy without any
induction of SCI, serving as a baseline for evaluating the
effects of the treatments. (2) Model group, in which the
animals underwent the unilateral SCI procedure and
received a vehicle treatment, allowing researchers to assess
the effects of SCI without any therapeutic intervention.
(3) Model + CuC20, Model + CuC40, and Model + CuC80
groups, in which the animals that had been induced with
unilateral SCI received CuC at 20, 40, and 80 mg/kg/day,
administered through intraperitoneal injection, which is
pivotal in evaluating the potential therapeutic effects of CuC
on recovery following SCI. Each of these groups was carefully
monitored throughout the study to assess behavioral,
functional, and histological outcomes, contributing vital
information to the understanding of SCI treatments and the
role of CuC in neuroprotection and recovery.

2.3. Surgery procedure

The animals underwent anesthesia using a carefully
calibrated mixture administered through intraperitoneal
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injection consisting of 80 mg/kg of ketamine and 15 mg/kg
of xylazine. This combination was selected for its efficacy
in providing both sedation and analgesia, ensuring
the animals remained unconscious and free from pain
throughout the surgical procedure. Following anesthesia,
the fur over the surgical area was shaved to ensure a
sterile environment, minimizing the risk of infection.
A laminectomy was then performed at the T8 - T9
vertebral levels using a precision tool known as a micro
rongeur (Fine Science Tools, USA). This step involved
removing a section of the vertebral bone to access the
spinal cord directly. To induce SCI, an extradural clip was
employed for compression, requiring the placement of an
aneurysm clip on the right side of the spinal cord. This clip
exerted a controlled closing force of 0.90 N for a duration
of 1 min, simulating the impact of a traumatic injury. After
the surgical procedure was completed, the incision site was
meticulously suture-closed to promote healing and reduce
the risk of complications during the recovery phase. This
careful approach ensures both the integrity of the surgical
site and the welfare of the animals involved in the study.

2.4. Motor behavior analysis

The progression of functional recovery in each animal
was meticulously evaluated using the Basso, Beattie, and
Bresnahan (BBB) test, a widely recognized and validated
behavioral assessment tool for measuring locomotor
function following SCI in rodent models. The BBB test
scores range from 0 to 21, with higher scores indicating
better locomotor function. Each rat was observed for
specific behaviors such as movement, coordination, and
weight-bearing ability during a series of standardized tasks,
which included walking on a flat surface and navigating
obstacles. Assessments began 24 h post-SCI and continued
at 48 h and 72 h, with additional evaluations conducted
weekly throughout the duration of the study (4 weeks).

2.5. Sample preparation

After the completion of the experimental procedures
(after 4 weeks), the animals were humanely sacrificed in
accordance with ethical guidelines to minimize suffering.
This process typically involved administering an overdose of
anesthetic, ensuring that the animals were unconscious and
pain-free before euthanasia. Following sacrifice, spinal cord
tissue and blood samples were collected for further analysis.
The spinal cord tissues were carefully excised and stored in
sterile containers, whereas blood samples were obtained
through cardiac puncture, a method that allows for the
collection of blood directly from the heart, ensuring high-
quality samples. Once collected, the blood samples were
centrifuged at 6000 rpm for 20 min to separate the plasma
from the cellular components. The supernatants, which

contain biochemical markers, were carefully gathered for
subsequent assays. To preserve the integrity of the samples,
both tissue and blood supernatants were stored at ~80°C.

2.6. Measurement of OS

The present study focused on several key parameters,
including malondialdehyde (MDA), GSH, SOD, and
total antioxidant capacity (TAC). These parameters were
measured using specific kits from ZellBio (Germany), and
quantitation of OS and antioxidant levels in biological
samples was conducted according to the manufacturer’s
protocols. The MDA assay (CAT No. ZB-MDA-96A) was
used to assess lipid peroxidation, indicating oxidative
damage. The GSH assay (CAT No. ZB-GSH-96A) measures
the levels of this critical antioxidant, whereas the SOD assay
(CAT No.ZB-SOD-96A) evaluates the activity of this enzyme
that protects against OS. Finally, the TAC assay (CAT No.
ZB-TAC-96A) provides a comprehensive measure of the
overall antioxidant capacity of the samples. Following the
manufacturer’s instructions for each assay ensured accurate
and reproducible results, contributing to the understanding
of the biochemical changes associated with SCI and the
potential therapeutic effects of the treatments administered.

2.7. Enzyme-linked immunosorbent assays (ELISA)

To measure the amounts of NLRP3, apoptosis-associated
speck-like protein containing a CARD (ASC), and
caspase 1 (Casp-1) proteins, ELISA assays were employed
to analyze freshly extracted spinal cord tissue samples.
Upon collection, the spinal cord tissues were carefully
homogenized in a suitable lysis buffer to extract the
proteins. Following homogenization, the samples were
centrifuged to remove cellular debris, leaving a clear
supernatant that contained the soluble proteins for
analysis. ELISA kits for NLRP3 (MyBiosource, CA, United
States), ASC (MyBiosource, CA, United States), and Casp-1
(Cusabio, Wuhan, China) that are specific for rats were
used to measure the protein levels of these three proteins
according to the manufacturers’ protocol.

2.8. Statistical analysis

We used IBM® Statistical Package for the Social Sciences
Statistics software (ver. 20) to analyze data, and the results
are expressed as mean * standard deviation. A one-way
analysis of variance was conducted followed by Tukey’s
post hoc test to calculate the differences between groups.
A P<0.05was considered to indicate statistical significance.

3. Results
3.1. Functional recovery

Our results showed that animals with SCI had significantly
lower BBB scores relative to the Control group animals
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(P < 0.05). No meaningful difference in the BBB scores
was reported between the Model+CuC20 animals and
the Model group animals (P > 0.05). Model+CuC40 and
Model+CuC80 animals demonstrated improvement in
functional recovery compared to the Model group animals
(Figure 1, P < 0.0001 for comparisons). These results
indicate that higher doses of CuC may promote functional
recovery in SCI, highlighting its potential therapeutic
benefits.

3.2.Blood levels of OS indicators
3.2.1. MDA level

Our findings indicated a significant rise in the level of
MDA in the Model group animals relative to the Control
group animals (P < 0.0001). In contrast, a notable
reduction in MDA concentrations was observed in the
Model+CuC20 group animals relative to the Model group
animals (P = 0.01). In addition, both the Model+CuC40
and Model+CuC80 groups exhibited significant reductions
in MDA levels when compared to the Model animals
(Figure 2, P < 0.0001 for both treatments). These results
imply that CuC treatment may effectively reduce oxidative
damage in SCI, contributing to improved outcomes in
cellular health.

3.2.2. SOD activity

Our results also indicated a significant rise in SOD activity
in the Model group animals compared to the Control group
animals (P < 0.0001). No statistically significant differences
in SOD activity were reported in the Model+CuC20 group
relative to the Model group (P > 0.05). Notably, following
the administration of 40 and 80 mg/kg of CuC, there was
a significant modulation in SOD levels relative to the SCI
animals (Figure 3, P < 0.0001 for both treatments). These
findings suggest that the intervention not only mitigated
OS but also likely enhanced overall cellular health.

—=—Con -*=Model =s=Model+CuC20 ® Model+CuC40 =+ Model+CuC80

BBB score

Time (Days)

Figure 1. CuC effects on the BBB scores in experimental animals
Abbreviations: BBB score: Basso, Beattie, and Bresnahan score;
Con: Control; CuC: Curcumin.

3.2.3. GSH activity

The activity of GSH was raised in the SCI-induced animals
relative to the Control group animals (P < 0.0001). Mean
GSH activity was similar between the Model+CuC20
and the Model groups (P > 0.05). Furthermore, both the
Model+CuC40 and Model+CuC80 animals demonstrated
a substantial increase in GSH activity relative to the Model
group (Figure 4, P < 0.0001 for both treatments). These
findings suggest that the intervention may have effectively
alleviated OS and contributed to improved cellular health.

3.2.4. TAC level

In comparison to the Control group animals, TAC was
diminished in the SCI animals (P < 0.0001). No significant
differences in TAC levels were observed between the

45

40

%k %k %k

MDA level (nmol/mg )

%/////////////%“

Con Model Model+CuC20 Model+CuC40 Model+CuC80

Groups

Figure 2. CuC effects on the blood concentration of MDA in the
SCI-induced animals. ****P<0.0001 compared to Control group; *P<0.05,
****P<0.0001 compared to Model group.

Abbreviations: Con: Control; CuC: Curcumin; MDA: Malondialdehyde;
SCI: Spinal cord injury.

%k %k k

%k k ok

+H++

SOD level (U/mg )

Model+CuC20 Model+CuC40 Model+CuC80
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Figure 3. CuC effects on the blood concentration of SOD in the
SCI-induced animals. ***P<0.0001 compared to Control groups;
***%P<0.0001 compared to Model group.

Abbreviations: Con: Control; CuC: Curcumin; SCI: Spinal cord injury;
SOD: Superoxide dismutase.
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Model+CuC20 and the Model groups (P > 0.05).
However, both the Model+CuC40 and Model+CuC
80 groups demonstrated a significant elevation in TAC
levels relative to the Model group (Figure 5, P < 0.0001
for both treatments). These results regarding TAC levels
suggest that the intervention enhances the body’s natural
defense mechanisms, thereby improving resilience against
oxidative damage.

3.3. Protein concentrations of inflammatory
mediators

3.3.1. NLRP3

In comparison to the control animals, the protein
concentrations of NLRP3 were significantly elevated in
the tissue samples of Model group animals (P < 0.0001).

03

%%k %k

%%k %k

++++

GSH level (jumol/mg)

0.1

%/////////////////////////////%*

Con Model Model+CuC20 Model+CuC40 Model+CuC80

Groups

Figure 4. CuC effects on the blood concentration of GSH in the
SCI-induced animals. ****P<0.0001 compared to Control group;
**#*#%P<0.0001 compared to Model group.

Abbreviations: Con: Control; CuC: Curcumin; GSH: Glutathione;
SCI: Spinal cord injury.

600
% %k k
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200
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W//////%~

Con Model Model+CuC20
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Figure 5. CuC effects on the blood concentration of TAC in the SCI-
induced animals. ***P<0.0001 compared to Control group; ****P<0.0001
compared to Model group.

Abbreviations: Con: Control; CuC: Curcumin; SCI: Spinal cord injury;
TAC: Total antioxidant capacity.

No statistically significant difference was observed in the
NLRP3 protein levels of the Model+CuC20 group animals
relative to the Model group animals (P > 0.05). However,
both the Model+CuC40 and Model+CuC80 groups
demonstrated a prominent decrease in NLRP3 protein
levels relative to the Model group (Figure 6, P < 0.0001 for
both treatments).

3.3.2. ASC

Significant differences in the tissue concentration of ASC
protein were observed between the Model groups and the
Control group (P < 0.0001). In contrast, no meaningful
differences in the ASC protein level were found between the
Model+CuC20 and the Model groups (P > 0.05). Following
treatment with 40 and 80 mg/kg of CuC, there was a
significant reduction in the protein concentration of ASC
relative to the Model group animals (Figure 7, P < 0.0001
for both treatments).

+H++

centration (ng/ml)

NLRP3 cont
B

* %k k

* % %k

%////////%

Model+CuC20 Model+CuC40 Model+CuC80

Groups.

Figure 6. CuC effects on the protein concentration of NLRP3 in
the SCI-induced animals. ****P<0.0001 compared to Control group;
***%P<0.0001 compared to Model group.

Abbreviations: Con: Control; CuC: Curcumin; NLRP3: NOD-like
receptor family pyrin domain-containing 3; SCI: Spinal cord injury.
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Figure 7. CuC effects on the protein concentration of ASC in the
SCI-induced animals. ***P<0.0001 compared to Control group;
*%P<0.0001 compared to Model group.

Abbreviations: ASC: Apoptosis-associated speck-like protein containing
a CARD; Con: Control; CuC: Curcumin; SCI: Spinal cord injury.
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3.3.3. Casp-1

The outcomes demonstrated a prominent increase in the
protein concentration of Casp-1 in the tissue samples
of Model group animals relative to those of Control
group animals (P < 0.0001). Meanwhile, no significant
differences in the protein concentration of ASC were
found between the Model+CuC20 and the Model groups
(P > 0.05). Both Model+CuC40 and Model+CuC80
groups showed significant reductions in the protein
concentration of Casp-1 when compared to the Model
group (Figure 8, P < 0.0001 for both treatments).

4, Discussion

In this research, we investigated the antioxidant effects
of varying doses of CuC in a SCI model utilizing male
Wistar rats. Our findings revealed that SCI significantly
elevates the levels of MDA, a well-established marker of
OS, indicating increased lipid peroxidation and cellular
damage. Concurrently, we observed a marked reduction
in the body’s antioxidant defenses, evidenced by decreased
levels SOD, GSH, and TAC. These results underscore the
oxidative imbalance that occurs following SCI, highlighting
the detrimental impact of OS on recovery. Furthermore,
our study revealed that SCI led to the upregulation of the
NLRP3 inflammasome, characterized by increased protein
levels of NLRP3, ASC, and Casp-1. This upregulation reflects
an enhanced neuroinflammatory response following SCI,
contributing to the overall pathological process.

SCI poses a significant global health challenge, with
thousands of new cases diagnosed annually, frequently
resulting in profound and debilitating effects on
individuals’ quality of life.” The intricate pathophysiological
mechanisms that underlie SCI, especially the complex
interactions between primary and secondary injury

e+

1)

* % %k %k

oncentration (ng/ml
g

EEE T

Casp-1 ¢

Con Model

Model+CuC20 Model+CuC40 Model+CuC80

Groups

Figure 8. CuC effects on the protein concentration of Casp-1 in
the SCI-induced animals. ***P<0.001 compared to Control group;
***P<0.001 compared to Model group.

Abbreviations: Casp-1: Caspase 1; Con: Control; CuC: Curcumin;
SCI: Spinal cord injury.

processes, are not yet fully understood. This knowledge
gap presents considerable obstacles to the development
of effective therapeutic strategies aimed at improving
patient outcomes.?**” While the initial trauma and primary
injury mechanisms are often unpredictable, there is an
urgent need for targeted interventions that can mitigate
the detrimental effects of secondary injury, particularly
those related to OS and neuroinflammation.?® Pre-clinical
research has provided compelling evidence for the role
of the NLRP3 inflammasome in the pathogenesis of SCL
The NLRP3 inflammasome is formed by the assembly of
NLRP3, ASC, and Casp-1 in response to both external
infections and internal signaling stimuli. This assembly
leads to the activation of Casp-1, resulting in the release
of pro-inflammatory cytokines such as interleukin (IL)-1f3
and IL-18.” Moreover, prior studies have demonstrated
that inhibiting NLRP3 inflammasome activity can
effectively reduce neuroinflammation and enhance
functional recovery in animal models of SCL.** While the
initial trauma and primary injury mechanisms are often
unpredictable, our research emphasizes the urgent need
for targeted interventions that can mitigate the detrimental
effects of secondary injury, particularly those related to
OS and neuroinflammation. These findings suggest that
targeting the NLRP3 inflammasome may represent a
promising therapeutic approach to mitigate the adverse
effects of neuroinflammation and improve recovery
following spinal cord injuries.

In this study, SCI was induced in rats by applying
an aneurysm clip to the right side of the spinal cord for
a duration of 1 min. In the treatment groups, CuC was
administered through intraperitoneal injection at three
different doses: 20, 40, and 80 mg/kg. These doses were
selected to evaluate the dose-dependent effects of CuC on
recovery and neuroprotection following the SCI induced.
The findings of this study demonstrated that by induction
of SCI, the MDA level was increased, and the SOD and GSH
activities and TAC levels were decreased in the animals.
Consistent with our findings, Kim et al.*’ demonstrated
that following the SCI, the amount of oxidant parameters
was increased, and the levels of antioxidant parameters
were decreased.

CuC(C, H, 0,)isapolyphenol extracted from turmeric,
a common spice and traditional Chinese medicine. CuC
exhibits promising effects against inflammation, OS,
apoptosis, and neurodegeneration.”? Our findings revealed
that CuC-treated groups exhibited a significant reduction
in the level of MDA relative to the untreated SCI animals.
Model+CuC40 and Model+CuC80 animals demonstrated
asignificant increase in the levels of SOD, GSH, and TAC in

comparison to the SCI model animals. Gao et al.** showed
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that CuC treatment can decrease the levels of MDA,
induce the activation of GSH peroxidase, and ameliorate
OS in rat models. Dong et al.** investigated the effects of
CuC in a mouse wound model by administering it into
the abdominal cavity. Their findings indicated that CuC
exhibited a protective effect on nerve tissue. This effect
was related to the upregulation of nuclear factor erythroid
2-related factor 2 (Nrf2), a key regulator of the antioxidant
response. The study also noted the upregulation of
downstream antioxidant enzymes, suggesting that CuC
may enhance the body’s ability to combat OS and promote
nerve protection and recovery following injury. In 2018,
Caillaud et al.** conducted research to explore the impact
of continuous topical treatment with low doses of CuC on
nerve function and regeneration after sciatic nerve injury
in mice. These findings indicate that CuC has a protective
effectagainst OS by reducing the secretion of ROS generated
by macrophages. In addition, it lowers lipid peroxidation
levels and boosts the expression of the transcription factor
Nrf2, which plays a crucial role in regulating antioxidant
responses. Furthermore, applying low doses of CuC locally
shows potential as an effective treatment for peripheral
nerve regeneration.* These findings are consistent with the
results of our current research.

In addition to the assessment of OS parameters,
functional recovery was evaluated in the present research.
The BBB test outcomes showed a notable reduction in
scores of BBB for animals with SCI in comparison to the
Control group animals. Among the animals treated with
40 and 80 mg/kg CuC, we observed a meaningful elevation
in the BBB scores relative to the untreated SCI animals.
Kim et al.’' assessed the effects of CuC on the development
of SCI in a rat model. They found that CuC (200 mg/kg)
significantly improved functional recovery in the early
stages following SCI. Furthermore, they presented that
CuC decreased the MDA levels, increased the activity of
SOD, and reduced the inflammation. The results of this
study are in agreement with the findings of Kim et al’s
research.” The findings of the mentioned studies are in
line with the outcomes of the present study. Research
conducted by Alvarado-Sanchez et al.*> demonstrated
that CuC effectively reduced concentrations of hydroxyl
radicals, nitric oxide, and lipid peroxidation following SCI,
although it did not significantly affect SOD activity. Our
results align with these findings; however, we observed
significant effects of CuC on SOD activity, which contrast
with the outcomes reported by Alvarado-Sanchez et al.*®
This discrepancy may be attributed to the timing of the OS
parameter measurements. In our study, we assessed the
levels of OS parameters 4 weeks post-SCI and treatment,

We also investigated the protein concentrations of
inflammatory mediators, specifically ASC, NLRP3,
and Casp-1, at the injury site. Our findings revealed a
significant increase in these markers after SCI. The results
also showed a dramatic reduction in the concentrations of
NLRP3, ASC, and Caspl1 proteins in the animals receiving
40 and 80 mg/kg of CuC, in comparison to the Model
group animals. This suggests a noteworthy decrease in the
levels of these inflammatory proteins. Prior studies have
demonstrated that CuC can substantially enhance recovery
following SCI by fostering the development of new nerve
cells (neurogenesis) and modulating inflammatory
pathways. For example, research conducted by Lee et al.
revealed that administering CuC orally at a dosage of
0.4 mg/kg for 2 weeks led to an increase in neurogenesis by
affecting brain-derived neurotrophic factor concentrations
in the hippocampus, a crucial area of the brain involved
in learning and memory.* The results of another study
revealed that administering a low dose of CuC (exceeding
0.2 mg/kg) resulted in an increase in the generation of
new cells within the hippocampus, thereby enhancing
neurogenesis in adult mice.”” Barati et al.*® investigated the
CuC effects on rats with SCI. They found that CuC might
help improve movement in the early stages of the injury
by promoting nerve repair and reducing the inflammation
caused by astrocyte activity. The results of the mentioned
studies were in accordance with the results of this study
related to the inflammasome complex.

Numerous studies have consistently shown that CuC
effectively mitigates OS. This protective effect is achieved
through multiple mechanisms including: (1) reducing lipid
peroxidation products such as MDA, 4-hydroxynonenal,
and protein carbonyls, (2) enhancing the activity of GSH
peroxidase and SOD, which are essential antioxidant
enzymes, and (3) activating the Nrf2, a crucial regulator of
the body’s antioxidant response.”*! Despite the potential
health benefits CuC can offer, taking large amounts can
lead to unpleasant side effects such as stomach upset,
nausea, dizziness, gastroesophageal reflux disease, and
diarrhea, and our findings proved that consuming CuC at
moderate dose could mitigate SCI development.

5. Conclusion

This study found that moderate and high doses of CuC
effectively reduced OS and inflammation caused by SCI.
Since a marked decrease was not noted between animals
receiving varying CuC doses, a moderate dose of CuC is
recommended.

whereas their study evaluated these parameters just 24 h Acknowledgments
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Abstract

This review explores the development, modification, and optimization of potent
active compounds using combinatorial synthetic methods that incorporate
phytoconstituents from plant extracts, aiming to enhance efficacy and mitigate
resistance. Attenuated total reflectance-Fourier transform infrared spectroscopy, gas
chromatography-mass spectrometry (GC-MS), and antibacterial data from the literature
were employed to validate these strategies. The methodology emphasized precise
harvesting, pre-treatment, and extraction processes to ensure the quality and efficacy
of the plant extracts. Various extraction methods and solvents were used to isolate
specific phytoconstituents, followed by further purification through chromatography.
The review proposes three strategies: (i) reacting single or multiple plant extracts with
reagents such as acids or catalysts, (i) combining plant extracts with ineffective drugs
to induce structural changes that enhance antibacterial efficacy, and (iii) integrating
plant extracts with drugs not originally intended for the target disease to explore new
structural functionalities. Significant findings include synergistic effects observed
when Psidium guajava and Calotropis procera extracts were combined with antibiotics,
leading to substantially increased zones of inhibition against resistant bacteria. GC-MS
analysis identified numerous bioactive compounds, some of which with known
anticancer properties, suggesting potential applications beyond antibacterial effects.
These innovative combinatorial approaches demonstrate the potential to yield new
compounds with enhanced pharmacological properties, highlighting the critical role
of plant extracts in drug discovery and development. This review underscores the
promise of harnessing natural products to combat multi-drug resistance, paving the
way for advanced research and development in pharmaceutical applications.

Keywords: Combinatorial synthetic methods; Phytoconstituents; Drug resistance; Plant
extracts; Antimicrobial activity; Synergistic effects; Drug discovery and development

1. Introduction

Drug resistance represents a pressing global challenge that impacts clinical, community,
and environmental health, as well as food security and development. The emergence
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of antimicrobial resistance (AMR) complicates treatment
efficacy by enabling pathogens to evolve mechanisms
that resist drug therapy, leading to persistent infections
and increased transmission rates. According to Cesur
and Demir6z' and Olga et al,” this phenomenon not
only endangers health outcomes but also amplifies the
burden on healthcare systems worldwide. The World
Health Organization® underscores the severity of the
issue, reporting that AMR causes approximately 700,000
deaths annually. Projections indicate that this figure could
escalate to 10 million deaths per year by 2050 if effective
interventions are not implemented. Several interrelated
factors, such as overuse and misuse of antibiotics in
medicine, agriculture, and animal husbandry, drive the
escalation of AMR. Practices such as over-prescription,
self-medication, and the use of antibiotics as growth
promoters in livestock exacerbate the problem.* The
pipeline for new antibiotics is worryingly sparse due
to significant financial and scientific barriers faced by
pharmaceutical companies.® Moreover, environmental
pollution and climate change contribute to the spread
and mutation of resistant pathogens, further complicating
efforts to control AMR.*

1.1. Addressing AMR with medicinal plant
compounds

The production of bioactive compounds from medicinal
plants necessitates the use of sophisticated techniques to
ensure scalability and efficiency. Direct extraction can
be impractical, prompting the need for semi-synthesis,
total synthesis, and biotechnological approaches as viable
alternatives. Semi-synthesis involves modifying natural
compounds to enhance their efficacy or ease of production.
A notable example is the production of the critical
anticancer drug paclitaxel (Taxol). Advances in synthetic
chemistry have enabled the development of total synthesis
routes for compounds like paclitaxel and its derivatives,
improving availability and reducing the costs associated
with natural extraction methods.”® Biotechnological
methods, including genetic engineering and microbial
fermentation, have revolutionized the production of
complex natural products. For instance, genes responsible
for paclitaxel biosynthesis have been successfully
integrated into microorganisms such as Escherichia coli
and Saccharomyces cerevisiae, enabling these microbes to
produce paclitaxel precursors.” In addition, plant cell culture
techniques have been employed to cultivate paclitaxel
from Taxus cell cultures.®® The semi-synthesis of bioactive
terpenoids, steroids, and polyketides from uncultivated
bacterial symbionts demonstrates the potential of these
approaches.'®!! Biotechnological advancements, including
plant tissue culture and microbial fermentation, highlight

the feasibility of producing these compounds at scale.?
Genetic engineering has also been utilized to produce
complex natural products like artemisinin through
yeast, addressing challenges associated with traditional
extraction methods from Artemisia annua."'

1.2. The role of medicinal plants in combating AMR

Medicinal plants are rich sources of diverse phytochemicals,
the composition of which varies depending on the plant
species, its geographical location, and the extraction
solvent used.”*'¢ Studies by Khosravi,”” Alzohairy,"® and
Jafarnejad et al.® suggest that aqueous plant extracts may
effectively treat bacterial infections, sometimes showing
comparable or even superior efficacy to certain antibiotics
while potentially reducing the development of bacterial
resistance. Drug repurposing also offers a promising
strategy in the fight against drug-resistant pathogens. This
approach involves using known compounds or existing
drugs to treat recalcitrant infections and diseases.”
Moreover, two potent bioactive compounds with diverse
pharmacological activities present new opportunities
for treating resistant infections. For example, the triple
synergistic inhibitory activities of riboprine and forodesine
against the enzymes RNA-dependent RNA polymerase,
exonuclease, and adenosine kinase in the replication of
severe acute respiratory syndrome coronavirus 2.2*

This review explores strategies to develop, modify, or
optimize potent active compounds using a combinatorial
synthetic method that utilizes phytoconstituents present
in plant extracts. The aim is to enhance their efficacy and
reduce the potential for pathogen resistance to existing
or new compounds. Evidence from attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-
FTIR), gas chromatography-mass spectrometry (GC-MS),
and antibacterial studies in the literature is presented to
support these approaches.

2. Development and testing of
antimicrobial strategies incorporating
medicinal plant

Before plant extracts can be utilized, a meticulous process
involving harvesting, pre-treatment, and various extraction
methods must be followed to ensure the quality and efficacy
of the final product. The initial step, harvesting, must be
timed appropriately to capture the peak concentration of
desired phytochemicals. Pre-treatment processes such as
drying, grinding, and sometimes fermentation prepare
the plant material for extraction, thereby enhancing the
efficiency and yield of the subsequent steps. Different
extraction methods, such as maceration, infusion,
decoction, and modern techniques like supercritical fluid
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extraction, are selected based on the chemical nature of
the target compounds and their intended applications.
The choice of solvent — whether organic, inorganic, or a
combination of solvents — plays a critical role in selectively
isolating specific phytoconstituents. Once extracted, these
compounds often require further purification through
techniques like chromatography to isolate the compound
of interest, ensuring that the final product is potent and
suitable for its intended use. This comprehensive approach
ensures that plant extracts used in various applications,
from pharmaceuticals to nutraceuticals, are both effective
and safe.”*

2.1. Strategy 1

A single plant extract or a combination of plant extracts
can undergo chemical reactions by adding reagents such
as organic or inorganic acids, alkalis, or catalysts while
modifying the reaction conditions (e.g., temperature,
pressure). A study by Gideon®® exemplified this synergistic
strategy by combining plant extracts with antibiotics to
combat AMR. In the experiment, 0.4 mL of concentrated
sulfuric acid was added to 10 mL of aqueous Psidium
guajava (guava) leaf extract. The mixture was boiled
at 100-110°C for 30 min, followed by centrifugation.
The antimicrobial analysis revealed that untreated
guava extract (at 5.0 pg/mL) had no inhibition zones
against Salmonella spp., E. coli, Streptococcus spp., and
Staphylococcus aureus. However, the 0.4 mL acid-treated
guava extract (at 0.1 ug/mL) showed inhibition zones for
all four bacterial strains, ranging from 7 mm to 12 mm,
as depicted in Figure 1. The clear zones of inhibition in

Figure 1 were primarily observed in the acid-treated plant
extract combined with the antibiotic.

ATR-FTIR analysis, as depicted in Figure 2 and Table 1,
revealed significant changes in the peaks present in each
sample. The unreacted extract displayed 14 peaks, while
the reacted extract showed 10 peaks. Shift in peaks, the
formation of new peaks, and a decrease in transmittance
were observed. A decrease in transmittance is attributed
to higher concentrations of compounds with certain
functional groups, while the emergence of new peaks may
be due to the formation of new or analogous compounds.
On centrifugation and drying at room temperature, the
unreacted guava extract yielded a total mass of 13.7 mg,
whereas the reacted guava extract yielded 177.2 mg, which
is 1,293.4 times heavier than the unreacted guava extract.
This significant difference in mass is attributed to the
formation of larger and more complex molecules, which
typically have higher molar masses.”

Further exploration of this approach could involve
isolating specific phytoconstituents and then initiating
reactions between non-bioactive constituents of one plant
extract and bioactive constituents of another, or between
different solvent extracts (e.g., chloroform or n-hexane)
from various plants. Multiple combinatorial reactions can
be designed and executed based on expected outcomes.

Plant extracts also play a key role as capping and
stabilizing agents in nanoparticle synthesis.?® Saddaf et al.”
synthesized silver nanoparticles (AgNPs) using aqueous
root extracts from four medicinal plants and tested their
antimicrobial efficacy on six different bacteria strains.

Figure 1. Antibacterial activities of the prepared samples against resistant bacteria. Image reproduced with permission from Gideon.?®
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Figure 2. Attenuated total reflectance-Fourier transform infrared spectroscopy spectra of guava extract (A) and reacted guava extract (B). Image

reproduced with permission from Gideon.?®

Table 1. Fourier transform infrared spectroscopy analysis of guava extract and reacted guava extract, including attributed

functional groups. Reproduced with permission from Gideon*

FTIR functional Wavenumber Guava extract Reacted guava Associated phytochemicals

group region range (cm™) peaks (cm™) peaks (cm™)

O-H/N-H Stretch 3,200-3,600 3,693.8; 3,280.1 3,250.2 Alcohols, phenols, amines, or carboxylic acids
C-H Stretch 2,850-3,000 2,918.5; 2,851.4 - Alkanes

Clkanes Stretch 2,100-2,260 2,109.7; 1,994.1 2,117.1;1,994.1 Alkynes or nitriles

C=0 Stretch 1,630-1,820 1,617.7 1,688.5; 1,610.2 Ketones, aldehydes, esters, or carboxylic acids
N-H Bending 1,500-1,600 - 1,513.3 Primary and secondary amines

C-H Bending 1,400-1,500 1,449.9 1,442.5 Aromatic compounds

Abbreviation: FTIR: Fourier transform infrared spectroscopy.

Saddaf et al’s results showed that the root extracts of
Bergenia ciliata and Bergenia stracheyi (at 1200 pg/well)
and their synthesized AgNPs (at 150 pg/well) did not
inhibit the growth of E. coli, Staphylococcus haemolyticus,
or Bacillus cereus. In contrast, the root extracts of Rumex
dentatus and Rumex hastatus (at 1200 pg/well) were unable
to inhibit these bacteria, but their synthesized AgNPs
(at 150 pg/well) successfully inhibited bacterial growth.
According to Saddaf et al.* (p321), “the antibacterial
activity of each type of AgNPs depends on the surface
modification by plant extract, which makes them effective
against specific bacteria” In response to this statement, it
can be argued that if the modification occurred on AgNPs
themselves, rather than on the plant extract, lower levels
of inhibition would have been observed in B. ciliata and
B. stracheyi due to the contributory effect of silver’s inherent
antimicrobial activity. Instead, it is the modification of
the phytoconstituents in these aqueous root extracts that
promotes antimicrobial functionality, as demonstrated by
Gideon.®

2.2, Strategy 2

This strategy involves initiating a reaction between a single
plant extract and an ineffective drug, known for treating the
disease of interest. The process includes adding a reagent

- such as an inorganic/organic acid, alkali, or catalyst -
and modifying the reaction conditions. For antibacterial
applications, multiple plant extracts can be reacted with
different inexpensive antibiotics. The antibiotic must be
confirmed to be ineffective against the target bacteria, as
using an antibiotic that is fully effective against the bacteria
of interest could reduce the effectiveness of the final product
if structural changes are made. For example, Gideon and
Ladan® achieved consistent synergistic effects preparing
a mixture of (i) 1 mg/mL amoxicillin with aqueous leaf
extract of Calotropis procera; (i) 1 mg/mL ampicillin
with aqueous leaf extract of C. procera; (iii) 100 pg/mL
azithromycin with aqueous leaf extract of C. procera; and
(iv) 100 ug/mL ampicillin with aqueous leaf extract of
C. procera, and reacting each with concentrated sulfuric
acid at 110°C for 20 min. Greater zones of inhibition
were observed, as shown in Figure 3. The clear zones of
inhibitions in Figure 2 predominantly reflect the acid-
treated plant extract in combination with the antibiotics.
This method increased the synergism of the plant extract-
antibiotic combinations, enhancing their effectiveness
from 33% (as reported by Eze et al,” Moussaoui and
Alaoui,* and Hagq et al.**) to 100% at 1 mg/mL.

In a follow-up study by Gideon et al.,** GC-MS analysis
of combination (i) from Gideon and Ladan’s study®® was

Volume 8 Issue 2 (2025)

90

doi: 10.36922/itps.4068


https://dx.doi.org/10.36922/itps.4068

INNOSC Theranostics and
Pharmacological Sciences

Transformative natural product-drug combinations

Figure 3. Antibacterial activities of prepared samples against resistant Salmonella spp., Shigella spp., Staphylococcus aureus, Escherichia coli, and Proteus

spp. Image reproduced with permission from Gideon and Ladan.*

carried out to investigate the transformations in both the
phytoconstituents and the antibiotic that contributed to the
observed synergistic activity. The clear inhibition zones in
Figure 3 primarily represent the acid-treated plant extract
combined with the antibiotics.

The GC-MS analysis revealed 53 phytoconstituents, of
which 18 were known for their biological activity, as shown
in Table 2. Three of these constituents - farnesol,’®4-amino-
1-pentanol,*® and an imidazole derivative resembling
the drug ribavirin®>* — were reported to have anticancer
properties.

Further exploration can involve reactions between
non-bioactive constituents from different plant extracts,
the bioactive constituents of one plant combined with the
non-bioactive constituents of another, chloroform extracts
of various plants, or isolated compounds with n-hexane
extracts. Multiple combinatorial reactions can be designed
and carried out based on predicted outcomes.

2.3, Strategy 3

This strategy involves initiating a reaction between a
plant extract and a drug not originally intended for
treating the disease of interest, or any reagent suspected to
possess good structural functionality that might enhance
antimicrobial activities. Various methods can be employed
while modifying the reaction conditions.

Gideon et al* developed a regimen by making 24
different combinations of guava leaves and clove aqueous
extracts with aspirin, tetracycline, and co-trimoxazole,
each underwent different reaction stages. Antimicrobial
susceptibility tests revealed that a single-stage combination

of co-trimoxazole with clove extract (Scl), a two-stage
combination of aspirin and clove extract (Ac2), and a two-
stage combination of aspirin and guava extract (Ag2) were
all effective against the resistant isolates of Salmonella spp.

The antibacterial activity optimization of aqueous leaf
extract of P guajava against resistant clinical isolates of
S. aureus, E. coli, Streptococcus spp., and Salmonella spp. was
carried out by Gideon.” He added 4 mL of guava extract to
4 mL of aspirin solution, boiled the mixture in a water bath,
then added 0.4 mL of sodium hydroxide and continued
boil for 5 min. A fresh 2 mL portion of guava extract was
added, followed by 0.3 mL of sulfuric acid, and the mixture
was boiled for another 10 min before centrifugation. The
antimicrobial activity is shown in Figure 4.

The ATR-FTIR analysis revealed  significant
findings regarding the interaction between aspirin and
P guajava. From the ATR-FTIR results depicted in
Figure 5 and Table 3, new peaks emerged in the combined
product, including 3,235.3 cm™ (O-H stretching from
guava extract), 2,918.5 cm™ (C-H stretching, alkanes from
guava extract), 2,105.9 cm™ (C5. stretching, alkynes from
aspirin solution), 1,455.7 cm-1 (C-H bending, alkanes from
guava extract), 1,748.1 cm™ (C=0O stretching, esters from
aspirin solution), 1,677.3 cm™ (C=C stretching, alkenes
from aspirin solution), 1,602.8 cm' (C=C stretching,
aromatics from aspirin solution), and 1,453.7 cm™ (C-H
bending, alkanes from aspirin solution). These changes in
peak positions and transmittance levels suggest significant
structural modifications, with reduced transmittance
indicating higher concentrations of compounds with
specific functional groups.*® The combined presence
of peaks from both guava extract and aspirin solution
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Table 2. Bioactive phytoconstituents from Calotropis procera leaf extract combined with ampicillin. Reproduced with permission
from Gideon et al.**

Pk# RT Area% Compound name Molecular weight
1 5.318 3.35 Cystamine 152.0
3 5.528 2.46 4-amino-1-Pentanol 103.0
5 5.959 1.42 N-methoxy-1-ribofuranosyl-4-imidazolecarboxylic amide 155.0
6 6.275 0.73 1,2,5-oxadiazol-3-carboxamide, 4,4 -azobis-, 2,2’-dioxide 284.0
9 7.361 1.94 3,3-dimethyl-4-(1-aminoethyl)-Azetidin-2-one 142.0
11 7.891 1.37 5-methyl-2-Heptanamine 128.0
20 12.065 1.36 dl-phenylephrine 167.0
23 14.598 1.16 Cystine 240.0
32 21.074 2.03 1,2,5-oxadiazol-3-carboxamide, 4,4’-azobis-, 2,2’-dioxide 284.0
34 22.127 0.73 Metaraminol 167.0
38 25.796 2.83 3-propoxyamphetamine 193.0
43 29.445 0.12 Hexadecanoic acid, methyl ester 270.0
49 30.437 2.68 1-docosene 308
50 31.083 0.16 9-octadecenoic acid (Z)-, methyl ester 296.0
52 36.087 0.78 3,7,11-trimethyl-2,6,10-dodecatrien-1-ol 222.0
53 36.620 13.04 Oleic acid 264.0

Abbreviations: Pk#: Number of peaks; RT: Retention time.

Table 3. Fourier transform infrared spectroscopy analysis of guava extract, aspirin, and the guava-aspirin mixture, with
attributed functional groups. Reproduced with permission from Gideon**

FTIR functional ‘Wave number Guava extract Aspirin peaks (cm™) Reacted guava Associated phytochemicals
group region range (cm™) peaks (cm™) peaks (cm™)
O-H/N-H stretch 3,200 - 3,600 3,693.8; 3,280.1 3,488.8 3,235.3 Alcohols, phenols, amines, or
carboxylic acids
C-H stretch 2,850 - 3,000 2,918.5;2,851.4 2,870.1; 2,959.5; 2,698.6; 2,918.5 Alkanes
2,586.8; 2,545.8
Clkanes stretch 2,100 - 2,260 2,109.7; 1,994.1 2,091.0 2,105.9 Alkynes or nitriles
C=0 stretch 1,630 - 1,820 1,617.7 1,804.0; 1,837.6; 1,751.8; 1,748.1, 1,677.3, Ketones, aldehydes, esters, or
1,684.3; 1,602.8 1,602.8 carboxylic acids
N-H bending 1,500 - 1,600 - - - Primary and secondary amines
C-H bending 1,400 - 1,500 1449.9 1483.5; 1457.4 1453.7 Aromatic compounds

Abbreviation: FTIR: Fourier transform infrared spectroscopy.

/)

Figure 4. Antimicrobial susceptibility test for 31 prepared disks against Salmonella spp. Image reproduced with permission from Gideon et al.*

confirmed the formation of a new compound with combination of aspirin with guava extract may lead to a
modified structural characteristics, suggesting that the novel product with enhanced antibacterial properties. This
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Figure 5. Attenuated total reflectance-Fourier transform infrared spectroscopy spectra of guava extract (A), aspirin (B), and guava-aspirin mixture (C).

Image reproduced with permission from Gideon.?

method can be further explored by reacting non-bioactive
constituents of one plant extract with those of another,
bioactive constituents of one plant with non-bioactive
constituents of another, or using different solvents and
isolated compounds. Various combinatorial reactions can
be designed to achieve the desired outcomes.

3. Conclusion

This review outlines strategies for leveraging plant extracts in
the fight against drug resistance. Functional group analysis,
GC-MS data, and antimicrobial screenings from various
sources demonstrate that combining plant extracts with
drugs or other structurally functional reagents can induce
significant structural and functional changes, resulting in
the formation of intermediate or new compounds. These
compounds may act individually or synergistically to combat
multi-drug-resistant bacteria. For instance, the GC-MS
analysis identified potent anticancer properties, suggesting
that these combinations may also offer therapeutic potential
in antifungal, anti-inflammatory, antiviral, and anticancer
applications, potentially yielding positive outcomes
similar to the observed antibacterial effects. Therefore, this
approach holds significant promise and warrants further
exploration using advanced synthetic methods and tools to
optimize drug discovery and development. By harnessing
the potential of plant extracts and employing sophisticated
techniques, we can develop novel treatments to effectively
address the growing challenge of drug resistance.
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Evaluation of galactomannan and
1,3-B-d-glucan assays as diagnostic tools for
intracranial fungal infection: A case series

Suneel Kumar?, Zuhaa Rehman*(2, Anabia Akhlaq”, Taha Bin Ajaz Khan'?,
Naeemullah Bullo, and Munir Afzal

Department of Neurology, Jinnah Postgraduate Medical Centre, Karachi, Sindh, Pakistan

Abstract

Fungalinfections of the central nervous system have dramatically surged over the past
decade, particularly in semitropical regions such as Karachi. Herein, we retrospectively
evaluated the diagnostic potential of galactomannan (GM) and 1,3-f3-d-glucan (BDG)
assays for intracranial fungal infections (IFI) at a tertiary care facility in Karachi. A total
of 12 patients (3 immunocompromised and 9 immunocompetent) aged 18 - 60 years
underwent serum fungal biomarker testing, imaging studies, and cerebrospinal
fluid (CSF) analysis. Suboptimal GM and high BDG titers indicated invasive mycoses.
Computed tomography scan revealed fungal sinusitis, and magnetic resonance
imaging revealed brain parenchyma involvement. Fungal biomarkers helped rule
out a neoplastic etiology. Normal GM and high BDG titers negated the probability of
aspergillosis. Further, culture tests helped identify the causative organisms and tailor
the treatment. Our findings emphasize the diagnostic value of GM and BDG assays
in IFls. Furthermore, we recommend the use of CSF specimens for fungal biomarker
assays in future diagnostic protocols.

Keywords: Intracranial fungal infection; Galactomannan; Fungal sinusitis; d-glucan;
1,3-B-d-glucan

1. Background

The incidence of fungal infections in the central nervous system (CNS) has increased
over the past decade and is primarily attributed to the growing population of
immunocompromised individuals. The fungal species predominantly responsible
for these infections include yeasts (e.g., Candida spp.), molds, and filamentous
tungi (e.g., Aspergillus spp.).! Candida albicans, which typically spreads through
the hematogenous route, is a common cause of CNS infections that often present as
meningitis. In addition, it sometimes manifests as chronic meningitis. It can lead to
brain abscesses, spinal infections, ventriculitis, or mycotic aneurysms and vasculitis,
ultimately leading to cerebral infarctions.? The underlying mechanism for Candida
meningitis is the invasion of fungi through the blood-brain barrier (BBB).?

Aspergillus fumigatus and Aspergillus flavus are strongly associated with invasive
aspergillosis (IA) and fungal sinusitis, respectively.* Aspergillus infections are primarily
transmitted through spores, and the lungs, head, and neck - particularly the paranasal
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sinuses (PNSs), orbit, and cranial areas — are the primary
disease sites.” Disease progression in these regions is
accompanied by pain, fever, ophthalmic complications,
epistaxis, and cough.® The symptoms progress gradually and
often include proptosis, monocular blindness, congestion,
classic meningitis symptoms, and hemorrhage.” Owing
to its angioinvasive properties, Aspergillus can affect
the branches of the internal carotid artery (ICA) in the
ethmoidal or orbital regions, leading to microaneurysms
and cerebral emboli.® Furthermore, bone destruction is
observed in 30 — 50% of patients with sinus infections.’

The European Organization for Research and Treatment
of Cancer and the Mycoses Study Group have included
galactomannan (GM) and 1,3-B-d-glucan (BDG) assays as
microbiological criteria for diagnosing fungal infections.'
GM, a polysaccharide antigen primarily found in the cell
walls of Aspergillus spp., can be detected using the Platelia
Aspergillus enzyme immunoassay (Bio-Rad Laboratories,
Inc., headquartered in Hercules, California, USA). This
method utilizes serum or bronchoalveolar lavage fluid
samples. However, cerebrospinal fluid (CSF) can be used
to treat cerebral aspergillosis.'®'?

BDG, a cell wall component of most fungi (excluding
Cryptococci, Zygomycetes, and Blastomyces dermatitidis),
is a panfungal serological marker. Although BDG is
not specific to IA, it can be used to diagnose invasive
candidiasis.’*'? Of the four available BDG detection assays
(Fungitell, Wako, Fungitec-G, and Maruha), only Fungitell
(Associates of Cape Cod, Inc., 124 Bernard E. Saint Jean
Drive, East Falmouth, Massachusetts 02536-4445, USA)
has been FDA-approved for use with serum."

Pakistan faces unique challenges because of its humid
climate, which fosters fungal growth and widespread
immunosuppressive therapy use. Furthermore, owing to
limited data on intracranial fungal infections (IFIs) and
restricted availability and affordability of neuroimaging
or CSF analysis, diagnoses are delayed or missed.
Consequently, the timely detection of fungal infections
must be improved by assessing specific diagnostic
parameters such as GM and BDG assays, which can
enhance the diagnostic accuracy and facilitate prompt
treatment. Given the low socioeconomic status of patients
in our setup, we must focus on targeted diagnostic
markers to streamline patient and healthcare provider
processes.

This study contributes to the existing literature on
IFIs by presenting a case series of patients with IFIs who
were admitted to the Jinnah Postgraduate Medical Center,
a tertiary care hospital in Karachi, Pakistan, between
November 2022 and May 2023. We aimed to evaluate the
potential role of serum fungal biomarkers as an adjunct

to early diagnostic tools in resource-limited low- and
middle-income countries such as Pakistan.

2. Case series

We retrospectively reviewed the medical records of
patients with clinically suspected IFI. Only patients with
fungal assay data (GM and BDG levels), neuroimaging
studies (computed tomography [CT] of the PNS and
magnetic resonance imaging [MRI]), and CSF analysis
results were included in this study. We solely focused on
the diagnostic approach for suspected cases of IFI from a
single center and did not address the treatment regimens
or management outcomes. The interpretation of the BDG
and GM index values is provided in Table 1.

2.1.Case 1

A 48-year-old man presented with headaches, vertigo,
left-sided visual loss, and hearing loss 2 months after
surgical excision of a parasellar space-occupying lesion.
CSF analysis revealed an elevated protein level, a decreased
glucose level, and an increased white blood cell (WBC)
count (lymphocytes, 95%). The serum was positive for
BDG, whereas Gram and acid-fast bacteria staining
yielded negative results.

Contrast-enhanced MRI of the brain revealed an
intracranial extra-axial mass in the right parasellar region.
The mass extended into both cavernous sinuses and
involved the right supraclinoid ICA, cerebellar peduncle,
and brainstem.

2.2.Case 2

A 51-year-old man with fungal sinusitis presented with
swelling in the left maxillary region 8 months after a
craniotomy. GM and BDG fungal biomarker assays were
positive. Contrast-enhanced MRI of the brain revealed
changes in the left maxillary sinus with ipsilateral intraorbital
and intracranial extensions. The CT PNS confirmed the
findings of chronic left maxillary sinusitis with osteomyelitis.

2.3.Case 3

A 61-year-old man with hepatitis Cand uncontrolled type-2
diabetes presented with proptosis, pain, lacrimation, and

Table 1. Cutoffs for the serum fungal diagnostic assays and
their interpretation

Tests Cutoff Interpretation
B-d-glucan <60 pg/mL Negative
60-80 pg/dL Intermediate*
>80 pg/dL Positive
Galactomannan <0.5 Negative

Notes: *Repeat test-recommended; **GMI >0.5 in two consecutive samples.
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rhinorrhea of the right eye, which progressed to painless
visual loss. CT PNS exhibited thickening of the soft tissues
along the right optic canal, further compressing the optic
nerve. The serum was positive for BDG.

2.4.Case4

A 30-year-old woman presented with a 3-month history
of headaches and vomiting. A plain CT PNS revealed
a complete opacification of the sphenoid sinus, right
posterior ethmoid air cells, and right frontal sinus,
indicating superadded fungal colonization. The serum
BDG titers were elevated.

2.5.Case 5

A 40-year-old woman presented with headaches. The
fungal assay was positive, revealing elevated BDG levels.
CSF analysis revealed a normal glucose, an elevated
protein level, and 20% polymorphs. The gram staining and
cryptococcal antigen test yielded negative results.

2.6.Case 6

A 32-year-old man presented with headache, right
eyelid drooping, diplopia that progressed to complete
ophthalmoplegia and visual loss. A plain CT PNS
revealed mucosal thickening in the right maxillary
sinus and right posterior ethmoidal air cells, indicating
a fungal sinus disease with intracranial extension. The
fungal biomarkers were negative. CSF analysis revealed
a normal glucose, an increased protein level, and 90%
lymphocytes.

2.7.Case?7

A 35-year-old man presented with headaches and left eye
pain. Serum fungal biomarkers were negative. Gadolinium-
enhanced brain MRI revealed sinonasal fungal colonization
with intraorbital and intracranial extensions.

2.8.Case 8

A 40-year-old man presented with chronic headaches. CSF
analysis revealed a markedly elevated protein level, normal
glucose level, and 95% lymphocytes. The fungal potassium
hydroxide prep yielded a negative result, and the serum
was positive for BDG.

2.9.Case9

An 18-year-old woman presented with headache, eye
pain, blurred vision, nasal blockage, and shortness
of breath. The serum was positive for BDG. CT PNS
revealed sinus opacification and cribriform plate erosion,
indicating intracranial extension. Brain MRI confirmed
the presence of pansinusitis with fungal colonization and
cortical erosion.

2.10.Case 10

A 36-year-old woman presented with a headache and left
maxillary swelling. The fungal assays revealed positive
GM and BDG titers. Consistent with the clinical features,
magnetic resonance angiography, and venography
revealed abnormal signal intensity of fungal colonization,
infiltrative soft tissue thickening, optic nerve encasement,
and ICA attenuation.

2.11.Case 11

A 35-year-old man presented with chronic right-sided
headaches. The serum was positive for BDG. CSF analysis
revealed an elevated protein level, normal glucose level,
and 95% lymphocytes. Brain MRI revealed fungal sinusitis
with cribriform plate erosion and orbital apex extension.

2.12.Case 12

A 27-year-old man presented with a chronic history of
headaches, facial numbness, burning sensation over the
upper right side of the face, diplopia, and fever. CT PNS
revealed sphenoid sinus opacification and cavernous sinus
extension. Brain MRI revealed sinonasal polyposis with
fungal colonization and skull base involvement. The serum
was positive for GM and BDG. CSF analysis revealed a
turbid fluid, high protein content, 90% neutrophils, and
markedly low glucose level.

(The clinical profile and fungal assays of the patients are
listed in Table 2).

3. Discussion

The CNS is an immunologically privileged site with a
specialized comparatively impermeable BBB. However,
immunocompromised states predispose individuals to
opportunistic and pathogenic mycosis. CNS manifestations
typically arise from hematogenous or disseminated
invasion from pulmonary, intestinal, or cardiac sites.
Nevertheless, direct intracranial spread can occur from
the paranasal sinuses, intraorbital extension, petromastoid
area, and retropharyngeal spaces. Furthermore, the
colonization of ventricular drains, shunts, and central
venous lines placed during trauma management, as well
as the colonization during craniotomies, facilitate direct
mycosis implantation.'?

In 2017, Jabeen et al. reported that approximately
1.78% of individuals suffer from serious fungal infections,
excluding oral candidiasis, allergic fungal sinusitis, and
cutaneous infections." However, the actual burden of
fungal infections, particularly IFIs, remains unknown
because of the lack of centralized surveillance. Compared
with fungal infections, which are usually rare, IFIs
are rarer. However, they are relatively common in
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Table 2. Characteristics and serum fungal biomarker levels of the included patients

Case Age Sex  Comorbidities Headache Serum fungal biomarker CSF analysis
(years) GM index BDG levels Glucose Protein WBCs
(OD) (pg/mL) (mg/dL) (mg/dL) (x10E9/L)

1 48 M Parasellar space-occupying  Yes (acute) 0.098 408.442 24 109 0.012
lesion (postsurgical status)

2 51 M Fungal sinusitis No 3.016 523.438 23 189 0.315
(postsurgical status)

3 61 M Type-2 diabetes mellitus No 0.269 170.833 - - -
and hepatitis C

4 30 F None Yes (chronic) 0.533 523.438 - - -

5 40 F None Yes (acute) 0.361 159.899 62 62 0.012

6 32 M None Yes (acute) 0.119 10.708 61 47 0.008

7 35 M None Yes (acute) 0.22 7.812 - - -

8 40 M None Yes (chronic) 0.488 298.994 60 408 0.085

9 18 F None Yes (acute) 0.212 236.771 - - -

10 36 F None Yes (chronic) 1.324 500 - - -

11 35 M None Yes (chronic) 0.160 500 51 99 0.340

12 27 M None Yes (chronic) 0.781 500 11 97 0.071

Notes: Green: Indicates positive result; Red: Indicates negative result.

Abbreviations: BDG: 1,3--d-glucan; F: Female; GM: Galactomannan; M: Male; OD: Optic density.

immunocompromised individuals. If such infections go
unnoticed or the management is delayed, they can be
fatal. In our case series, all patients were healthy, except for
three patients. During presentation, our patients had no
history of fungal, pulmonary, or dermatological mycotic
infections.

Sarwar et al. (2020) highlighted the diagnostic benefits
and eflicacy of fungal markers (GM and BDG) in the early
identification of IA and concluded that BDG is sensitive
while GM is specific for IA.** Our study focused on using
the same serological markers to timely detect IFIs. Among
the three immunocompromised patients, one exhibited
positivity for GM and BDG and two exhibited positivity
for BDG. In addition, among the immunocompetent
patients, two yielded negative results for serum fungal
biomarkers, five exhibited positivity for BDG, and two
exhibited positivity for GM and BDG.

Although CSF fungal culture was not performed in
all patients, fungal infection was evident in those who
underwent the test. In most patients, normal GM levels
and high BDG levels negated the risk of aspergillosis.

In patients clinically suspected to have IVI but without
typical meningitis signs, the combination of CSF analysis
and other investigations can help establish a provisional
diagnosis of fungal infection even when fungal assays are
negative; this indicates that with further studies on this
approach, a single CSF specimen could be sufficient for
fungal biomarker analyses, general analysis, and culture

tests. The combination of serological and CSF fungal
biomarker assays and the clinical interpretation of CSF
analysis and culture tests may be a promising noninvasive
diagnostic approach for patients, especially those with
an atypical presentation or any contraindication to
radiological imaging.

Although biopsy is the gold standard for making a final
diagnosis, imaging modalities such as CT and MRI are
invaluable for diagnosing IFIs. CT PNS is the preferred
noninvasive investigation for making a presumptive
diagnosis. At this stage, fungal biomarkers may help
differentiate neoplastic lesions from infectious lesions.
On CT, fungal sinusitis with intracranial extension
appears as near-complete opacification of the infected
sinus, expansion of the involved sinus, and remodeling
and thinning or erosion of the sinus wall.'* MRI is more
specific for CNS parenchymal mycoses, exhibiting hypo-
to-iso-intense signals on T1-weighted images, extremely
hypo-intense signals on T2-weighted images, and bright
homogenous enhancement on postgadolinium images.'”**

Radiographic imaging remains the preferred diagnostic
tool for IFIs. However, serological fungal markers (GM
and BDG) and CSF analysis are crucial adjuncts for
prompt diagnosis and early onset of treatment, providing
morbidity- and mortality-related benefits.

This study has certain limitations. Our institution is a
government tertiary care hospital with limited research
facilities, which limit long-term patient follow-up. Thus,
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only the importance of fungal markers in early diagnosis
could be assessed and not treatment efficacy.

4, Conclusion

Given the limited data on fungal infections in Pakistan
and the lack of IFI-centered studies, the epidemiology is
largely unknown. Consequently, the diagnostic approach is
suboptimal. Although imaging studies and biopsy are the
gold standards for IFI diagnosis, the gap in noninvasive
modalities must be assessed. Our findings highlight the
importance of serological fungal biomarkers (GM and
BDG) and CSF analysis as adjuncts to the gold standard
diagnostic tools. Furthermore, we propose the inclusion
of fungal biomarker assays using CSF specimens in future
diagnostic protocols.
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CASE REPORT

Drug-induced hypoglycemia in a patient
with Type 2 diabetes and renal impairment: A
case report

Sara Shreen*, Mir Wajahath Ali, Mohammed Arshad Khan,
Sulaiman Abdul Majeed, and Mohammed Misbah Ul Haq

Department of Pharmacy Practice, Deccan School of Pharmacy, Hyderabad, Telangana, India

Abstract

Hypoglycemia is a serious adverse effect in the pharmacological treatment of
Type 2 diabetes mellitus (T2DM), exacerbated by comorbidities that affect drug
metabolism and clearance. This report describes a case involving a 61-year-
old man with hypertension and T2DM. The patient experienced hypoglycemia
while taking a combination of voglibose and metformin hydrochloride. His
condition was further complicated by urosepsis, acute-on-chronic kidney disease,
and hydroureteronephrosis calculi, which likely altered drug clearance and
pharmacokinetics. This condition increased his risk of hypoglycemia. Effective
management required close monitoring of blood glucose levels and adjustments to
the treatment regimen, considering his renal impairment. This case highlights the risks
associated with combination therapy in patients with renal issues and underscores
the importance of personalized treatment plans, vigilant glucose monitoring, and
consideration of renal function to reduce the risk of drug-induced hypoglycemia in
patients with T2DM and comorbidities.

Keywords: Hypoglycemia; Combination therapy; Renal impairment; Glycemic control;
Type 2 diabetes mellitus

1. Introduction

Diabetes mellitus is a chronic metabolic disorder characterized by high blood glucose
levels due to insufficient insulin production or ineffective insulin action. It is a global
health concern, affecting approximately 463 million adults worldwide in 2019, and the
prevalence projected to increase to 700 million by 2045." In managing Type 2 diabetes
mellitus (T2DM), optimal glycemic control must be maintained to prevent complications
such as cardiovascular disease, nephropathy, retinopathy, and neuropathy.?

Pharmacotherapy is essential for achieving glycemic control in patients with T2DM.
Classes of antidiabetic agents, including biguanides, sulfonylureas, dipeptidyl peptidase-4
(DPP-4) inhibitors, and alpha-glucosidase inhibitors, target different pathways involved
in glucose metabolism.> Combination therapy, involving the concurrent use of multiple
antidiabetic agents with complementary mechanisms of action, is frequently employed
to achieve better glycemic control in patients who do not respond adequately to
monotherapy.**
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However, the use of combination therapy in T2DM
comes with risks. Hypoglycemia, one of the most
concerning complications associated with antidiabetic
agents, is characterized by abnormally low blood glucose
levels. Hypoglycemia can have serious consequences,
ranging from mild symptoms such as confusion and
shakiness to severe neurological impairment, coma, or
death if left untreated.®” The risk of hypoglycemia is
further increased in patients with renal impairment due to
alterations in drug clearance and pharmacokinetics.*’

Renal impairment is a common comorbidity in patients
with T2DM, affecting approximately 40% of this patient
population.’®! The kidneys are crucial in the elimination
of drugs from the body, and any impairment in renal
function can lead to the accumulation of drugs and their
metabolites, potentially increasing the risk of adverse
effects.! Moreover, in patients with renal impairment, dose
adjustments and careful selection of antidiabetic agents
must be considered to prevent drug-induced hypoglycemia
or other adverse events.

Voglibose, an alpha-glucosidase inhibitor, delays the
absorption of carbohydrates in the intestine, thereby
reducing postprandial hyperglycemia.'*'* Metformin, a
biguanide, is commonly used as a first-line therapy in
T2DM management owing to its ability to reduce hepatic
glucose production and improve insulin sensitivity.'** Both
voglibose and metformin have shown efficacy in improving
glycemic control; however, their use in combination therapy
and the potential associated risks, particularly in patients
with renal impairment, have not been extensively studied."***

This case report describes the clinical presentation
of a 61-year-old male patient with a medical history of
hypertension and T2DM. He developed hypoglycemia
while taking a combination of voglibose and metformin
hydrochloride for glycemic control. The patient also had
a history of urosepsis, acute-on-chronic kidney disease
(CKD), and hydroureteronephrosis calculi, which may have
contributed to altered drug clearance and pharmacokinetics,
thereby increasing the risk of hypoglycemia.

This case report primarily aimed to highlight the
potential risks associated with combination therapy for
diabetes, particularly in patients with renal impairment.
This case underscores the importance of close monitoring
of blood glucose levels and renal function in patients with
T2DM and renal impairment to prevent drug-induced
hypoglycemia. Another aim is to raise awareness among
healthcare providers regarding the need for individualized
treatment plans and cautious selection of antidiabetic
agents in this patient population.

To the best of our knowledge, this is one of the few
reported cases of hypoglycemia associated with the

combined intake of voglibose and metformin hydrochloride
in a patient with T2DM and renal impairment. The case
highlights the challenges faced in achieving optimal
glycemic control in patients with multiple comorbidities,
in the presence of renal impairment. The findings from this
case report contribute to the growing body of literature on
the risks and considerations associated with combination
therapy in patients with T2DM and renal impairment.

2. Case presentation

A 61-year-old man with a history of type 2 diabetes mellitus
(T2DM) and hypertension presented to the hospital with
diminished consciousness, slurred speech, and profuse
sweating. Hisantidiabetic regimen included glimepiride (2mg),
metformin (500 mg), and voglibose (0.2 mg). Two months
prior, the patient had experienced hydroureteronephrosis
calculi, acute-on-CKD, and urosepsis (Tables 1 and 2).

Table 1. Patient characteristics and baseline parameters

Parameter At presentation At discharge/follow-up
Age 61 years -

Sex Male -

HbAlc 9.4% 7.6%

Fasting glucose 50 - 70 mg/dL 110 - 130 mg/dL

Postprandial Not assessed

glucose

140 - 180 mg/dL

Serum creatinine

eGFR

2.6 mg/dL 2.4 mg/dL

26 mL/min/1.73 m? 33 mL/min/1.73 m?

(Stage 3b CKD)

Blood urea nitrogen 60 mg/dL Not reassessed

Comorbidities Hypertension, CKD, -

and nephrolithiasis

Abbreviations: CKD: Chronic kidney disease; eGFR: Estimated
glomerular filtration rate; HbAlc: Hemoglobin Alc.

Table 2. Medication regimens and adjustments

Therapy Dosage  Indication Outcome

Glimepiride 2 mg/day T2DM Discontinued due to
hypoglycemia

Metformin 500 mg/day T2DM Discontinued due
to CKD

Voglibose 0.2 mg/day Postprandial glucose Discontinued

control

Linagliptin ~ 5mg/day T2DM with CKD Initiated, improved
glycemic control

Losartan 50 mg/day Hypertension Continued

Amlodipine 5 mg/day Hypertension Continued

Atorvastatin 10 mg/day Dyslipidemia Continued

Abbreviations: CKD: Chronic kidney disease; T2DN: Type 2 diabetes
mellitus.
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2.1. Pathophysiological and clinical considerations

The combination of glimepiride, metformin, and voglibose
increased the risk of hypoglycemia in this patient due to
several factors (Table 3). The presence of renal impairment
resulted in reduced clearance of glimepiride, thereby
prolonging its hypoglycemic action. In addition, CKD
diminishes gluconeogenesis, a key counterregulatory
mechanism. While metformin and voglibose are not
typically associated with hypoglycemia, their use in
combination with sulfonylureas, particularly in patients
with CKD, can potentiate this risk. Furthermore, the
patient’s renal impairment was likely exacerbated by his
history of urosepsis and nephrolithiasis, which contributed
to altered drug clearance and pharmacokinetics.

2.2, Post-intervention management and alternative
therapy

After discontinuing the combination therapy, linagliptin,
a DPP-4 inhibitor, was prescribed. In CKD, linagliptin is
metabolized primarily by the liver and does not require dose
adjustments, making it an appropriate choice for this patient.

On examination, the patient’s vital signs were stable, and
abdominal and systemic evaluations were unremarkable.
Laboratory findings included high glycated hemoglobin
(HbA1lc) levels, indicating poor glycemic control, and
renal function tests showed elevated creatinine and urea
levels, indicative of renal impairment (Table 4).

The patient was diagnosed with hypoglycemia,
with blood glucose levels ranging from 50 to 70 mg/dL.
Immediate management involved a 25% dextrose infusion,
which improved his consciousness and speech. Antacids
led to symptomatic relief. Continuous glucose monitoring
revealed improvement over the subsequent days.

The hypoglycemic episodes were attributed to an
adverse drug reaction from the combination of glimepiride,
metformin, and voglibose, compounded by the patient’s
impaired renal function. This therapy was discontinued,
and an alternative regimen (linagliptin) was initiated.

The patient was diagnosed with hypoglycemia,
with blood glucose levels ranging from 50 to 70 mg/dL.
A 25% dextrose infusion was administered, which rapidly
improved consciousness and speech. Antacids were also
provided for symptomatic relief.

2.3. Renal function and glycemic outcomes
(Tables 4 and 5)

2.3.1. Renal parameters

At presentation: Serum creatinine of 2.6 mg/dL, blood urea
nitrogen of 60 mg/dL, and estimated glomerular filtration

Table 3. Pathophysiological considerations of hypoglycemia

Factor Mechanism Effect on
hypoglycemia
Reduced drug  Impaired renal excretion of ~ Prolonged
clearance glimepiride hypoglycemic action
Decreased CKD-related metabolic Reduced endogenous
gluconeogenesis changes glucose production
Combination Overlapping mechanisms of ~ Potentiated risk of
therapy action hypoglycemia
Abbreviation: CKD: Chronic kidney disease.
Table 4. Laboratory investigations
Test Result at presentation Normal range
Serum creatinine 2.6 mg/dL 0.6 - 1.2 mg/dL
eGFR 26 mL/min/1.73 m’ >90 mL/min/1.73 m*
Blood urea nitrogen 60 mg/dL 7 - 20 mg/dL
HbAlc 9.4% <7.0%
Hemoglobin 10.5 g/dL 13.5 - 17.5 g/dL (male)
Urine protein +1 Negative
Fasting glucose 50 - 70 mg/dL 70 - 100 mg/dL

Abbreviations: eGFR: Estimated glomerular filtration rate;
HbA1c: Hemoglobin Alc.

Table 5. Glycemic and renal function outcomes
post-intervention

Parameter Baseline Follow-up
(before change) (post-intervention)

HbAlc 9.4% 7.6%

Fasting glucose 50 - 70 mg/dL 110 - 130 mg/dL

Postprandial glucose Not assessed

eGFR

140 - 180 mg/dL

26 mL/min/1.73 m*> 33 mL/min/1.73 m?

Abbreviations: eGFR: Estimated glomerular filtration rate;
HbA1c: Hemoglobin Alc.

rate (eGFR) of 26 mL/min/1.73 m?, consistent with acute
worsening of stage 3b CKD.

At discharge: eGFR improved to 33 mL/min/1.73 m?,
and serum creatinine decreased to 2.4 mg/dL, reflecting
partial renal recovery.

2.4. Glycemic control (Tables 4 and 5)

Initial: HbAlc was 9.4%, and fasting glucose levels ranged
from 50 to 70 mg/dL.

Post-intervention: = HbAlc improved to 7.6%
within 3 months. Fasting glucose levels stabilized at
110 - 130 mg/dL, and postprandial levels ranged from
140 to 180 mg/dL.
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2.5. Additional clinical findings
2.5.1. Urine examination

Urine analysis showed mild proteinuria (+1) without
microscopic hematuria. No growth was found on the
urine culture, ruling out active infections. The history of
nephrolithiasis and prior urosepsis was considered relevant
to the baseline of patient with CKD.

2.5.2, Comorbidities and therapies

The patient had hypertension, which was managed with
losartan and amlodipine, and dyslipidemia treated with
atorvastatin. His HbA1c level was 10.5 g/dL, indicative of
CKD-induced anemia.

2.5.3. Outcome and clinical implications

Glycemic control improved significantly without further
hypoglycemic episodes. Linagliptin proved to be effective
and safe, stabilizing blood glucose levels and preventing
further renal compromise.

This case underscores the importance of
individualized DM management in patients with renal
impairment. Healthcare providers should carefully assess
pharmacokinetics and comorbidities when selecting
antidiabetic therapies to balance glycemic control with
minimized adverse effects.

3. Discussion

This case report highlights the clinical challenges of
managing a 61l-year-old male patient with T2DM,
hypertension, and CKD, emphasizing the recurrent
hypoglycemic episodes associated with the combination
therapy of glimepiride, metformin, and voglibose. The
report underscores the need for tailoring antidiabetic
therapy to individual patient factors such as renal
impairment and comorbidities.

The combination of glimepiride, metformin, and
voglibose is a widely used regimen for managing T2DM.
Glimepiride, a sulfonylurea, stimulates pancreatic beta cells
to release insulin, metformin, a biguanide, reduces hepatic
glucose production and enhances insulin sensitivity,
and voglibose, an alpha-glucosidase inhibitor, delays
carbohydrate absorption, reducing postprandial glucose
spikes. Despite their efficacy, these agents are associated
with an increased risk of hypoglycemia, particularly in
vulnerable populations such as those with CKD.

In this case, substituting linagliptin for the previous
combination therapy effectively improved glycemic control
and minimized the risk of hypoglycemia. Linagliptin
is safe for the kidneys and aligns with current clinical
guidelines for managing diabetes in patients with CKD.

Post-intervention outcomes showed stable blood glucose
levels and improved renal function, reinforcing the
importance of selecting antidiabetic agents based on the
patient’s renal status and overall health condition.

The patients medical history, including urosepsis,
nephrolithiasis, and acute-on-CKD, complicated the
challenges of drug clearance and pharmacokinetics. CKD
can impair the excretion of medications, leading to drug
accumulation and an increased risk of adverse effects. In
this case, the combination therapy likely exacerbated the
risk of hypoglycemia due to the reduced renal clearance
of glimepiride and the impaired gluconeogenic capacity
associated with CKD.

3.1. Pathophysiological mechanisms for increased
hypoglycemia risk in CKD

Patients with CKD are particularly susceptible to

hypoglycemia owing to the following mechanisms:

1. Reduced renal clearance of insulin: Impaired kidney
function prolongs insulin half-life, increasing systemic
levels.

2. Diminished gluconeogenesis: CKD compromises
renal gluconeogenesis, a key counter-regulatory
process in hypoglycemia prevention.

3. Coexistent malnutrition and anemia: CKD-associated
anemia and reduced caloric intake lower glycogen
stores and weaken hypoglycemia responses.

4. Enhanced sensitivity to hypoglycemic agents: Drugs
such as sulfonylureas and insulin are cleared more
slowly in CKD, amplifying their effects.

3.2. Assessing the cause of hypoglycemia

The patient had multifactorial hypoglycemic episodes,
driven by both CKD-related alterations in metabolism and
the pharmacodynamics of glimepiride, metformin, and
voglibose. Glimepiride’s prolonged action due to reduced
renal clearance, coupled with impaired compensatory
mechanisms such as gluconeogenesis, significantly
contributed to the hypoglycemia observed.

3.3. Implications for clinical practice

T2DM management in CKD requires careful consideration
of drug pharmacokinetics and potential adverse
effects. Adjusting or discontinuing agents with a high
hypoglycemia risk is essential to avoid complications.
In this case, replacing the combination therapy with
linagliptin improved glycemic control without inducing
further hypoglycemia.

Regular monitoring of renal function and glycemic
control, along with close patient-provider collaboration,
is critical to ensure safe and effective diabetes and CKD
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management. This case underscores the importance
of individualized treatment plans that account for the
interplay between diabetes and comorbid conditions.

3.4. Limitations

As a single-patient case report, these results cannot be
generalized to all individuals with similar conditions.
Differences in comorbidities, renal function, and
pharmacogenetics may affect outcomes, emphasizing the
need for a personalized approach to managing T2DM and
associated comorbidities. This report contributes to the
understanding of T2DM management in patients with
CKD, offering valuable insights into optimizing therapeutic
strategies while minimizing adverse effects.

4, Conclusion

This case report highlights the complexities of managing
T2DM in patients with renalimpairment and comorbidities,
particularly the heightened risk of hypoglycemia associated
with certain antidiabetic regimens. The recurrent
hypoglycemic episodes experienced by the patient while
taking a combination of glimepiride, metformin, and
voglibose were attributed to altered drug clearance and
pharmacokinetics resulting from renal dysfunction.
Switching to linagliptin, a renal-friendly alternative
antidiabetic agent, resulted in improved glycemic control
and resolution of hypoglycemia. This case emphasizes the
need to tailor diabetes management to individual patient
needs, with careful consideration of comorbidities, regular
monitoring of blood glucose levels, and assessment of renal
function to prevent adverse outcomes and ensure safe and
effective therapy.
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