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Chapter 1 Introduction

1. Introduction

Diabetes mellitus (DM) is a long-term metabolic disease marked by high blood glucose levels.
This disorder develops when the body either produces insufficient insulin (a hormone that
controls blood sugar) or when cells stop responding to insulin (Chinyere et al., 2022). Diabetes is
classified into four types. Type 1 diabetes (T1DM) occurs when the immune system targets and
kills the pancreatic B-cells that produce insulin, hence TIDM is considered an autoimmune
condition. On the other hand, a combination of lifestyle factors, genetic predisposition, and
insulin resistance usually leads to the development of type 2 diabetes mellitus (T2DM).
Regardless of type, DM has profound effects on the body's many organs and systems (Yan et al.,
2024). People with DM are becoming more and more common., and monetary pressure on any
healthcare system. In 2017, 5.0 million individuals worldwide, aged 20 to 99, lost their lives due
to diabetes-related causes (Saeedi et al., 2019). In 2019, 463 million individuals worldwide, or
9.3% of the total population, had diabetes. By 2045, the disease is predicted to affect 700 million
people worldwide, or 10.9% of the total population (Saeedi et al., 2019). T1DM, which results
from the degeneration of pancreatic -cells, affects 5-10% of diabetic patients. (Pinchevsky et al.,
2020). A substantial risk of developing diabetic ketoacidosis (DKA), diabetic coma, and possibly
mortality exists in many T1DM patients (Levy-Marchal et al., 2001). Immune-mediated etiology
has been proposed as the cause and the name implies, that latent autoimmune diabetes in adults
(LADA) is a TIDM that manifests later in life (Leslie et al., 2006). 90-95% of diabetic patients
are suffering from T2DM (American Diabetes Association, 2017). This kind of diabetes mellitus
is caused by a progressive decrease in insulin secretion, which may be partially attributed to
obesity, a deterioration in pancreatic B-cell activity, and ultimately hyperglycemia (Stumvoll et
al., 2005). Insulin resistance, which can vary from a relative deficiency to a total insulin
secretory failure is developed by patients with TIDM moreover interplay of genes and
environment is most likely linked to the etiology of TLDM (Romao and Roth, 2008). People with
high blood pressure, high body mass index (BMI), and other cardiovascular risk factors are often
observedto have T2DM, therefore it is regarded as a “disease of lifestyle".
Various pharmacotherapy, such as combinations of oral and frequently insulin-based
antihyperglycemic drugs, antihypertensives, and lipid-lowering medicines is used in the
management of T2DM (Ohanson and Pretorius, 2023). Gestational diabetes mellitus (GDM) is
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another form of diabetes that only manifests itself during pregnancy. Between 5 and 15% of
pregnant women have GDM, with regional and racial variations, (WHO, 2022). Multifarious
factors including genetic defects, pancreatic obstruction, surgery, and organ transplantation
contribute to the onset of this type of diabetes (Alam et al., 2021). In the case of 40—60%, women
having GDM can develop DM after 5-10 years of pregnancy. Impaired glucose tolerance is
potent to be expressed as T2DM whereas uncontrolled diabetes is the potential threat for the
onset of other diseases like cardiovascular disease (CVD), blindness, renal failure, neurological
disorder, the imbalanced osmolality of blood, hypertension, peripheral neuropathy, and many
other diseases [10—14Monogenic diabetes, which is often misdiagnosed as T1DM or T2DM is
caused by a mutation in a single gene or a cluster of genes (Zhang et al., 2021).

1.1. Complications of DM

Exposure to diabetes for an extended period exposes many more issues. Diabetic retinopathy and
diabetic nephropathy are brought on by persistently high blood sugar levels. Prolonged elevation
in blood glucose levels may cause the enzyme myo-inositol oxygenase to become more active,
which further encourages the breakdown of myo-inositol. Enzymatic degradation of Myo-
inositol affects phosphatidylinositol synthases and Na+/K+ ATPase, two extremely significant
components in the secondary signaling pathway (Yang et al., 2010). Therefore, increased blood
glucose levels brought on by diabetes mellitus result in diabetic neuropathy, diabetic retinopathy,
and diabetic cataracts. Uncontrolled diabetes damages the retina's blood supply by increasing the
osmotic pressure in the retina's delicate vessels as a result of elevated blood glucose levels.
leading to Vessels leaking or bursting under particular conditions. Collateral blood vessels
emerge from the retina to compensate for the burst retinoid vessels, resulting in tissue scarring
and vision impairment (Tarr et al., 2013; Antonetti et al., 2012). Diabetic nephropathy is a
condition when proteins in the urine escape through the basement of glomerular capillaries due
to uncontrolled diabetes, which damages the kidneys (Lim, 2014). Diabetes patients often
experience Kketoacidosis due to their continuous synthesis of ketone bodies (Ifebi and
Onyiriuka,2013). Unlike diabetes mellitus (DM), which is characterized by insulin resistance,
diabetic ketoacidosis (DKA) is characterized by insulin insufficiency. Furthermore, individuals
with diabetes are more vulnerable to the damaging effects of free radicals, raising their risk of
atherosclerosis, cardiovascular disease, and hypertension. Heart disease, coronary artery disease

(CAD), and sudden cardiac death are more common in patients with diabetes. Patients with
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diabetes have higher blood glucose levels, which set off the Maillard reaction and produced
superoxide and oxidative stress. Several studies have shown that T2DM is associated with
cognitive impairment, which affects intelligence, attention, memory, learning, and perception.
T2DM also affects the level of magnesium in the blood. Lowered blood magnesium levels result
from reduced tubular reabsorption of magnesium brought on by elevated blood glucose
(Barbagallo and Dominguez, 2015).

1.2. Mechanisms

Diabetes-related vascular problems, particularly type 2 diabetes, are significantly influenced by
oxidative stress (Asmat et al., 2016). Reactive oxygen species (ROS) include hydroperoxyl,
superoxide, hydrogen peroxide, and hydroxyl radicals. Free radicals are active derivatives of the
oxygen molecule (Jomova et al., 2023). Due to unpaired electrons in their outermost molecule,
these hyperactive components can interact with and alter other biomolecules. They have the
ability to oxidize nucleic acids, proteins, and lipids, producing harmful byproducts that cause
tissue malfunction (Radi et al., 2018; Sies et al., 2017). Furthermore, they modify and even
shatter the architecture of biological molecules (Sies et al., 2017). One well-known consequence
of oxidative stress, which impacts gene expression and cell viability, is DNA breakage. In
addition to their direct harmful effects, free radicals can also cause indirect damage to cells by
triggering a range of stress-sensitive intracellular signaling pathways, including hexosamine
pathways, PKC (protein kinase C), AGE (advanced glycation end product) interactions, JINK (c-
Jun NH(2)-terminal kinase), and sorbitol synthesis (Yaribeygi et al., 2020). Among the many
indicators of oxidative stress in diabetic patients are reactive hydroperoxides (ROOH), total
cholesterol, and malondialdehyde (MDA). Numerous pieces of evidence link oxidative stress to
type 1 and type 2 diabetes. Due to the production of free radicals, glucose oxidation,
nonenzymatic protein glycation, and increased lipid peroxidation, oxidative stress causes damage
to enzymes, increased insulin resistance, and impaired cellular machinery (Yaribeygi et al.,
2020). The hydroxyl radicals cause apo-B monomers to cross-link, which causes apolipoproteins
and lipids to form insoluble aggregates and cause oxidative damage in complications connected
to diabetes. Oxidative stress in diabetes mellitus is primarily caused by mitochondria (O'Neal et
al., 2016). During oxidative metabolism, which is a significant source of reactive oxygen species
(ROS), water is formed by reducing a portion of the oxygen that is used, and the remaining

oxygen is converted to oxygen-free radical(s). The production of ROS/RNS in response to
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insulin, which is necessary for full physiological function, is one way that ROS/RNS regulates
the insulin signaling pathway. Another way is that ROS/RNS negatively regulates insulin
signaling, which aids in the development of insulin resistance and type 2 diabetes mellitus

(American Diabetes Association, 2010).
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Figure 1. Mechanism of apoptosis caused by hyperglycemia

1.3. Conventional management of DM

One of the World Health Organization's top goals is the management of diabetes (Lovic et al.,
2020). Diabetes problems put patients' health at risk and put a financial strain on societies
(Zheng et al., 2018). Due to significant dietary and lifestyle modifications as well as rising
industrialization, non-communicable diseases (NCDs), which pose a serious threat to human
health, are affecting a growing percentage of the world's population. Currently accounting for
63% of all fatalities worldwide, NCDs are the leading cause of death (Alwan et al., 2010). Of
these NCDs, 463 million people globally, or 9.3% of the world's population, suffered from

diabetes in 2019. According to predictions, the illness will impact 700 million individuals
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globally by 2045, or 10.9% of the world's population (Saeedi et al., 2019) earning the dubious
distinction of being the diabetes capital of the world.

In the near future, DM is probably going to remain a major source of morbidity and mortality
due to its rising occurrence around the globe. Since its origin, isolated or synthesized extracts
have been the mainstay of modern medical science's approach to treating a wide range of
diseases, including diabetes. However, continuous use of these traditional medications tends to
be harmful and can result in unwanted consequences, drug dependency, etc. (Chaudhury et
al., 2017) As a result, scholars and decision-makers are eager to explore established medical
institutions for corrective action. The nation has long utilized the medical systems of Ayurveda,
Unani, Siddha, and homeopathy. Specifically, Ayurveda uses natural materials for healing, such
as minerals, metals, herbs, and other animal waste products. Since the beginning of human
history, herbs have been primarily utilized in this field for medicinal purposes. In fact, a large
portion of contemporary pharmacotherapy has its roots in herbal medicine. Products made from
herbs have made a huge contribution to world health care. For a variety of reasons, they have
drawn the attention of scientists and drug regulators throughout the last ten to twenty years and
have grown in popularity (Galib et al., 2020). Many customers mistakenly think that because
herbal medications are natural, they are safe, but this is a risky oversimplification. Herbal
remedies can have negative effects, including interactions with prescription medications (Gouws
and Hamman, 2020). As a result, not all herbal remedies are safe for all situations, and there is
always a chance of herb-drug interactions, some of which are severe enough to endanger the
health of the patient.

1.4. some commercially available agents used in treating diabetic complications along with
their side effects

Table 1. Commercially available agents used in treating diabetic complications

Agent Class Indication Side Effects References
Angiotensin- )
) ) Hyperkalemia, ADA
converting Hypertension,
o S cough, Standards of
enzyme (ACE) ACE Inhibitor Diabetic _ )
. hypotension, Medical
Inhibitors Nephropathy )
o _ angioedema Care, 2024
(e.g., Lisinopril)
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_ ) ] KDIGO
Angiotensin-11 ) Hyperkalemia,
Hypertension, o 2020
Receptor o dizziness, o
ARB Diabetic ] Clinical
Blockers (ARBs) fatigue, renal _
Nephropathy ] ) Practice
(e.g., Losartan) function decline o
Guidelines
) American
) Genital )
SGLT2-Inhibitor | Sodium-Glucose o ) _ Diabetes
Diabetic infections, o
(e.q., Cotransporter-2 ] Association
o o Nephropathy dehydration,
Empagliflozin) Inhibitor - (ADA),
ketoacidosis, UTI
2023
Aldosterone . Hyperkalemia,
) ) o Resistant ) JNC 8
Antagonists Mineralocorticoid- ) gynecomastia, o
) ) Hypertension, Guidelines,
(e.g.,Spironolact- | Receptor Antagonist menstrual
Nephropathy ) o 2014
one) irregularities
Endothelin Diabetic Fluid-retention, )
) _ Heerspink
Receptor Endothelin Receptor | Nephropathy anemia, heart L Th
etal., The

Antagonists

Antagonist

(Investigation

failure,

Lancet, 2019

(e.g., Atrasentan) Phase) hepatotoxicity
Nonsteroidal
Mineralocorticoi ) o o Hyperkalemia, )
Mineralocorticoid- Diabetic ) Bakris et al.,
d-Receptor ) hypotension,
) Receptor Antagonist | Nephropathy ] NEJM, 2020
Antagonists hyponatremia
(e.g., Finerenone)
) Type-2 Nausea,
GLP-1-Receptor Glucagon-like _ -
_ Diabetes, vomiting, Marso et al.,
Agonists peptide-1 Receptor o
_ ) ) Nephropathy pancreatitis, NEJM, 2016
(e.g., Liraglutide) Agonist _
(Secondary) diarrhea
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o v Type-2 U ot Groop et al.,
ipepti er respirator
p-p Y Diabetes, p? .p Y Lancet
Peptidase-4 o o infections, ]
DPP-4 Inhibitor Diabetic - Diabetes
Inhibitors(DPP- nasopharyngitis, _
_ o Nephropathy Endocrinol,
)(e.g.,Linagliptin) headache
(Secondary) 2013
o Muscle pain,
Statins Dyslipidemia, ] _
HMG-CoA _ liver enzyme Ridker et al.,
(e.qg., . Cardiovascular )
Reductase Inhibitor ) ) elevation, JAMA, 2017
Atorvastatin) risk reduction )
rhabdomyolysis

While current agents like ACE inhibitors, ARBs, and SGLT2 inhibitors provide some protection
against the progression of diabetic nephropathy, they do not completely halt the progression of
kidney damage. Many patients continue to experience a decline in kidney function despite
optimal use of these therapies, highlighting the need for more effective treatments. The side
effects associated with existing treatments can limit their use in certain patient populations. For
example, ACE inhibitors and ARBs can cause hyperkalemia and hypotension, which are
particularly concerning in patients with advanced kidney disease. Similarly, SGLT2 inhibitors
are associated with a risk of genital infections and dehydration, which may not be well-tolerated
by all patients. Despite the use of current therapies, patients with diabetic nephropathy remain at
high risk for cardiovascular events and end-stage renal disease. This residual risk underscores the
need for therapies that can address both kidney and cardiovascular outcomes more effectively.
Diabetic nephropathy involves multiple pathophysiological pathways, including inflammation,
oxidative stress, fibrosis, and endothelial dysfunction. Current therapies mainly target the renin-
angiotensin-aldosterone system (RAAS) or glucose reabsorption in the kidney, leaving other
pathways relatively unaddressed. This complexity necessitates the development of novel agents
that can target these additional mechanisms. Research has identified new molecular targets, such
as the endothelin system and mineralocorticoid receptors, that play a role in the progression of
diabetic nephropathy. The success of drugs like finerenone, a nonsteroidal mineralocorticoid
receptor antagonist, in clinical trials indicates that targeting these novel pathways may provide
additional therapeutic benefits beyond what is achievable with current treatments. There is a
growing recognition of the need for personalized approaches in treating diabetic nephropathy,
7
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given the variability in disease progression and response to treatment among patients. Novel
strategies could involve biomarkers that help tailor treatment to the individual patient's risk
profile and disease characteristics, thereby improving outcomes. These factors collectively drive
the ongoing search for new, more effective, and safer therapeutic strategies in the management of

diabetic nephropathy.
1.5. Search for novel strategies

The endoplasmic reticulum (ER) is a crucial intracellular organelle that is frequently referred to
as a factory for folding proteins. Lipid synthesis, glucose metabolism, and calcium storage all
take place in the ER. Unfolded proteins can accumulate as a result of a number of clinical
circumstances, such as sepsis, burns, trauma, and ischemia. These events can change the ER's
homeostasis and result in ER stress (Khan et al., 2015). The function, adaptability, or death of
stress cells have been shown to be strongly impacted by the severity and length of ER stress
(Yoshino et al., 2017). A key player in controlling the unfolded protein response (UPR) signaling
network is glucose-regulated protein 78 (GRP78), a marker for ER stress (Cao et al., 2020). In
non-stressful circumstances, GRP78 attaches itself to ER transmembrane proteins, such as
membrane-embedded proteins RNA-like endoplasmic reticulum kinase (PERK), inositol-
requiring protein 1 (IRE1), and activating transcription factor 6 (ATF6). GRP78 dissociates from
these transmembrane proteins in response to ER stress, which causes them to become activated
and sets off three different forms of UPR. This, in turn, regulates the production of particular
transcription factors and UPR downstream pathways (Gardner et al., 2013). As a result of the
numerous studies that have been done recently on the regulation of the ERS pathway, ERS
targeting has emerged as a significant new therapy option for DKD. Drugs that specifically
regulate endoplasmic reticulum calcium balance, UPR response, and protein folding are
examples of ERS-related medications (Marciniak et al., 2022). One of the few ERS inhibitors
that has been approved by the US Food and Drug Administration is 4-phenylbutyrate (4-PBA).
As an ammonia scavenger, its primary application is in the treatment of urea cycle diseases
(Kolb et al., 2015). Since ERS plays a crucial role in the pathophysiology of diabetes, recent
research has shown that 4-PBA can treat severe sepsis and septic shock in rat models and can
considerably improve essential organ function and overall treatment results without any adverse

effects (Liu et al., 2016). Thus, preventing or reducing ERS in -cells may be a unique approach
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to diabetes treatment and prevention. Furthermore, in primary rat islets, 4-PBA has been
demonstrated to enhance the inhibition of palmitate-induced glucose-stimulated insulin secretion
(GSIS). It accomplishes this by lowering ER stress in obese animals to bring blood glucose and
insulin sensitivity back to normal (Zhou et al., 2021). Remarkably, 4-PBA has also been
demonstrated to alleviate B-cell dysfunction and insulin resistance in people that were brought on
by a sustained increase in free fatty acid levels. 4-PBA-dependent ERS decrease was the cause of
these effects (Xiao et al., 2011). 4-PBA functions as an ER stress inhibitor by eradicating
intracellular UPR and regulating multiple essential proteins, such as BIP, PERK, ATF6, IRE1,
and CHOP. Consequently, 4-PBA may be regarded as a novel diabetic treatment. We also
demonstrate in our work that 4-PBA reduces ER stress. Nevertheless, additional research is

needed to determine how 4-PBA affects B-cell activity.
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Figure 2. Protective mechanism of 4-PBA apoptosis caused by hyperglycemia
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1.6. Advantage of 4-PBA on diabetic nephropathy

Postbiotics are defined as follows: (i) soluble factors secreted by live bacteria, or released after
bacterial lysis, such as organic acids, peptides, teichoic acids, polysaccharides, cell-surface
proteins, and peptidoglycan-derived muropeptides; (ii) non-viable metabolites produced by
microorganisms that exert biological effects on the hosts; and (iii) compounds produced by
microorganisms that are released from food ingredients or microbial constituents, including non-
viable cells, that, when administered in sufficient amounts, promote health and wellbeing. When
given to consumers, these compounds either directly or indirectly mediate advantageous
biological processes (Gurunathan et al., 2023).Postbiotics, defined as “preparations of inanimate
microorganisms and/or their components that confer a health benefit to the host,” are created by
a variety of bacterial and fungal species that are naturally present in fermented foods like yoghurt,
sauerkraut, pickled vegetables, and kombucha. These species include Lactobacillus,
Bifidobacterium, Streptococcus, Eubacterium, and Saccharomyces. (Barros et al., 2021; Amores-
Arrrocha et al., 2018). A number of commercial postbiotics are available as supplements or in
food matrices; they are mostly used to treat gastrointestinal or immune-related illnesses (Cuevas
et al., 2020). Typically, postbiotics include extra medicinal and wellness-enhancing ingredients.
Healthy bacteria are maintained by metabolites, which also lessen the likelihood of dangerous
microbes existing.Large amounts of butyrate and Short Chain Fatty Acids (SCFAs) are produced
when many microorganisms in the gastrointestinal tract catabolise indigestible carbohydrates
(Fong et al., 2020). 4-PBAs are categorised as SCFAs; they lower lipid levels, shield cells from
oxidative damage, stop the synthesis of fatty acids, and stop inflammatory illnesses (Torino et al.,
2015).Reactive oxygen species (ROS) have the ability to alter the properties of proteins and
lipids. This can ultimately result in cellular dysfunction and long-term problems like diabetes and
its aftereffects, microvascular disease, and cardiovascular effects. Living things can employ
enzymatic or non-enzymatic defenses, such as natural antioxidants (vitamins C and E), to quench
ROS in order to combat ROS followed by ERS (Giacco et al., 2010; Abdali et al., 2015). A few
of the notable qualities of postbiotics are as follows: (i) they are generally safe; (ii) they are well-
tolerated and associated with a lower risk of negative effects in susceptible individuals
(Gurunathan et al., 2023); (iii) they are quite safe (Scarpellini et al., 2021); (iv) they do not pose
a risk of spreading antibiotic-resistant genes to pathogenic or commensal bacteria; (v) their

effectiveness is independent of cell viability, leading to increased stability and shelf life. (vi)
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They exhibit interesting technological features, such as the rheological properties of
exopolysaccharides (EPSs) used as stabilisers in the food industry (Nataraj et al., 2020) (vii)
They have a wide range of health-promoting effects; and (viii) They include antifungal and

antibacterial agents (Cabello-Olmo et al., 2021).

11
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2. Literature review

4-Phenylbutyrate (4-PBA) is a naturally occurring aromatic short-chain fatty acid that is derived
from butyric acid through fermentation by intestinal bacteria. Butyrate has a wide range of
effects at the intestinal level, such as reducing mucosal inflammation, controlling transepithelial
fluid flow, enhancing oxidative state, and preventing colon cancer. Furthermore, a growing body
of research indicates that butyric acid can prevent or inhibit different forms of cancer by causing
cancer cell growth arrest and apoptosis. In a similar vein, phenylbutyrate exhibits potentially
beneficial effects on a wide range of pathologies, such as urea cycle disorders, cancer,
neuropathies, diabetes, hemoglobinopathies, and inherited metabolic syndromes. 4-PBA has
distinct methods through which it achieves various effects. Some of them are involved in the
control of gene expression, functioning as inhibitors of histone deacetylase; others are involved
in the ability to rescue proteins from conformational abnormalities, acting as chemical
chaperones; still, others are involved in its metabolic feature, which permits the excretion of
harmful ammonia, thereby functioning as scavengers of ammonia. The term "butyrate paradox™
has been proposed because phenylbutyrate can have different effects depending on the kind of
cell. These findings point to a wide range of beneficial outcomes elicited by PBA with
significant therapeutic potential. The three primary branches of PBA's molecular action are the
topic of our review, which focuses on the cellular and systemic effects of PBA treatment
(Kusaczuk et al., 2015).

2.1. Scientifically explored pharmacological activities of 4-PBA

2.1.1. Role in urea cycle disorder

To further clarify the role of ER stress in the phenotypic shift in HBZY -1 cells caused by uric
acid, 4-phenyl butyric acid, an ER stress inhibitor, was employed. It is likely that uric acid
damages the kidneys through two main methods. First, endothelial dysfunction and inflammation
are brought on by hyperuricemia (Karbowskan et al., 2009). Prostaglandin E2 and monocyte
chemoattractant protein 1, which are implicated in the inflammatory response, are produced by
renal epithelial cells exposed to UA crystals (Khan, 2004). Second, UA can raise renin
expression in rats and hyperuricemia can confound glomerular hemodynamics (Nakagawa et al.,
2003) also Interstitial fibrosis and tubular atrophy are related to ER stress (Chiang et al., 2011).
Interestingly, the current investigation revealed that UA dramatically increased the mRNA and

protein expressions of GRP78 and PDI in HBZY-1 cells in a manner that was dependent on both

12
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concentration and time, indicating that ER stress plays a role in the harm that HBZY -1 cells
sustain. Clinically authorized as an ammonia scavenger in children with urea cycle abnormalities,
4-phenyl butyric acid is an aromatic short-chain fatty acid with chaperone-like properties (Singh
et al., 2006). Significantly, 4-PBA functions as a chemical chaperone in the ER and can start the
stabilization of peptide structures, which enhances the luminal folding ability and aberrant
protein trafficking (Inagi et al., 2010). 4-PBA demonstrates the advantageous effects of ER stress
modulators by saving mutant nephrin linked to misfolding and mislocalization (Li et al., 2013).
In the current investigation, we found that in rat renal mesangial cells cultivated in UA, 4-PBA
administration significantly decreased the expression of a-SMA and relieved FN expression.
Thus, glomerular damage caused by UA may be significantly influenced by ER stress. These
findings demonstrate how 4-PBA protects glomerular mesangial cells from damage caused by
UA.

2.1.2. Role in osteoarthritis

One possible treatment for osteoarthritis is to improve protein folding in the ER. This could be
accomplished by administering small-molecule chemical chaperones, such as 4-phenyl butyric
acid (4-PBA). 4-PBA was shown to efficiently diffuse into cartilage explant cultures and lessen
excessive ER stress in chondrocytes in a dose-dependent manner. (Rellmann et al., 2019). Others
have shown that cruciate ligament transection administered intragastrically in a rat model, 4-
PBA exhibits preventative qualities against the onset of osteoarthritis. 4-animals
after administration of 4-PBA resulted in reduced apoptotic cells, cytokine production, and tissue
damage. This was followed by the downregulation of apoptotic marker proteins and ER stress.
(Tang and others, 2018).

2.1.3. Role in Parkinson’s disease

According to a study, 4-PBA, a chemical chaperone, encourages proper protein folding (Kudo et
al., 2008; Engin et al., 2010; Rajan et al., 2011). According to reports, 4-PBA or its derivatives
reduce the cell death brought on by the accumulation of Pael-R and encourage the proper folding
of unfolded Pael-R (Mimori et al., 2012). Additionally, ER stress-induced neuronal death is
inhibited by the molecular chaperone inducer Bip inducer X (BI1X). These studies suggest that
Parkinson's disease (PD) and other neurodegenerative illnesses resulting from ER stress may

benefit from the use of 4- PBA and accelerate proper protein folding. (Omura et al., 2013).
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2.1.4. Role in vasculitis peripheral neuropathy

Vascular peripheral neuropathy (VPN) is characterized by acute to subacute sensory and motor
difficulties that occur from inflammatory nerve blood vessel obliteration, causing ischaemic
injury to peripheral nerves. (Kwak et al., 2009). Recent animal studies suggest that preserving or
restoring ER activity could be therapeutic for neuropathic pain associated with particular
peripheral neuropathies, such as diabetic peripheral neuropathy induced by streptozotocin and
formalin-induced peripheral inflammatory pain (Inceoglu et al. 2015; Zhou et al. 2017). 4-PBA
has been demonstrated to concurrently reduce the effector molecules e[F2a, ATF4, and CHOP in
ER stress signaling and the activation of NF-xB in neuroinflammation. Moreover, 4-PBA
simultaneously prevented PERK, IRE1, and ATF6—upstream ER stress receptors—from
activating. The molecular findings indicated that ER stress and NF-kB-mediated
neuroinflammation were both incorporated in this VPN model. More importantly, the behavior
study demonstrated that the neuropathic pain and motor impairment associated with VPN were
alleviated by 4-PBA-induced ER stress inhibition. (Chen et al.,2019)

2.1.5. Role in acute lung injury

Lipopolysaccharide (LPS) has been identified as a significant contributing factor to pulmonary
damage (Opal et al., 1999). The common symptoms of acute inflammatory reactions in the lung
are brought on by the LPS challenge, which causes serous fluids to flow into lung tissues. It is
unknown, how inflammation contributes to the development of ALI. It is commonly understood
that cells respond to disruptions in ER homeostasis through an adaptation process known as ER
stress. The lung's expressions of GRP78, CHOP, and Caspase-12 were elevated by LPS. These
expressions were then reduced by 4-PBA treatment, which also prevented the phosphorylation of
the ER stress sensor proteins ATF6, XBP1, and PERK (Ma et al., 2020). The progression of
LPS-induced acute lung injury has been demonstrated to be significantly influenced by ER stress,
offering more proof of the pro-inflammatory nature of ER stress. Thus, it has been determined
that 4-PBA prevented LPS-induced lung damage by reducing inflammation and ER stress and
that autophagy mediated by ER stress has cytoprotective effects on lung damage caused by LPS.
These results could improve our comprehension of the cellular pathophysiological changes in the
lung after acute lung injury (ALI) (Zeng et al., 2022) and this finding seems to be very crucial in

applying the concept to the treatment of diabetic nephropathy.
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2.1.6. Role in human gingival fibrosis

As an ER stress antagonist, 4PBA has been shown in a study to reduce Advanced Oxidative
Protein Products (AOPP) levels in gingival fibroblasts (Assaggaf et al., 2015). Numerous
investigators have noted fibrosis indicators such as connective tissue growth factor (CTGF),
transforming growth factor B (TGFp), and a smooth muscle actin (aSMA) (Chen et al., 2016;
Yang et al., 2015). The production of oxidative stress and the drug's tendency to promote
Endoplasmic Reticulum (ER) stress in renal tubular cells are two noteworthy findings in
cyclosporine-triggered renal fibrosis (O'Connell et al., 2012). Increased intracellular calcium,
increased oxidative stress, and occasional medication use are all possible causes of endoplasmic
reticulum stress (Supraja et al., 2016). In human gingival fibroblasts treated with cyclosporine,
we also noticed elevated intracellular and oxidative stress (increased advanced oxidation protein
product) (Tang et al., 2015). Cyclosporine causes ER stress in tubular cells, which in turn
triggers the epithelial-mesenchymal transition (EMT) in renal fibrosis. Therefore, both variables
(intracellular calcium and ROS) are also good candidates for causing ER stress in gingival
fibroblasts.ER stress is linked to numerous illnesses, such as periodontitis, an inflammation of
the tooth-supporting structures brought on by biofilms. individuals with periodontitis have higher
levels of unfolded protein response (UPR) associated gene expression than individuals with
gingivitis (Domon et al., 2009). Devastating diseases can result from ER stress in a cell, which
can cause apoptosis, fibrosis, and the epithelial-mesenchymal transition (EMT). The cross-talk
between the ER and mitochondria, which results in the overexpression of pro-apoptotic proteins,
is what causes this ER stress-induced apoptosis (Senft & Ronai, 2015).

2.1.7. Role in Alzheimer’s disease

According to numerous publications, 4-PBA can function as a chemical chaperone by stopping
misfolded proteins from aggregating (Rubenstein and Zeitlin, 2000; Kubota et al., 2006). Histone
acetyltransferases (HATs) and histone deacetylases (HDACSs) catalyze the acetylation and
deacetylation of histones, respectively. According to a competing model, 4-PBA has an HDAC
(Histone deacetylase) inhibitor activity and may therefore regulate the expression of various
neuronal genes during neurodegenerative disorders that involve aberrant histone acetylation
(Ricobaraza et al., 2009; Chuang et al., 2009; Shein and Shohami, 2011). DNA methylation and
the equilibrium between HATs and HDACSs control the expression of epigenetic genes. Histones

that have been partially loosened by acetylation facilitate transcription factors' ability to bind to
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genes with ease. This results in the expression of several genes as well as epigenetic transcription,
which controls cellular homeostasis. HDACs are hypothesized to rectify constitutively
overexpressed related proteins found in many cancer types by restoring aberrant gene expression
to normal. HDAC inhibitors have therefore been created as anticancer medications. Several other
outstanding reviews (Parbin et al., 2014; Cruz and Matushasky, 2012; Dokmanovic et al., 2007)
have already provided a summary of this research. In contrast to cancer, neurodegenerative
diseases are characterized by decreased protein turnover and disrupted homeostasis. However,
aberrant gene expression is present in both neurodegenerative illnesses and malignancies.
Histones with reduced acetylation are generally thought to be the cause or at least a contributing
factor in neurodegenerative disorders. HDAC inhibitors are therefore now being considered as
potential therapeutic medicines to help restore the proper balance of gene expression (Das et al.,
2016).

2.1.8. Role in pulmonary arterial hypertension

ER stress—caused by unfolded and/or misfolded proteins being packaged in the ER—has been
demonstrated in recent research to be a significant factor in the development of PAH (Sakao et
al., 2009; Fijalkowska et al., 2010). When there is mild ER stress, the unfolded protein response
(UPR) increases the synthesis of ER chaperones such as GRP78 and GRP94, which optimize
protein folding and maintain proper Ca2+ and ATP levels. This is an attempt to decrease the
number of misfolded proteins (Yeager et al., 2012). Nevertheless, chronic UPR activation causes
apoptosis and cellular dysfunction, which encourage pulmonary arterial remodeling (Dromparis
et al., 2013). Three distinct signaling mechanisms, including activating transcription factor-6
(ATF6), inositol requiring enzyme-1 (IRE1), or PKR-like ER kinase (PERK) in the ER
membrane, cause UPR-induced cellular death. One novel approach to treating PAH was

presented in a study conducted by Evangelos D. Michelakis and colleagues. They found that

ATF6 activation may result in the proliferation of smooth cells in the pulmonary vascular system
and that pharmacological chaperone inhibition of ATF6 may alleviate symptoms of PAH
(Sutendra et al., 2011). 4-PBA is an oral, low-toxicity substance that provides protection against
a range of unpleasant stimuli. Consequently, it has been suggested as a treatment for cancer,
cystic fibrosis, and sickle cell disease (Kolb et al., 2015). Crucially, 4-PBA functions as a
chemical chaperone that inhibits ER stress by attenuating cell damage, strengthening luminal

folding capability, and stabilizing peptide structures (Frump et al., 2013). A recent study found
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that 4-PBA can dramatically lower the expression of effector molecules in the ATF6 branch of
ER stress signaling. GRP78 is a precursor to ER stress and a reliable marker of the initiation of
the ER stress signaling cascade. In line with the suppression of GRP78 expression, ER stress is
inhibited. In addition to ATF6 suppression, PBA-treated groups also showed decreased
expression of CHOP, a command executor in the ER stress pathway. 4-PBA has been shown in
this study to be able to dramatically lower effector molecule expression in the ATF6 branch of
ER stress signaling. GRP78 is a precursor to ER stress and a reliable marker of the initiation of
the ER stress signaling cascade. In line with the suppression of GRP78 expression, ER stress is
inhibited. In addition to suppressing ATF6, PBA-treated groups also showed decreased
expression of CHOP, a command executor in the ER stress pathway.

2.1.9. Role in atherosclerosis:

Vulnerable atherosclerotic plaques dramatically raise the risk of acute coronary syndromes,
which are defined as rapid plaque ruptures resulting in potentially fatal coronary thrombosis
(Falk et al., 2013; Lutgens et al., 2003). Large necrotic cores, increased inflammation, and thin
collagen layers are common characteristics of these plaque rupture sites, all of which add to their
lethal nature (Dong et al., 2015). It has been demonstrated that ER stress has a role in the
development and advancement of atherosclerosis. For example, ER stress brought on by
lipotoxicity causes the release of chemokines and pro-inflammatory cytokines, which worsen
endothelial function and make it easier for monocytes to be recruited (Hotamisligil, 2010).
Multiple processes have been identified as links between ER stress and plaque destabilization.
First, smooth muscle cells within the fibrous cap undergo apoptosis as a result of ER stress,
which thins the cap and makes it more prone to rupture (Tabas and Ron, 2011). Furthermore,
atorvastatin was shown to significantly decrease ER stress in hyperhomocysteinemic mice, hence
improving the stability of atherosclerotic plaques (Jia et al., 2016). Moreover, by inducing
cellular apoptosis and activating ER stress pathways, cold stress has been shown to exacerbate
the instability of atherosclerotic plagues (Dia et al., 2014). This work demonstrates that the

chemical chaperone 4-PBA can greatly increase atherosclerotic plaque stability (Zhu et al., 2024).
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Chapter 3 Aim & Objective

3. Aim and Objective

3.1. Aim

To investigate the therapeutic potential of 4-phenylbutyric acid (4-PBA) in ameliorating

complications associated with Streptozotocin (STZ)-induced diabetes in a Wistar rat model, with

a focus on its effects on diabetic nephropathy, oxidative stress, and metabolic disturbances.

3.2. Objectives

3.2.1. To evaluate the impact of 4-PBA on body weight and kidney weight in STZ-induced
diabetic rats, assessing its potential to mitigate diabetes-related weight loss and renal
hypertrophy.

3.2.2. To assess the effect of 4-PBA on blood biochemical parameters, including liver function
markers (ALT, AST), kidney function markers (BUN, urea, creatinine), inflammatory
markers (CRP), and glycaemic control (HbALc), in STZ-induced diabetic rats.

3.2.3. Todetermine the influence of 4-PBA on serum lipid profile, specifically measuring HDL,
LDL, and triglyceride levels, and its ability to normalize lipid metabolism in diabetic
conditions.

3.2.4. To investigate the role of 4-PBA in modulating oxidative stress parameters, including
levels of superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione (GSH),
in kidney tissues of STZ-induced diabetic rats.

3.2.5. To examine the histopathological changes in kidney tissues of STZ-induced diabetic rats
following 4-PBA treatment, evaluating its efficacy in reducing glomerular hypertrophy,
mesangial matrix expansion, and glomerulosclerosis.

3.2.6. To explore the overall potential of 4-PBA as a therapeutic agent in preventing or reducing
the progression of diabetic nephropathy and other diabetes-related complications in a rat

model.
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4. Materials and methods:

4.1. Chemicals

Reagents. Streptozotocin (STZ) and 4-Phenyl butyric acid (4-PBA) were procured from Sigma
Aldrich Co (St Louis, U.S.A.). Plasma insulin, blood glucose, superoxide dismutase (SOD), and
Glutathione (GSH) assay Kkits were procured from Abcam (Cambridge, UK) and a
malondialdehyde (MDA) assay kit was purchased from Sigma Aldrich Co (St Louis, U.S.A). All
rats of each group were provided with a standard diet and high-fat diet (\Vrk Nutritionals
Solutions, Pune, India) and had unrestricted access to water. The kits and reagents necessary for
analyzing various biochemical parameters were sourced from Span Diagnostic Ltd., India.

4.2. Experimental Subject

4-8 weeks old male Wistar rats of 200-250g, each were housed individually in polypropylene
cages maintained under standard laboratory conditions, i.e., temperature at 24 = 2°C, relative
humidity at 55 £+ 5%, and a 12-hour light: dark cycle. The animal experiments were executed at
the Animal Facility, Department of Pharmaceutical Technology, Jadavpur University, India
(CPCSEA Reg. No.: 0367/01/C/CPCSEA, UGC, India). The animal experiment has been
permitted by the Jadavpur University animal ethical committee (Proposal no.: JU/IAEC-22/36
dated 15.06.2023) and the principles of laboratory animal care were followed during the
experiment.

4.3. Experimental design

A total of 24 male Wistar rats were randomly divided into four equal groups, with each group
consisting of 6n animals. Group | served as the control group, receiving standard treatment
without the induction of diabetes or administration of 4-phenylbutyric Acid (4-PBA). Group Il
was the diabetic control group, where diabetes was induced but no 4-PBA treatment was
administered. Group 3 consisted of rats in which diabetes was induced, followed by treatment
with a low dose of 4-PBA. Finally, Group 4 included rats with induced diabetes that were
subsequently treated with a high dose of 4-PBA. The random allocation of rats ensured an equal
number of subjects in each group, minimizing potential bias and allowing for a comprehensive
evaluation of the effects of 4-PBA on diabetic nephropathy (Zhang et al., 2020; Liu et al., 2018).
Diabetes will be induced in the diabetic and diabetic + 4-PBA treatment groups by a single
injection of streptozotocin (STZ) (40 mg/kg) IP. The treatment group will receive oral

administration of 4-PBA (50 mg/kg of body weight) for the low-dose treatment group and (100

19



Chapter 4 Materials and Methods

mg/kg of body weight ) for the high-dose treatment group for 2 weeks. Blood samples were
collected from all rats of each group on the day of sacrifice for testing various biochemical
parameters by the Kits purchased from Span Diagnostic Ltd., India. At the end of the study,
kidney tissue samples were collected for histological analysis to assess kidney damage and
inflammation by using a Leica DFC 450 C microscope at a magnification of 40x (Dewanjee et
al., 2013; Sahu et al., 2019). Data on blood glucose, kidney function, and biomarkers of
inflammation and oxidative stress test were done by the Kkits purchased from HiMedia
Laboratories, and data obtained were analyzed using statistical methods to determine the effects
of 4-PBA on diabetic nephropathy. Histological analysis of kidney tissue samples was used to
determine the effects of 4-PBA on kidney damage and inflammation. (Gupta and Gupta, 2020)
4.4, In vivo bioassay

4.4.1. Experimental setup

The in vivo study was performed according to established protocol in a lab (Das et al., 2010; Dua
et al., 2016). A total of 24 male Wistar rats were grouped into four categories (n=6) and further
procedures are as follows:

Group I: Control group, rats were fed with normal diet throughout the study.

Group II: Toxic group, rats were fed with the high-fat diet for 7 days following administration
of STZ (35 mg/kg) on the 8t day, again fed a high-fat diet throughout the study.

Group I11: Treatment group (low dose), rats were fed a high-fat diet for 7 days. On the 8th day,
they received an administration of STZ (40 mg/kg). One week after the STZ administration,
treatment with 4PBA at a high dose (50 mg/kg) began on the 15th day and continued for 2 weeks.
Group 1V: Treatment group (high dose), rats were fed with a high-fat diet for 7 days following
administration of STZ (40 mg/kg) on the 8" day, one week after administration STZ, 4PBA
treatment with low dose (100 mg/kg) started from 15t day for 2 weeks.

The dose of 4 PBA was decided based on a comprehensive literature survey that examined the
various therapeutic activities demonstrated by this postbiotic substance (Luo ZF et al., 2010).
Food and water given to rats were monitored regularly. On the 29t day of the experiment, rats
were sacrificed with prior fasting of 16 hrs. Rats were sacrificed under euthanasia using carbon
dioxide (CO2). Blood samples were collected from the retro-orbital sinus. The serum was
meticulously obtained through a gentle centrifugation process, with a rotation speed of 10,000

rpm for 10 mins. The liver was isolated and cleansed by PBS. Each liver was sectioned in two
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portions, one portion of liver tissue was preserved in 10% formalin for histological examinations,
while the other portion was immediately homogenized in tris -HCL (0.01 M) with EDTA (0.001
M) buffer with PH = 7.4. The homogenized tissue was centrifuged at 12000 rpm for 30 min at

4oc, Supernatant was collected and used for the antioxidant assay.

S Ty

Wistar rats

Group [ Group II Group III Group IV

/ / \\\\ 7//'//7,7/
Biochemical parameters assay «——— / .\\

™ Biochemical redox markers assay

_—~ Histology assessment

Figure 3. Schematic diagram of the experiment protocol

4.4.2. Estimation of biochemical parameters

The level of aspartate aminotransferase (AST), alanine aminotransferase (ALT), Lipid profile,
Blood Urea Nitrogen (BUN), Urea, Uric acid, Creatinine, C-reactive protein (Crp), Creatine
kinase (CK), haemoglobin Alc (HBALc) in the sera were determined using commercially
available kits (Span Diagnostic Ltd., India) according to the instruction provided by the

manufacturer.

21



Chapter 4 Materials and Methods

4.4.3. Serum lipid profile evaluation

High-density lipids (HDL) and Triglyceride (TG) are tested and measured as per the
manufacturer’s instructions using commercially available enzymatic kits purchased from
ARKRAY Healthcare Pvt Ltd, India. Density Lipid (LDL) level in blood serum is tested and
calculated according to Friedewald’s formula.

4.4.4. Assays of biochemical and Redox Markers in kidney

Glutathione (GSH), Superoxide dismutase (SOD), Malondialdehyde (MDA), and Total Protein
in the liver of male Wistar rats in all the groups were measured as per the established protocols
(Manna et al., 2022). Nitro blue tetrazolium (NBT) reduction per minute and H202 consumption
per minute were expressed while measuring SOD as per the protocol of (Manna et al., 2022).
4.4.5. Histological studies

Histological analysis was conducted by taking a portion of liver tissue from all groups of
experimental animals, tissues were thoroughly washed with ice-cold phosphate buffer of PH of
7.4, followed by fixing of tissue using 10% formalin solution and then mounted in paraffin
blocks for sectioning. According to the established protocol the section was appropriately stained
by haematoxylin and eosin (H&E) stains and images were taken using a Leica DFC 450 C
microscope at a magnification of 40x (Dewanjee et al., 2013; Sahu et al., 2019).

4.4.6. Statistical Analysis

Experiments were performed in triplicate. The mean +- SD values were used to represent the
data obtained from the experiment. The results underwent statistical analysis using one-way
ANOVA followed by Dunnett’s t-test with the assistance of GraphPad InStat (version 3.05),
GraphPad Software, USA. Any p-value below 0.01- 0.05 was deemed significant.
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5. Results and Discussions

5.1 Results

5.1.1 Effect of 4-PBA on Diabetic nephropathy

5.1.1.1 Effect on body weight, Kidney weight

Before the administration of 4-PBA, all male Wistar rats across the experimental groups were
weighed, establishing a baseline average body weight of 250g + 40g. Following the induction of
diabetes using Streptozotocin (STZ) at a dose of 40 mg/kg, diabetes was confirmed in all rats
from Groups II, 11, and 1V within one week. This diabetes induction led to a slight but
noticeable decrease in body weight across these diabetic groups, indicative of the metabolic
disturbances and physiological stress associated with diabetes. In contrast, the body weight of
rats in Group I, which were maintained on a normal diet without STZ treatment, remained
relatively unchanged from the initial measurement, underscoring the stability of body weight
under normal conditions. Subsequent to the induction of diabetes, treatment with 4-PBA was
commenced in Groups Il and 1V. Rats in Group Il were administered a low dose of 50 mg/kg
of 4-PBA, while those in Group IV received a high dose of 100 mg/kg. The treatment lasted for
two weeks, after which body weight measurements were taken again. Remarkably, the follow-up
weights for both Groups Il and IV showed a significant increase, with body weights
approaching or even surpassing their initial pre-STZ levels. This recovery in body weight
suggests that 4-PBA treatment has a beneficial effect on overall health and metabolic balance in
diabetic rats, potentially reversing some of the weight loss associated with STZ-induced diabetes.
During the sacrifice of the animals, kidney weights were also recorded. In the treatment groups
(Groups Il and 1V), the kidney weights were found to be normal and comparable to those of the
control group rats (Group 1). This observation indicates that the administration of 4-PBA has a
positive impact on kidney health, helping to restore kidney mass to near-normal levels after the
damage inflicted by diabetes. Conversely, the kidney weights in the untreated diabetic rats from
Group Il remained significantly higher than those of the control group, reflecting persistent
kidney damage and enlargement due to diabetic nephropathy. These results highlight the efficacy
of 4-PBA treatment in ameliorating some of the adverse effects of diabetes. The increase in body
weight and normalization of kidney weight in treated rats suggest that 4-PBA not only supports
overall weight recovery but also plays a critical role in mitigating diabetes-induced renal

damage, providing evidence for its potential therapeutic benefits in diabetic nephropathy.
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5.1.1.2 Effect on blood parameters

Blood parameters are critical indicators of the body's pathological state, providing insights into
various organ functions and metabolic processes. In the study, the effect of 4-PBA treatment on
blood parameters in experimental rats was assessed and is illustrated in Figure 2. After
administering Streptozotocin (STZ) at a dose of 40 mg/kg, there was a significant elevation in
several key biochemical markers. The levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) increased markedly. These enzymes are typically associated with liver
function, and their elevated levels suggest potential liver damage or stress. Alongside these
changes, the concentrations of blood urea nitrogen (BUN), urea, uric acid, and creatinine were
also significantly higher. These markers are indicative of kidney function and their elevation
points towards impaired renal performance, as these substances are normally filtered and
excreted by the kidneys. Additionally, there was an increase in C-reactive protein (CRP), a
known marker of inflammation. Elevated CRP levels reflect systemic inflammation, which is
commonly observed in diabetic conditions and can contribute to further organ damage.
Haemoglobin Alc (HbAlc) levels were also found to be significantly increased. HbAlc is a
measure of long-term blood glucose levels and its elevation indicates chronic hyperglycaemia
and poor glycaemic control. Following the administration of 4-PBA, a reduction in these
elevated blood parameters was observed. Specifically, the levels of ALT and AST decreased,
which may suggest an improvement in liver function or a reduction in liver damage. Similarly,
the levels of BUN, urea, uric acid, and creatinine decreased, which points to a potential
improvement in kidney function and a reduction in the accumulation of waste products. The
decrease in CRP levels indicates a reduction in systemic inflammation, which is beneficial in
managing diabetic complications. Furthermore, the reduction in HbAlc levels suggests an
improvement in long-term blood glucose control, reflecting better management of
hyperglycaemia. These observations indicate that the administration of 4-PBA positively affects
various blood biochemical parameters, suggesting improvements in liver and kidney function,

reduced inflammation, and better glycaemic control as shown in Figure 4.
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Figure 4. The effect of STZ and 4-PBA on blood

parameters of control and experimental rats
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5.1.1.3 Effects on serum lipid profile

Density Lipoprotein (HDL) and Triglyceride (TG) levels were measured using commercially
available enzymatic kits from ARKRAY Healthcare Pvt Ltd, India, following the manufacturer’s
instructions. Low Density Lipoprotein (LDL) levels in the blood serum were calculated using
Friedewald’s formula. In the study, the analysis revealed that HDL and TG levels were elevated
in the toxic group, which consisted of STZ-induced diabetic rats, compared to the control group.
Similarly, LDL levels were also higher in the toxic group. In contrast, the treatment groups, that
received 4-PBA, exhibited HDL, LDL, and TG levels that were closer to those observed in the
control group, indicating a normalization of these lipid parameters. This suggests that the
treatment with 4-PBA has a beneficial effect on lipid metabolism, bringing the levels of HDL,

LDL, and TG closer to normal values observed in the non-diabetic control group Figure 5.
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5.1.1.4 Effect on Oxidative Stress Parameters
The levels of superoxide dismutase (SOD), malondialdehyde (MDA), glutathione (GSH), and

total protein were measured according to established protocols (Manna et al., 2022). In the toxic
group, which consisted of STZ-induced diabetic rats, these parameters were elevated compared
to the control group. Specifically, SOD, an enzyme that helps mitigate oxidative stress, was
increased, indicating a response to heightened oxidative damage. MDA, a marker of lipid
peroxidation, was also elevated, reflecting increased oxidative stress. GSH, a key antioxidant,
was found to be higher, which could be a compensatory response to oxidative damage. Total
protein levels were also elevated, potentially due to increased production of stress-related
proteins. In contrast, in the treatment group, which received 4-PBA, the levels of SOD, MDA,
GSH, and total protein were found to be nearly similar to those in the control group. This
suggests that 4-PBA treatment effectively modulates oxidative stress parameters, bringing them
back to levels comparable to those observed in non-diabetic rats. This implies a reduction in

oxidative stress and a potential restoration of normal antioxidant defenses and protein levels in

the treatment group as shown in Figure 6.

SOD(U/mg protein)

Group | Group I Group IV

1o

z
on

Group | Group Il Group Il Group IV

Figure 6. The effect on GSH, SOD, and MDA in the kidney of control and experimental rats
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5.1.1.5 Effect on histological parameters:

Histopathological Findings:

Kidneys from control rats (Group 1) display a normal histological structure, characterized by
intact glomeruli with well-defined capillary loops and a normal mesangial matrix. The renal
tubules are regular, showing no signs of degeneration or dilation, and the interstitial space
remains minimal without any inflammatory cell infiltration. This indicates a healthy kidney with
no apparent pathology. Conversely, in STZ-induced diabetic rats (Group Il), there are
pronounced histopathological changes in the kidney tissues. The glomeruli are notably enlarged,
with a marked increase in mesangial matrix expansion and thickening of the glomerular
basement membrane. These alterations, along with occasional glomerulosclerosis, are indicative
of diabetic nephropathy, a common complication associated with diabetes that can lead to
progressive kidney damage and dysfunction. In the groups of STZ-induced diabetic rats treated
with 4-PBA Groups Il and IV, low dose (50mg/kg) and high dose (100mg/kg) respectively,
there is evidence of partial mitigation of the kidney damage with respect to dose proportion
induced by diabetes. The treatment leads to a noticeable reduction in mesangial matrix expansion
and glomerular basement membrane thickening. Additionally, glomerulosclerosis is observed
less frequently compared to the untreated diabetic group. This suggests that 4-PBA has a
protective or therapeutic effect on diabetic nephropathy, potentially improving the histological

appearance of the kidneys and alleviating some of the pathological changes associated as shown

in Figure 7.

Group Il Group IV

Figure 7. Haematoxylin- eosin (H & E) histo-pathological observation of kidney in rats. The
kidney sections of normal rats (Group I) showed intact glomerulus While the Toxic rats (Group
I1) showed enlarged glomerulus. The treatment groups (Group 111 and Group V) showed a slight

improvement in the status of the glomerulus.
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5.2. Discussion

The present study offers an in-depth evaluation of the therapeutic potential of 4-PBA in
mitigating the effects of diabetic nephropathy, a serious and progressive complication of diabetes
mellitus. The investigation focused on understanding how 4-PBA affects a range of
physiological and biochemical parameters, including body weight, kidney weight, blood
biochemical markers, serum lipid profiles, oxidative stress markers, and the histological structure
of kidney tissues in diabetic rats. The findings not only contribute to the existing body of
knowledge but also open new avenues for the potential application of 4-PBA in treating diabetes-
related complications. The induction of diabetes in Wistar rats through STZ is well-documented
to cause significant metabolic disturbances, leading to weight loss. This weight loss is primarily
attributed to insulin deficiency, which results in increased proteolysis and lipolysis, thereby
causing muscle wasting and fat loss. In our study, rats subjected to STZ-induced diabetes
exhibited a noticeable reduction in body weight, aligning with previous studies that reported
similar outcomes. For instance, a study documented significant weight loss in diabetic rats,
which was primarily due to uncontrolled catabolism of proteins and fats (Arulselvan et
al.,2012).Interestingly, when 4-PBA was administered to these diabetic rats, a remarkable
recovery in body weight was observed. The rats treated with both low (50 mg/kg) and high (100
mg/kg) doses of 4-PBA regained their lost body weight, nearly reaching or even surpassing their
initial pre-diabetic levels. This weight recovery suggests that 4-PBA may play a role in restoring
metabolic homeostasis, possibly by enhancing insulin sensitivity or reducing the metabolic stress
associated with diabetes. The ability of 4-PBA to mitigate weight loss in diabetic conditions
could also be linked to its known function as a chemical chaperone, which reduces ER stress, a
condition often exacerbated in diabetes.In addition to body weight, kidney weight serves as a
critical marker of diabetic nephropathy, with diabetes often leading to renal hypertrophy due to
glomerular and tubular hypertrophy as well as increased extracellular matrix deposition. In this
study, untreated diabetic rats showed significantly increased kidney weights, which is consistent
with the literature that highlights kidney enlargement as a hallmark of diabetic nephropathy
(Tervaert et al., 2010). The administration of 4-PBA, however, normalized the kidney weights in
the treated groups, bringing them closer to the levels observed in the non-diabetic control group.
This finding is particularly important as it suggests that 4-PBA not only protects against

diabetes-induced kidney damage but may also reverse some of the hypertrophic changes
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associated with diabetic nephropathy. Similar outcomes were observed in studies by Ozcan et al.
(2006), where chemical chaperones like 4-PBA were found to mitigate ER stress and,
consequently, reduce kidney hypertrophy in diabetic models (Ozcan et al., 2004).The analysis of
blood biochemical markers provides crucial insights into the functional status of various organs,
particularly the liver, and kidneys, which are often adversely affected in diabetes. In this study,
the STZ-induced diabetic rats exhibited significant elevations in several key biochemical
markers, including ALT, AST, BUN, urea, uric acid, and creatinine. Elevated levels of ALT and
AST are indicative of liver stress or damage, which is a common consequence of chronic
hyperglycemia in diabetes. High levels of BUN, urea, uric acid, and creatinine, on the other
hand, reflect impaired kidney function, as these are waste products normally filtered and
excreted by the kidneys. The increase in these markers in diabetic rats aligns with previous
studies that have reported similar biochemical changes in diabetic conditions, highlighting the
detrimental effects of uncontrolled diabetes on both liver and kidney function.The administration
of 4-PBA resulted in a significant reduction in these elevated biochemical markers, suggesting an
improvement in both liver and kidney function. The decrease in ALT and AST levels points to a
potential alleviation of liver stress, while the reduction in BUN, urea, uric acid, and creatinine
levels indicates improved kidney function. This is particularly noteworthy as it suggests that 4-
PBA may help in mitigating the organ damage typically seen in diabetes. These findings are in
line with the study by Zhang and Kaufman (2008), which demonstrated that 4-PBA could reduce
ER stress, thereby improving the function of vital organs like the liver and kidneys in diabetic
conditions (Zhang and Kaufman,2008 ).Additionally, the study observed elevated levels of CRP
and HbA1c in diabetic rats, both of which are critical markers in the context of diabetes. CRP is
a well-known marker of systemic inflammation, which is often elevated in diabetic conditions
and contributes to the progression of complications like nephropathy. Similarly, HbAlc serves as
a reliable marker of long-term blood glucose levels, with higher levels indicating poor glycemic
control and chronic hyperglycemia. The reduction in CRP and HbAlc levels following 4-PBA
treatment is particularly significant, as it suggests that 4-PBA not only improves glycemic
control but also reduces systemic inflammation, which is crucial for preventing or slowing the
progression of diabetic complications (King, 2008).Dyslipidemia, characterized by elevated
levels of LDL, TG, and reduced levels of HDL, is a common feature of diabetes and plays a

pivotal role in the development of cardiovascular complications. In this study, the STZ-induced
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diabetic rats exhibited significant dyslipidemia, with elevated levels of LDL and TG, and altered
HDL levels. These lipid abnormalities are well-documented in the literature, where
hyperglycemia-induced alterations in lipid metabolism contribute to the progression of
atherosclerosis and other vascular complications (Mooradian, 2009).The administration of 4-
PBA led to a normalization of the lipid profile in treated rats, bringing LDL, TG, and HDL levels
closer to those observed in non-diabetic control rats. This finding suggests that 4-PBA has a
beneficial effect on lipid metabolism, possibly by enhancing the activity of lipid-regulating
enzymes or by reducing oxidative stress, which is known to exacerbate dyslipidemia in diabetic
conditions. The improvement in lipid profiles is crucial, as it indicates a potential reduction in
the cardiovascular risks associated with diabetes, which is supported by studies such as those by
Erion and Shulman (2010) that highlight the role of 4-PBA in modulating lipid metabolism and
reducing cardiovascular risks in metabolic diseases.Oxidative stress is a key pathogenic factor in
diabetic nephropathy, where an imbalance between the production of ROS and the antioxidant
defense system leads to cellular damage and tissue injury. In this study, diabetic rats exhibited
elevated levels of oxidative stress markers, including SOD, MDA, and GSH, reflecting a
heightened oxidative state. The increase in SOD, an antioxidant enzyme, suggests a
compensatory response to oxidative stress, while elevated MDA levels indicate increased lipid
peroxidation, a damaging process that affects cellular membranes. The high levels of GSH, a
critical antioxidant, may also reflect an adaptive response to counteract the oxidative
damage.The treatment with 4-PBA resulted in a significant reduction in these oxidative stress
markers, bringing them closer to the levels observed in non-diabetic control rats. This suggests
that 4-PBA effectively modulates the oxidative stress response, likely through its role in reducing
ER stress and enhancing the antioxidant defense system. The reduction in oxidative stress is
particularly important in the context of diabetic nephropathy, as it implies a potential slowing of
disease progression and preservation of renal function. These findings align with the work
(Ozcan et al.,2012), which demonstrated the antioxidant properties of 4-PBA and its ability to
mitigate oxidative damage in diabetic models (Ozcan et al., 2012). Histological examination of
kidney tissues provides a direct assessment of the structural changes associated with diabetic
nephropathy. In this study, untreated diabetic rats exhibited significant histopathological
alterations, including glomerular enlargement, mesangial matrix expansion, and thickening of the

glomerular basement membrane. These changes are characteristic of diabetic nephropathy and
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are indicative of progressive kidney damage, which can eventually lead to renal failure if left
unchecked. The presence of glomerulosclerosis, or scarring within the glomeruli, further
underscores the severity of the nephropathic changes observed in diabetic rats.The administration
of 4-PBA to diabetic rats resulted in a noticeable improvement in kidney histology, with a
reduction in glomerular enlargement, mesangial expansion, and basement membrane thickening.
Additionally, the frequency and severity of glomerulosclerosis were reduced in the 4-PBA-
treated groups, suggesting that 4-PBA has a protective effect on the kidneys. These histological
improvements are significant as they indicate that 4-PBA may help in preserving kidney
structure and function in the context of diabetes, potentially delaying the onset of end-stage renal
disease. The ability of 4-PBA to ameliorate structural damage in the kidneys is consistent with
findings from studies by Hotamisligil, which demonstrated the role of 4-PBA in reducing
fibrosis and inflammation in various tissues by modulating the unfolded protein response
(Hotamisligil, 2010).

5.3. Comparative Analysis with Existing Therapies

5.3.1. Comparison with RAAS Inhibitors and SGLT2 Inhibitors

Current therapies for DN, including RAAS inhibitors and SGLT2 inhibitors, primarily target
hemodynamic and metabolic pathways (Lewis et al., 1993). While these therapies are effective in
slowing DN progression, they do not address the underlying cellular stress responses that drive
the disease. 4-PBA, by targeting ER stress, inflammation, and oxidative stress, offers a
complementary approach that could enhance the efficacy of existing treatments. Combining 4-
PBA with standard therapies may provide a more comprehensive strategy to manage DN,
potentially leading to better outcomes.

5.3.2. Potential Synergies and Combination Therapy

Given the different mechanisms of action, there is potential for synergy between 4-PBA and
existing DN therapies. For example, combining 4-PBA with an SGLT2 inhibitor might provide
both metabolic and cellular protection, reducing the progression of DN more effectively than
either agent alone. This hypothesis is supported by studies that have shown the benefits of
combining different therapeutic agents to target multiple pathways in DN (Roscioni et al., 2014).
Future research should explore the efficacy and safety of such combination therapies in clinical

settings.
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5.4. Implications for Clinical Practice

5.4.1. Translational Potential and Challenges

The promising results from this study suggest that 4-PBA could be a valuable addition to the
therapeutic options for DN. However, translating these findings into clinical practice presents
several challenges. Determining the appropriate dosage and treatment duration for humans is
critical, as the doses used in animal studies may not directly translate to human applications.
Additionally, the long-term safety of 4-PBA needs to be evaluated, particularly its effects on
liver function and other metabolic processes, as chronic administration may pose risks.

5.4.2. Personalized Medicine and Biomarker Development

Given the heterogeneity of DN in humans, personalized approaches may be necessary to
optimize treatment outcomes. ldentifying biomarkers that predict response to 4-PBA could
enable clinicians to tailor therapy to individual patients, maximizing benefits while minimizing
risks. This approach is increasingly recognized as crucial in managing complex, multifactorial
diseases like DN, where patient response to treatment can vary widely.

5.5 Future Directions for Research

5.5.1. Long-term Studies and Clinical Trials

Future research should focus on evaluating the long-term effects of 4-PBA treatment in DN,
including its impact on renal survival, overall mortality, and quality of life. Long-term studies in
animal models, as well as well-designed clinical trials, are necessary to establish the safety and
efficacy of 4-PBA in human patients with DN. These trials should include diverse populations to
ensure generalizability and explore potential combination therapies with other nephroprotective
agents.

5.5.2. Exploring Mechanistic Pathways

Further mechanistic studies are needed to fully understand how 4-PBA modulates ER stress,
inflammation, and oxidative stress in DN. Understanding these mechanisms could lead to the
development of more targeted therapies and identify additional pathways that could be
modulated for therapeutic benefit. Additionally, exploring the interactions between 4-PBA and
other cellular pathways involved in DN could provide a more comprehensive understanding of

its therapeutic potential.
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6.Conclusion

The study reveals that 4-PBA holds significant therapeutic potential in treating diabetic
nephropathy by improving various physiological and biochemical parameters, such as body and
kidney weight, blood markers, lipid profiles, oxidative stress levels, and kidney histology in
diabetic rats. 4-PBA effectively counteracts the metabolic disturbances of diabetes, restoring
metabolic balance and protecting against organ damage by reducing liver and kidney stress
markers. Additionally, 4-PBA lowers systemic inflammation and oxidative stress, key
contributors to DN, and shows potential in preserving Kkidney structure by mitigating
histopathological changes. Its unique mechanism, targeting ER stress, inflammation, and
oxidative stress, complements existing DN therapies like RAAS and SGLT2 inhibitors,
suggesting that 4-PBA could enhance treatment outcomes when used in combination. However,
further research, including long-term studies and clinical trials, is needed to confirm its safety

and efficacy in humans and to explore its potential in personalized medicine approaches.
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