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Abstract

Acute kidney injury (AKI) is characterized by a rapid decline in renal function over a short period.
Despite adequate dietary intake, patients with AKI, chronic kidney disease (CKD), or end-stage
renal disease (ESRD) frequently exhibit folate deficiency. Under normal conditions, the kidney
reabsorbs folate through a transporter-mediated mechanism to prevent urinary loss. In our previous
study, we found a negative correlation between plasma creatinine and folate concentrations in rats
with ischemia—reperfusion (IR)-induced AKI. AKI also affects distant organs such as the liver, a
key regulator of metabolism and lipid homeostasis. Previous reports have shown that AKI induces
hepatic injury characterized by oxidative stress, inflammation, and steatosis. This study
investigated the protective effects of folate on hepatic lipid accumulation following IR-induced
AKI.

Renal ischemia (45 min) followed by 24 h of reperfusion in Sprague—Dawley rats significantly
increased plasma creatinine and aspartate aminotransferase, confirming kidney and liver injury.
Biochemical analysis revealed marked hepatic oxidative stress, with decreased glutathione (GSH)
and increased oxidized glutathione (GSSG) and malondialdehyde (MDA) levels. IR injury also
promoted hepatic lipid accumulation, evidenced by elevated triglyceride and cholesterol levels.
These changes correlated with reduced phosphorylation of AMP-activated protein kinase
(AMPK), a central regulator of lipid metabolism. Correspondingly, fatty acid oxidation genes
carnitine palmitoyltransferase-la (CPTla) and peroxisome proliferator-activated receptor-o
(PPARa) were downregulated, while lipogenesis-related genes sterol regulatory element-binding
protein-1c (SREBP-1c) and acetyl-coA carboxylasel (ACC1) were upregulated.

Administration of 5-methyltetrahydrofolate (5-MTHF) significantly improved renal and hepatic

function, mitigated oxidative stress, restored glutathione balance, reduced lipid peroxidation, and



decreased hepatic lipid accumulation via AMPK activation. Complementary in vitro experiments
using HepG2 cells showed that hydrogen peroxide (H20:)-induced suppression of AMPK
phosphorylation increased intracellular lipid accumulation, downregulated fatty acid oxidation
genes, upregulated lipogenic genes, and elevated oxidative stress, all of which were reversed by
folate treatment.

In conclusion, renal IR injury caused kidney and liver dysfunction by reducing folate levels and
disrupting AMPK signaling, leading to oxidative stress and hepatic lipid accumulation. Folate
supplementation restored AMPK activity, enhanced antioxidant defense, and protected both
organs, suggesting that targeting folate metabolism and AMPK signaling may help prevent multi-

organ injury following AKI.
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CHAPTER I: LITERATURE REVIEW



1.1. Physiological function of kidneys

The kidneys are vital paired organs responsible for maintaining internal homeostasis. Specifically,
they regulate fluid and electrolyte balance, remove metabolic waste, control acid-base status, and
produce hormones such as erythropoietin and renin. Notably, each human kidney contains
approximately 1 million nephrons, the functional unit of the kidney (Denic A. et al., 2016). These
nephrons, in turn, perform three main functions: glomerular filtration (plasma is filtered through
the glomerular capillaries into Bowman’s space), tubular reabsorption (essential substances such
as glucose, sodium, and water are reabsorbed into the bloodstream), and tubular secretion
(additional waste products are secreted into the tubular fluid). Furthermore, the kidneys also play
crucial roles in regulating extracellular fluid volume, maintaining electrolyte concentrations,
excreting nitrogenous waste (urea and creatinine), producing active vitamin D (calcitriol), which
is critical for calcium homeostasis (Hruska K. et al., 2009). In addition, blood flow to the kidneys
is high, receiving 20-25% of the resting cardiac output via the renal arteries (Hall J. E. etal., 2011).
Consequently, glomerular filtration rate (GFR) is an essential indicator of kidney function,
normally averaging 90—120 mL/min/1.73 m? in healthy adults (Levey A. S. et al., 2009). To
evaluate renal function, both blood urea nitrogen (BUN) and creatinine are routinely used to assess
kidney function; however, creatinine is generally considered a more reliable indicator. Creatinine
is generally considered a more reliable indicator of the GFR because it is produced at a relatively
constant rate, filtered freely by the kidneys, and is less influenced by other factors (Levey A. S. et
al., 2009). By contrast, BUN is useful as a complementary test but can be misleading on its own
due to its sensitivity to hydration status, dietary protein, and liver function (Yeh T.-H. et al., 2024).
The concept of kidney lifespan refers to the functional longevity of the kidneys over a person’s

lifetime (Denic A. et al., 2016). Although nephron number is fixed at birth and does not regenerate,



their functional capacity can adapt to physiological demands and pathological insults (Chevalier
R. L., 2017). Nevertheless, several factors can shorten the lifespan of the kidneys: high blood
pressure gradually damages the delicate filtering capillaries, diabetes places a chronic burden on
the glomeruli through high blood sugar, chronic glomerulonephritis causes inflammation and
scarring, nephrotoxic drugs and environmental toxins quietly erode function, and obesity increases
filtration stress that ultimately harms the kidneys (Kuma A. & Kato A., 2022). Conversely, kidney
health can be preserved through healthy lifestyle habits such as maintaining a balanced weight,
exercising regularly, moderating salt and protein intake, and avoiding smoking; by keeping blood
pressure under control with or without medications that reduce stress on the glomeruli; through
careful glucose management in diabetes; by minimizing exposure to harmful drugs and toxins; and
by monitoring kidney function in those at higher risk so that problems can be detected early
(Luyckx V. A. et al., 2017). Ultimately, kidneys are given to us with a finite and nonrenewable
supply of nephrons, and their longevity depends on whether damaging influences outweigh
protective strategies or vice versa (Charlton J. R. et al., 2021).

Moreover, in experimental animal models (e.g. mice and rats), similar patterns of age-related renal
decline have been observed, which makes them valuable in studying the mechanisms of renal

aging, oxidative stress, and fibrosis (Hruska K. A. et al., 2009).

1.1.1. Pathophysiology of kidney failure
Kidney failure occurs when the kidneys lose their ability to adequately filter waste products,
maintain fluid and electrolyte balance, and regulate acid—base homeostasis, leading to the

accumulation of toxins and metabolic disturbances that can affect multiple organ systems.



Depending on the onset and progression, kidney failure is broadly classified into two categories
(Chawla L. S. et al., 2014; Hoste E. A. J. etal., 2018).

Kidney injury can be classified into two main categories: acute kidney injury (AKI) and chronic
kidney disease (CKD). AKI refers to a sudden decline in kidney function that develops over hours
to days. It is often reversible if detected and managed promptly and can result from conditions
such as severe dehydration, sepsis, obstruction of the urinary tract, or exposure to nephrotoxic
drugs (Kellum J. A. et al., 2021; Thongprayoon C. et al., 2020). AKI is typically characterized by
arapid increase in serum creatinine, reduced urine output, and disturbances in fluid and electrolyte
balance (Kellum J. A. et al., 2013). In contrast, CKD represents a gradual, progressive, and
typically irreversible loss of kidney function for more than 3 months (Pethd A. G. et al., 2024).
CKD is commonly associated with long-standing conditions such as diabetes mellitus,
hypertension, and chronic glomerulonephritis. It is characterized by a persistent decline in
glomerular filtration rate, progressive nephron loss, and the gradual development of complications
such as anemia, mineral and bone disorders, and cardiovascular disease (Luyckx V. A. etal., 2017).
Therefore, the distinction between AKI and CKD is clinically important because it influences
management strategies, prognosis, and the potential for renal recovery (Yeh T.-H. et al., 2024).
As a consequence, reduced glomerular filtration rate (GFR) in AKI and CKD causes nitrogenous
waste, mainly urea and creatinine, to build up in the blood, leading to a condition called azotemia
(Chawla L. S.,2022). This retention of waste, in turn, can disrupt normal metabolic and electrolyte
balance, leading to complications such as fatigue, nausea, anorexia, and in severe cases, uremic
encephalopathy (Mercado M. G. et al., 2019). The underlying causes of reduced GFR are diverse
and include three main mechanisms. First, glomerular damage whether from immune-mediated

injury, diabetic nephropathy, hypertension, or toxins reduces the kidneys’ filtering surface area



and efficiency. Second, decreased renal perfusion caused by hypovolemia, hypotension, or heart
failure limits the delivery of blood to functioning nephrons, impairing filtration. Third, obstruction
to urine flow anywhere along the urinary tract, such as from kidney stones, tumors, or enlarged
prostate, increases intratubular pressure and reduces effective GFR. Often, these mechanisms may
act in combination, compounding renal injury and accelerating the progression of kidney
dysfunction. (Humphreys B. D., 2018; Kellum J. A., et al., 2021).

Furthermore, tubular injury and dysfunction are central features of AKI, where ischemia,
nephrotoxic substances, or inflammatory processes damage the renal tubular epithelial cells. As a
result, this cellular injury disrupts the tubules’ ability to reabsorb essential substances such as
sodium, water, glucose, and amino acids, while also impairing the secretion of waste products and
hydrogen ions (Bonventre J. V. & Yang, C.,2011; Zuk A. & Bonventre J. V., 2016). Consequently,
tubular dysfunction contributes significantly to the electrolyte imbalances, fluid retention, and
acid-base disturbances observed in AKI. Moreover, tubular injury can trigger downstream effects,
including activation of inflammatory pathways, endothelial dysfunction, and further compromise
of renal perfusion, which can exacerbate kidney damage if not promptly managed (He J. et al.,
2025)

Similarly, in CKD, similar tubular processes occur but evolve gradually. Over time, progressive
tubular atrophy develops alongside ongoing nephron loss, and interstitial fibrosis accumulates in
response to sustained injury and maladaptive repair mechanisms. This fibrosis further impairs
tubular function, reducing the kidney’s ability to concentrate urine, maintain electrolyte balance,
and excrete metabolic wastes. Ultimately, the combination of tubular atrophy, interstitial fibrosis,

and glomerulosclerosis leads to irreversible loss of renal function and contributes to the clinical



manifestations of CKD, including chronic azotemia, electrolyte disturbances, anemia, and
metabolic bone disease ( Humphreys B. D., 2018; Schelling J. R., 2016).

A key pathophysiological mechanism in CKD is compensatory hyperfiltration, whereby the
remaining functional nephrons increase their filtration rate to offset lost renal function. However,
this adaptive response leads to glomerular hypertension, further glomerular injury, and ultimately
glomerulosclerosis (scarring), perpetuating the cycle of nephron loss and disease progression

(Levey A. S. et al., 2009).

1.2. Acute Kidney injury

AKI refers to a sudden loss of kidney function, which is identified by elevated serum creatinine
levels and reduced urine output (oliguria). By definition, AKI is limited to a duration of up to 7
days ( Kellum J. A. etal., 2013). It represents one category within a broader spectrum of functional
kidney conditions known as acute kidney diseases and disorders (AKD), which can range from
mild and self-limiting to severe and persistent forms (Kellum J. A. et al., 2021). AKD is
characterized by abnormalities in kidney function and/or structure lasting between 7 and 90 days,
with implications for health. This definition encompasses a range of clinical scenarios, including
progressive kidney dysfunction without prior AKI and persistent dysfunction following AKI. In
cases where AKI does not resolve within 7 days, the condition transitions into AKD. This
persistent dysfunction may be due to incomplete recovery or ongoing structural damage,
highlighting the importance of monitoring renal function beyond the acute phase. Furthermore, if
kidney abnormalities persist beyond 90 days, the condition is reclassified as CKD ( Hsu R. K. &

Hsu C., 2016; Thongprayoon C. et al., 2020). This progression underscores the continuum of



kidney disease and the need for early detection and management strategies for AKI (Yeh T.-H. et
al., 2024).

Since serum creatinine levels and urine output primarily reflect loss of kidney function rather than
direct structural injury, the term can be somewhat misleading. In the absence of specific injury
markers, individuals experiencing transient episodes of volume depletion may meet the diagnostic
criteria for AKI without actual kidney damage. For example, a few hours of hypovolemia in an
otherwise healthy person may temporarily raise serum creatinine without causing lasting harm
(Kellum J. A. et al., 2013). However, when AKI persists despite appropriate volume resuscitation,
it often indicates underlying structural damage to the kidneys. To clarify this distinction, it is
helpful to briefly describe the pathological features of AKI. Histologically, AKI is typically
characterized by tubular epithelial cell injury, loss of brush border, cell necrosis or apoptosis, and
intratubular cast formation. Biochemical changes include increased markers of oxidative stress,
inflammation, and endothelial dysfunction. Recognizing these pathological features helps
differentiate transient functional changes from true kidney injury, which carries a higher risk of
long-term renal impairment (Thomas M. E. et al., 2015).

In the absence of specific injury markers, individuals experiencing transient episodes of volume
depletion may meet the diagnostic criteria for AKI without actual kidney injury. For instance, a
few hours of volume depletion in an otherwise healthy person may have no lasting health
consequences. Likewise, medications such as renin—angiotensin system inhibitors or other agents
that affect glomerular filtration may cause modest, reversible increases in serum creatinine that do
not indicate true kidney injury. However, when AKI persists despite appropriate volume
resuscitation, it likely signals the presence of structural damage to the kidneys (Thomas M. E. et

al., 2015).



1.2.1. Risk factors for AKI

Diverse factors contribute to the development and outcomes of acute kidney injury (AKI),
influencing not only its onset but also its short-term severity and long-term prognosis ( Hsu R. K.
& Hsu C. 2016).

Environmental factors play a critical role, including exposure to nephrotoxins, infectious agents,
dehydration due to heat or limited water access, and occupational hazards (Thongprayoon C. et
al., 2020). Socioeconomic factors such as income level, education, and access to resources can
determine the timeliness and quality of medical care, thereby affecting AKI outcomes (Gomes C.
L. R. etal., 2023). Cultural factors may influence health-seeking behaviors, dietary practices, and
adherence to medical advice, which in turn impact kidney health (Lewington A. J. P. et al., 2013).
Healthcare-related factors encompass the availability and quality of medical services, hospital
infrastructure, timely recognition of AKI, and the appropriate use of interventions such as fluid
resuscitation, dialysis, or nephroprotective medications (AlSahow A. et al.,, 2024). Finally,
Individual patient characteristics, including age, underlying chronic diseases (e.g., diabetes,
hypertension, and CKD), genetic susceptibility, and physiological resilience, significantly
influence both the risk of developing AKI and the subsequent trajectory toward recovery or chronic
kidney disease ( Mallamaci F. & Tripepi G., 2024).

Together, these interconnected factors underscore the multifactorial nature of AKI, highlighting
the need for personalized prevention strategies and comprehensive management approaches that
address both medical and social determinants of health (Kellum J. A. et al., 2021; Thongprayoon
C.etal., 2020).

Less common causes of AKI involve genetic predispositions, which may lead to conditions such

as myoglobinuria, resulting from rhabdomyolysis; hemoglobinuria, often associated with



hemolysis; or kidney stones (urolithiasis) that obstruct urinary flow and compromise renal
function. In addition to these rarer causes, several other significant risk factors increase
susceptibility to AKI (Mercado M. G. et al., 2019).

Severe illnesses and acute infections, including sepsis and malaria, can induce systemic
inflammatory responses and hypotension, reducing renal perfusion and causing tubular injury.
Significant trauma, low blood volume (hypovolemia), and hypotension also impair renal blood
flow, while advanced age and pre-existing CKD decrease the kidneys’ physiological reserve,
making them more vulnerable to injury (Gameiro J. et al., 2020). Moreover, acute organ failure,
major surgeries particularly cardiac surgery and stays in the intensive care unit (ICU) expose
patients to additional risks, such as nephrotoxic medications, contrast agents, and opportunistic
infections, which can precipitate AKI. Other contributing factors include chemotherapy for
leukemia or other cancers, delayed graft function following kidney transplantation, autoimmune
disorders that cause rapid renal damage, cholesterol crystal embolism, and urinary tract
obstructions, all of which can directly impair kidney function (Kellum J. A. et al., 2021).

Overall, epidemiological studies indicate that the most common and clinically relevant risk factors
for AKI are advanced age, pre-existing CKD, diabetes mellitus, sepsis, hypovolemia or
dehydration, hypotension, exposure to nephrotoxic drugs, major surgery especially cardiac
surgery, and critical illness or ICU admission (Hsu R. K. & Hsu C., 2016; Kellum J. A. et al,,
2021; Thongprayoon C. et al., 2020). Recognizing these risk factors is essential for both preventive

strategies and early intervention to mitigate the severity and complications of AKI.



1.2.2. AKI and micronutrient deficiency

Kidney ischemia-reperfusion is a leading cause of AKI. It occurs when blood flow to the kidney
is abruptly reduced or completely halted, followed by the restoration of blood flow to the affected
area (Zuk A. & Bonventre J. V. 2016). This process initiates a complex cascade of cellular and
molecular events. Initially, oxygen and nutrient deprivation compromise cellular metabolism,
leading to energy deficit and disruption of normal cellular function. Consequently, oxidative stress
increases due to the accumulation of reactive oxygen species (ROS), resulting in lipid
peroxidation, DNA damage, and protein oxidation. Simultaneously, the inflammatory response is
activated, involving immune cell infiltration, upregulation of cytokines and chemokines, and
complement activation. Together with mitochondrial dysfunction and impaired energy production,
these processes ultimately cause apoptosis, necrosis, and widespread renal tissue injury, which
collectively drive the onset and progression of AKI (Park S. W. et al., 2011; Wijerathne C. U. B.
et al., 2022).

Beyond the kidney, AKI disrupts systemic homeostasis, producing metabolic disturbances that
affect protein, carbohydrate, and lipid metabolism (Kellum C. et al., 2021). Skeletal muscle
proteins undergo accelerated catabolism, amino acid turnover increases, and nitrogen balance
becomes negative, contributing to malnutrition and muscle wasting (Doyle J. F. & Forni L. G.,
2016). Moreover, AKI is often accompanied by hyperglycemia and insulin resistance, which may
exacerbate metabolic stress, as well as alterations in lipid metabolism, including dyslipidemia and
abnormal free fatty acid levels (Au-Yeung K. K. W. et al., 2023; Di Mario F. et al., 2025). In
parallel, patients with AKI often exhibit dysregulated inflammatory responses, characterized by

elevated levels of both pro- and anti-inflammatory cytokines, a phenomenon that occurs regardless

10



of the presence of sepsis. These inflammatory changes are strongly linked to an increased risk of
mortality (Bihorac A. et al., 2013).

Furthermore, micronutrient deficiencies are common in AKI patients due to multiple interrelated
mechanisms (Rabb H. et al., 2016). Increased nutrient loss occurs during renal replacement
therapies, where water-soluble vitamins (e.g., B-complex, vitamin C) and trace elements (e.g.,
zinc, selenium) are removed through the dialysis membrane. Reduced nutrient intake, resulting
from nausea, vomiting, altered mental status, or dietary restrictions during critical illness, further
contributes to deficiencies. In addition, inflammatory and metabolic disturbances can alter
micronutrient metabolism and distribution, while critical illness and sepsis (frequent complications
in AKI) can cause micronutrients to become sequestered in tissues or redistributed away from
plasma, lowering measurable blood levels. Oxidative stress and inflammation increase the body’s
demand for antioxidants, including vitamins C and E and selenium, which are essential for immune
function, tissue repair, and mitigation of cellular injury (Berger M. M., 2006; Ostermann M. et al.,
2020).

Overall, the combination of metabolic, inflammatory, and micronutrient disturbances underscores
the systemic impact of AKI and highlights the need for early recognition, targeted supportive care,

and careful management of nutrition and micronutrient status to improve patient outcomes.

1.2.3. Multiple organ dysfunction syndrome
AKI can trigger dysfunction in other organs, including the lungs, heart, liver, intestines, and brain.
This harmful interplay between the kidneys and other organs, often referred to as the kidney organ

crosstalk, can create a vicious cycle that amplifies systemic injury, leading to progressive multi-
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organ damage (Husain-Syed F. et al., 2020; Wijerathne C. U. B. et al., 2020). In patients with
preexisting conditions affecting the lungs, heart, liver, or intestines, deterioration of kidney
function frequently exacerbates Multiple Organ Dysfunction Syndrome (MODS), which is
typically associated with poor outcomes (Grams M. E. & Rabb H., 2012).

Importantly, AKI can induce distant organ injury even in the absence of preexisting comorbidities.
This phenomenon is primarily mediated by systemic inflammation, oxidative stress, and immune
dysregulation, which collectively disrupt the function of organs such as the heart, lungs, liver, and
brain. Specifically, the inflammatory cascade triggered by AKI involves the release of cytokines,
chemokines, and other pro-inflammatory mediators, which can damage endothelial cells, increase
vascular permeability, compromise tissue integrity, and impair microcirculatory perfusion
(Husain-Syed F. et al., 2020; Manrique-Caballero C. L. et al., 2021). In parallel, oxidative stress
generated during AKI exacerbates cellular injury through the accumulation of ROS, lipid
peroxidation, DNA damage, and mitochondrial dysfunction, further compromising distant organ
function (Tomas-Simo P. et al., 2021).

Moreover, AKI is associated with immune dysregulation, including impaired innate and adaptive
immune responses, which renders patients more susceptible to secondary infections. These
infections can amplify systemic inflammation, creating a feedback loop that intensifies organ
dysfunction. Additionally, disruptions in endothelial function, activation of coagulation pathways,
and altered nitric oxide signaling contribute to microvascular dysfunction in remote organs,
exacerbating tissue hypoxia and injury (Lee S. A. et al., 2018). Together, these mechanisms
explain why AKI is not merely a renal disorder but a systemic disease with the potential to

precipitate multi-organ injury, even in patients without prior organ-specific comorbidities.
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Other mechanisms contributing to distant organ dysfunction include endothelial injury, apoptosis,
necrosis, and heightened oxidative stress, which together compromise microcirculatory perfusion
and tissue homeostasis (Abdallah H. M. 1., 2021; Rabb H. et al., 2016). Collectively, these
interconnected pathophysiological processes demonstrate that AKI acts as a systemic
inflammatory and metabolic insult rather than an isolated renal event. This systemic impact
explains why patients with AKI and concurrent multiple organ dysfunction consistently exhibit
higher morbidity, mortality, and prolonged recovery times compared to those with isolated AKI.
Therefore, early recognition of renal injury, along with timely intervention to prevent or mitigate
extrarenal complications, is essential to improving survival and long-term outcomes in patients

with AKI (Lee S. A. et al., 2018).

1.2.4. Renal ischemia-reperfusion and liver effects

Renal ischemia-reperfusion (IR) injury occurs when blood supply to the kidneys is temporarily
interrupted (ischemia) and subsequently restored (reperfusion). Although reperfusion is essential
to restore oxygen and nutrient delivery to the affected tissue, it paradoxically exacerbates renal
injury through multiple interconnected mechanisms ( Zuk A. & Bonventre J. V., 2016). Initially,
the sudden return of oxygen during reperfusion generates ROS, which induce oxidative stress,
lipid peroxidation, protein oxidation, and DNA damage, ultimately impairing cellular integrity
(Malek M., 2015). Moreover, ischemia-reperfusion activates inflammatory pathways, leading to
the recruitment and activation of immune cells such as neutrophils and macrophages, which release
cytokines, chemokines, and proteolytic enzymes that amplify tissue injury (Danobeitia J. S. et al.,

2014). Concurrently, endothelial dysfunction occurs as a result of oxidative stress and
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inflammation, causing increased vascular permeability, microvascular thrombosis, and impaired
renal perfusion, which further compromises tissue oxygenation ( Basile D. & Yoder M., 2014). In
addition, mitochondrial dysfunction during ischemia and reperfusion impairs ATP production,
disrupts ion homeostasis, and triggers apoptotic and necrotic cell death (Li C. et al., 2024). Taken
together, these mechanisms contribute to tubular epithelial injury, glomerular dysfunction, and
interstitial inflammation, driving the development and progression of AKI following ischemia-
reperfusion events.

Importantly, AKI is increasingly recognized not merely as an isolated renal event but as a systemic
condition with significant effects on distant organs, including the liver. The liver plays a central
role in maintaining metabolic homeostasis, regulating immune responses, and detoxifying
endogenous and exogenous compounds. Consequently, AKI disrupts these hepatic functions
through complex pathophysiological mechanisms that involve oxidative stress, systemic
inflammation, and immune dysregulation (Lee S. A. et al., 2018). Specifically, during AKI, the
kidneys generate ROS as part of the inflammatory response, which can circulate and induce
oxidative stress in the liver, leading to hepatocellular injury, mitochondrial dysfunction, and
apoptosis (He J. et al., 2025). Furthermore, AKI activates systemic inflammatory pathways,
resulting in the release of cytokines and other inflammatory mediators that reach the liver and
activate hepatic macrophages, potentially progressing to acute liver failure (Lee S. A. et al., 2018).
Additionally, the immune response in AKI can alter immune cell populations and function,
compromising the liver's ability to respond to infections or other insults and increasing the risk of
hepatic dysfunction (Sun S. et al., 2023).

In patients with cirrhosis, AKI can precipitate hepatorenal syndrome (HRS), a condition

characterized by renal vasoconstriction and impaired renal perfusion. This syndrome exemplifies
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the bidirectional relationship between the liver and kidneys, in which dysfunction in one organ
exacerbates injury in the other (Golab F. et al., 2009). Experimental IR and nephrectomy models
in rodents have consistently demonstrated increased hepatic ROS generation, lipid peroxidation,
and neutrophil infiltration following renal injury (Golab F. et al., 2009; Shang Y. et al., 2016).
Moreover, cytokines such as TNF-a, IL-6, and IL-1p released during AKI propagate systemic
inflammation, thereby exacerbating liver dysfunction and impairing its capacity to maintain redox
balance and metabolic stability (Shang Y. et al., 2020).

Taken together, the liver’s response to AKI involves both direct injury mechanisms—including
oxidative stress and mitochondrial dysfunction—and indirect pathways mediated by systemic
inflammatory mediators and leukocyte activation. Furthermore, the crosstalk between injured
kidneys and the liver is thought to be mediated via damage-associated molecular patterns
(DAMPs), cytokines, and altered hemodynamic factors. Ultimately, this systemic interplay
contributes to what is now termed multi-organ dysfunction syndrome (MODS) in severe AKI,
highlighting the importance of understanding kidney—liver interactions in critically ill patients

( Grams M. E., & Rabb H., 2012; Husain-Syed F. et al., 2020).

1.3. Oxidative stress

The recognition of free radicals as biologically significant entities began in the mid-20th century.
During the 1940s and 1950s, researchers started to uncover their potential role in physiology and
pathology. A pivotal moment came when Gerschman et al. (1954) suggested that oxygen toxicity

and ionizing radiation shared a common mechanism mediated by free radicals, marking one of the
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earliest connections between free radical biology and disease processes (Gerschman R. et al.,
1954).

Shortly thereafter, Denham Harman (1956) advanced the Free Radical Theory of Aging, proposing
that free radicals cause cumulative molecular and cellular damage, thereby driving the aging
process and predisposing to degenerative diseases (Harman D., 1956). This idea was revolutionary,
as it shifted scientific thinking by linking oxidative chemistry directly to biological aging and
pathology.

In the 1960s and 1970s, experimental discoveries strengthened this emerging field. McCord and
Fridovich (1969) identified superoxide dismutase (SOD) as a key endogenous antioxidant enzyme
capable of neutralizing superoxide radicals, thus providing the first biochemical evidence of
evolved cellular defenses against free radical damage (McCord J. M., & Fridovich 1., 1969).
Around the same time, other antioxidant systems, such as catalase and glutathione peroxidase,
were also described, establishing that living organisms had intricate protective mechanisms to
maintain redox balance (McCord J. M. & Fridovich I., 1969).

Building on these foundations, Helmut Sies (1985) introduced the concept of "oxidative stress,"
formally defining it as an imbalance between the excessive generation of ROS and the capacity of
antioxidant defenses (Sies H., 1986). This term provided a unifying framework for understanding
how oxidative damage contributes not only to aging but also to a wide spectrum of diseases,
including cancer, neurodegeneration, cardiovascular disorders, and kidney injury (SiesH., 1986).

Oxidative stress arises in living organisms when there is a disruption in the delicate balance
between the generation of ROS and the body’s antioxidant defense systems. ROS encompass both
free radicals, such as superoxide anion (O2") and hydroxyl radical (°OH), and non-radical oxidants

like hydrogen peroxide (H202). Under normal physiological conditions, ROS are continuously
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produced as natural byproducts of aerobic metabolism, particularly within the mitochondria during
oxidative phosphorylation. At controlled levels, these molecules play important roles in
intracellular signaling, host defense, and redox regulation (Tomsa A. M., et al., 2019).

However, when ROS are generated in excessive amounts or when antioxidant defenses including
enzymatic systems like SOD, catalase, and glutathione peroxidase, as well as non-enzymatic
antioxidants such as vitamins C and E are insufficient, oxidative stress develops. In this state,
highly reactive molecules attack and oxidize essential cellular macromolecules. Lipid peroxidation
compromises membrane integrity and fluidity, protein oxidation disrupts enzyme activity and
structural stability, and oxidative DNA damage leads to mutations that compromise genomic
stability (Sies H., 2020).

Over time, the cumulative effects of this molecular injury contribute to the onset and progression
of diverse pathological conditions, including neurodegenerative diseases, cancer, cardiovascular
disorders, diabetes, liver injury, and acute kidney injury. Thus, oxidative stress is not merely a
byproduct of cellular metabolism; rather, it represents a central pathophysiological mechanism that
connects redox imbalance to the onset and progression of numerous human diseases (Jones D. P.,

2006; Sies H., 2020).

1.3.1. Reactive oxygen species

Reactive oxygen species (ROS) are highly reactive molecules, often referred to as free radicals,
that are derived from molecular oxygen (O2z). Under physiological conditions, cells continuously
generate ROS as natural byproducts of metabolic processes, most notably during mitochondrial

oxidative phosphorylation, where oxygen is consumed to produce ATP. Importantly, ROS are not
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inherently detrimental. Rather, they exhibit a dual role in biology: at physiological concentrations,
they act as essential signaling molecules, whereas at elevated levels, they contribute to cellular and
tissue damage (Sies H., 2020).

ROS encompass a diverse group of species that can be broadly classified into two categories. The
first includes free radicals, which contain unpaired electrons and are therefore highly reactive, such
as superoxide anion (0:°") and hydroxyl radical (°OH). The second category consists of non-
radical derivatives, which lack unpaired electrons but remain reactive, including hydrogen
peroxide (H20:), singlet oxygen ('Oz), and hypochlorous acid (HOCI). These reactive molecules
arise from multiple cellular compartments: mitochondria during ATP production, NADPH oxidase
(NOX) enzymes at the plasma membrane, peroxisomes during fatty acid metabolism, and the
endoplasmic reticulum during protein folding. In addition, immune cells such as neutrophils and
macrophages produce large amounts of ROS during the respiratory burst, an antimicrobial defense
mechanism designed to eliminate invading pathogens (Garcia J. et al., 2010).

At low or moderate concentrations, ROS are indispensable regulators of physiological processes,
including cellular proliferation, differentiation, apoptosis (programmed cell death), and innate
immune responses. However, when their levels exceed the neutralizing capacity of endogenous
antioxidant defenses, a condition termed oxidative stress arises. Under such circumstances, ROS
can damage critical cellular macromolecules lipids, proteins, and nucleic acids thereby disrupting
membrane integrity, enzyme function, and genomic stability. Persistent oxidative stress is a well-
established contributor to the pathogenesis of numerous diseases, ranging from cardiovascular
disorders and neurodegenerative conditions such as Alzheimer’s and Parkinson’s disease, to

cancer, chronic kidney disease, and liver injury (Joshi R. et al., 2001).
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1.3.2. Antioxidant defense

Antioxidant defense refers to the complex biological system that protects cells from damage
caused by reactive oxygen species (ROS) and reactive nitrogen species (RNS). These reactive
molecules are byproducts of normal cellular metabolism but can increase during stress, leading to
oxidative stress (Sies H., 2020). The antioxidant defense system includes enzymatic antioxidants
like superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) and non-
enzymatic antioxidants such as glutathione (GSH), vitamins C and E, flavonoids and carotenoids
(Asbaghi O. et al., 2021).

Glutathione (GSH) is a tripeptide antioxidant made of glutamate, cysteine and glycine. It’s the
most abundant intracellular non-enzymatic antioxidant in mammalian cells, and critical for
maintaining redox homeostasis, detoxifying ROS, and modulating cell signaling and immune
responses (Lu S. C., 2009; Townsend D.M. et al., 2003). In neutralizing reactive oxygen species
(ROS) like hydrogen peroxide (H20:2), two molecules of reduced glutathione convert H20: into
water via glutathione peroxidase (GPx), producing oxidized glutathione (GSSG), which is then
recycled back to GSH by glutathione reductase (GR) using NADPH. The cellular GSH:GSSG ratio
that is typically maintained at over 100:1 in healthy cells serves as a sensitive marker of oxidative
stress (Forman H. J. et al., 2009; Jones D. P., 2006).

Ischemia-reperfusion, nephrotoxins, or sepsis can cause a surge in ROS/RNS. GSH levels rapidly
decline due to overconsumption in ROS detoxification and impaired regeneration. Depletion leads
to oxidative damage to lipids, proteins, and DNA, mitochondrial dysfunction, activation of pro-
inflammatory and pro-apoptotic pathways, and disruption of redox-sensitive signaling (e.g., NF-
kB, Nrf2) (Ngo V. & Duennwald M. L., 2022; Zhang J. et al., 2016). Nuclear factor erythroid 2—

related factor 2 (Nrf2) is a key transcription factor that, when activated under oxidative stress,
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upregulates genes involved in GSH synthesis (like GCL and GS), promoting antioxidant defense.
Experimental AKI models consistently demonstrate decreased renal GSH levels, elevated GSSG
and a reduced GSH:GSSG ratio, and correlation with histological injury, renal dysfunction, and
oxidative stress markers (Tomas-Simé P. et al.,, 2021). Therapeutic approaches like N-
acetylcysteine (NAC, a cysteine precursor) or agents targeting Nrf2 pathways aim to restore GSH

homeostasis and mitigate injury (Aldini G. et al., 2018; Baird L. & Yamamoto M., 2020).

1.3.3. AKI and oxidative stress

A central feature in the pathophysiology of AKI is oxidative stress, an imbalance between ROS
production and the body’s antioxidant defenses (Tomsa A. M. et al., 2019). In AKI, excess ROS
are produced in large quantities, especially during ischemia-reperfusion. These ROS damage
cellular lipids, proteins, and DNA, leading to lipid peroxidation of cell membranes, mitochondrial
dysfunction, endothelial and tubular epithelial cell injury, activation of inflammatory pathways via
cytokine release (e.g., TNF-a, IL-1p), and antioxidant defenses (e.g., SOD, catalase, glutathione)
become overwhelmed and inactivated (Wijerathne C. U. B. et al., 2020). This oxidative stress-
mediated damage worsens tubular necrosis, microvascular dysfunction, and inflammation, which
accelerates kidney dysfunction (Wang P. et al., 2014; Zhang J. et al., 2016).

During ischemia, anaerobic metabolism becomes the primary energy source, leading to an
accumulation of hydrogen ions and a decrease in intracellular pH (Kalogeris T. et al., 2012). To
counteract this acidification, the Na*/H* exchanger is activated, which expels hydrogen ions in
exchange for sodium ions. This process results in a significant influx of sodium into the cell.

Meanwhile, ischemia causes a depletion of cellular ATP, which inactivates essential ATP-
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dependent ion pumps, such as the Na*/K*-ATPase. This impairment disrupts the balance of sodium
and potassium ions in the cell (Chen W. et al., 2022). The loss of ATP also affects the active
removal of calcium ions from the cell and limits their reuptake into the endoplasmic reticulum
(ER), leading to an overload of calcium inside the cell. These ionic imbalances and energy deficits
contribute to the opening of the mitochondrial permeability transition (MPT) pore, which disrupts
the mitochondrial membrane potential and further inhibits ATP synthesis (Halestrap A. P., 2009).
In cardiac cells, these events are accompanied by the activation of intracellular proteases,
contributing to structural and functional cellular injury (Kalogeris T. et al., 2012). Just like in
cardiac cells, when kidney cells such as tubular epithelial cells, podocytes, or endothelial cells are
exposed to stressors like ischemia-reperfusion injury, toxins, sepsis, or oxidative stress,
intracellular proteases including calpains, caspases, and cathepsins become activated (Kalogeris
T. et al., 2012). These proteases degrade key structural and functional proteins, leading to
cytoskeletal breakdown, mitochondrial dysfunction, disruption of cell-cell and cell-matrix
adhesions, and the promotion of apoptotic or necrotic cell death (Havasi A. & Borkan S. C., 2011).
For example, calpains are calcium-dependent proteases that become activated by intracellular Ca**
overload, commonly occurring during ischemic injury. They target and degrade cytoskeletal
proteins such as spectrin and talin in renal tubular cells (Goll D. E. et al., 2003). Caspases are
involved in programmed cell death pathways and become activated during both apoptotic and
necrotic processes in AKI (Bonventre J. V. & Yang L., 2011). Additionally, cathepsins, typically
confined within lysosomes, can leak into the cytosol under stress conditions, contributing to
proteolysis and cell death (Chen N. et al., 2018). This cascade of protease activation is central to
the pathogenesis of AKI and progression of AKI to chronic, closely mirroring the cellular injury

mechanisms seen in ischemic cardiac injury (Kalogeris T. et al., 2012). It is one of the key reasons
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why the kidney is particularly vulnerable to oxidative stress and ischemia (Sutton T. A. et al.,
2002).

The transcription factor Nrf2 plays a pivotal role in regulating the antioxidant defense system. Nrf2
promotes the expression of antioxidant enzymes to preserve redox homeostasis in the body. Under
normal conditions, Nrf2 is bound to the repressor protein Keapl in the cytoplasm. However, during
oxidative stress, Nrf2 dissociates from Keapl and translocates to the nucleus, where it activates
the expression of genes responsible for antioxidant enzyme production (Nezu M. & Suzuki N.,
2020; Schmidlin C. J. et al., 2019; Wijerathne C. U. B. et al., 2022). During AKI, particularly when
triggered by ischemia-reperfusion, toxins, sepsis, or oxidative insults, oxidative stress levels
increase dramatically. In response, the Nrf2—Keap! signaling pathway is activated to counteract
the damage (Nezu M. et al., 2017). Elevated ROS modify critical cysteine residues on Keapl,
disrupting its ability to ubiquitinate and target Nrf2 for degradation. This allows Nrf2 to
accumulate in the cytoplasm and translocate into the nucleus, where it initiates the transcription of
antioxidant and cytoprotective genes (Baird L. & Yamamoto M., 2020). Within the nucleus, Nrf2
binds to antioxidant response elements (AREs) in the promoter regions of its target genes,
promoting the transcription of various antioxidant and cytoprotective enzymes, including heme
oxygenase-1 (HO-1), glutamate-cysteine ligase catalytic/modifier subunits (GCLC/GCLM),
superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx) (Loboda A. et al., 2016).
However, although Nrf2 is initially activated as a compensatory defense mechanism, in cases of
severe or prolonged AKI, this antioxidant response may become insufficient or dysregulated.
Studies have demonstrated that Nrf2 activation can be transient or impaired in sustained injury
models (Nezu M. & Suzuki N., 2020). Furthermore, persistent mitochondrial dysfunction and

excessive ROS production can overwhelm the cellular antioxidant defenses (Wei J.-P. et al., 2025).
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Notably, in several experimental AKI models, pharmacological activation of Nrf2 has been shown
to improve outcomes by reducing oxidative stress, inflammation, and cell death (Wei W. et al.,

2020).

1.4. Lipid metabolism in liver

The liver plays a central role in both lipid synthesis and degradation, as well as in fatty acid
oxidation. Within hepatocytes, fats can be stored as triglycerides within lipid droplets or utilized
for the production of phospholipids (Postic C. & Girard J., 2008).

Fat accumulation depends on the balance between fat synthesis (lipogenesis) and fat breakdown
(lipolysis or fatty acid oxidation). Lipogenesis is the metabolic process by which acetyl-CoA is
converted into fatty acids. This primarily occurs in the liver and adipose tissue (Kersten S., 2001).
Hepatic lipid accumulation originates from several key sources (Fabbrini E. et al., 2010). One of
these is de novo lipogenesis (DNL), a process where the liver converts excess glucose into fatty
acids. Under normal conditions, DNL contributes minimally to liver fat stores. However, in
metabolic diseases like metabolic dysfunction—associated steatotic liver disease (MDSLD), it can
become a significant source of lipid accumulation (Donnelly K. L. et al., 2005). Another major
contributor is the uptake of free fatty acids (FFAs) from peripheral tissues. During states of insulin
resistance, obesity, or fasting, adipose tissue releases non-esterified fatty acids (NEFAs) through
lipolysis. These circulating NEFAs are then taken up by the liver (Matsuzaka T. & Shimano H.,
2011). Dietary fat also contributes to hepatic lipid content. After absorption in the intestine, dietary
fats are packaged into chylomicrons. The liver subsequently takes up chylomicron remnants,

further adding to its lipid pool (Gaggini M. et al., 2013). Reduced fatty acid oxidation plays an
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additional role. When mitochondrial f-oxidation is impaired the liver’s ability to break down fatty
acids is compromised, resulting in their accumulation (Sunny S. et al., 2011). Finally, impaired
triglyceride export can exacerbate lipid buildup. If the liver’s capacity to assemble and secrete very
low-density lipoproteins (VLDL) is disrupted, triglycerides remain trapped within hepatocytes,
contributing to steatosis (Yamaguchi K. et al., 2007).

Lipid breakdown involves two key processes: lipolysis and fatty acid oxidation. Lipolysis occurs
in adipose tissue, where hormones like catecholamines (epinephrine, norepinephrine) stimulate the
breakdown of stored triglycerides into FFAs and glycerol, especially during fasting, exercise, or
stress (Duncan R. E. et al., 2007). In contrast, insulin suppresses lipolysis by inhibiting hormone-
sensitive lipase activity (Large V. et al., 2004). Once released, FFAs are transported to the liver
and other tissues for fatty acid oxidation, which takes place in mitochondria. This process is
enhanced during energy-demanding states such as fasting or prolonged exercise and is regulated
by factors like low insulin, increased CPT1a activity, and activation of AMP-activated protein
kinase (AMPK) (Hardie D. G., 2007). Efficient oxidation also depends on mitochondrial function
and regulators like PPARa and thyroid hormone (Kersten S., 2001; Mullur R. et al., 2014).
However, disruptions in hepatic lipid metabolism can lead to the abnormal accumulation of
triglycerides within hepatocytes, a hallmark of steatosis. This condition arises when there is an
imbalance between lipid acquisition, storage, and disposal (Rinella M. E., 2015). This state,
referred to as hepatosteatosis, is a defining feature of both alcoholic fatty liver disease (AFLD)
and metabolic dysfunction—associated steatotic liver disease (MDSLD) (Buzzetti E. et al., 2016;
Rinella M. E., 2015).

While triglycerides are the primary fat stored in the liver, excess free (unesterified) cholesterol is

toxic to liver cells. It disrupts mitochondrial and cellular membranes, triggers oxidative stress, and
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promotes inflammation and cell death. Cholesterol crystals can also activate immune cells, leading
to fibrosis. Thus, hepatic cholesterol accumulation not only worsens steatosis but also contributes

to liver injury and disease progression (Ioannou G. N., 2016).

1.4.1. AMP-activated protein kinase (AMPK)

AMPK is a widely present heterotrimeric enzyme that functions as a key energy sensor and
regulator of cellular metabolism (Kim J. et al., 2016). Structurally, AMPK is composed of three
subunits: the catalytic a-subunit (with two isoforms, al and a2), the structural B-subunit (with
isoforms B1 and PB2), and the regulatory y-subunit, which contains the AMP-binding sites
(including y1, y2, and y3). Activation of AMPK is triggered by an increase in the intracellular. The
AMP: ATP or ADP:ATP ratios under conditions of energy stress, such as ATP depletion. Binding
of AMP or ADP to the y-subunit induces a conformational change that promotes the
phosphorylation of the catalytic a-subunit at threonine-172 (Thr172). This phosphorylation is
mediated by upstream kinases, including liver kinase B1 (LKB1), calcium/calmodulin-dependent
protein kinase kinase f (CaMKK}), and transforming growth factor-pB-activated kinase 1 (TAK1),
depending on the cell type and physiological stimulus (Rodriguez C. et al., 2020).

AMPK plays a central role in regulating cellular and systemic energy balance. Under physiological
conditions, it is activated in response to situations where ATP consumption exceeds production,
leading to a rise in the intracellular AMP: ATP and ADP:ATP ratios. This occurs during metabolic
stresses such as exercise, fasting, hypoxia, ischemia, and nutrient deprivation (Hardie D. G. et al.,

2012).
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Once activated, AMPK functions as a metabolic master switch by promoting energy-generating
(catabolic) pathways, including glucose uptake, glycolysis, and fatty acid oxidation, to restore ATP
levels. At the same time, it suppresses energy-consuming (anabolic) processes such as the
synthesis of fatty acids, triglycerides, cholesterol, and proteins, which would otherwise deplete
energy reserves. In this way, AMPK ensures that the balance between ATP production and
consumption is maintained under varying physiological and environmental influences, such as
nutrient availability, oxygen levels and temperature stress. (Song X. et al., 2020). In this way,
AMPK serves as a master energy sensor and metabolic regulator, ensuring that energy production

and expenditure remain balanced under diverse physiological and environmental conditions.

1.4.2. Role of AMPK in the liver

In the liver, AMPK acts as a central regulator of lipid metabolism by integrating signals related to
the cellular energy state and modulating key metabolic pathways accordingly (Hardie D. G., 2008).
Upon activation, AMPK shifts hepatic metabolism toward energy-generating processes while
inhibiting energy-consuming pathways, particularly those involved in lipid biosynthesis (Viollet
B. et al., 2006). A key target of AMPK in hepatic lipid metabolism is acetyl-CoA carboxylase-1
(ACC1), the rate-limiting enzyme in fatty acid synthesis. AMPK phosphorylates and inactivates
ACCI1, leading to a reduction in malonyl-CoA levels. This decreases not only limits substrate
availability for fatty acid synthesis but also relieves inhibition on carnitine palmitoyltransferase-1
(CPT1a) that facilitates mitochondrial fatty acid f-oxidation. AMPK also negatively regulates the
activity of lipogenic transcription factors, including sterol regulatory element-binding protein-1c¢

(SREBP-1c) and carbohydrate-responsive element-binding protein (ChREBP). By suppressing
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these transcription factors, AMPK reduces the expression of genes that are involved in fatty acid
and triglyceride synthesis. Additionally, AMPK promotes lipid catabolism by increasing the
expression of peroxisome proliferator-activated receptor-a (PPARa) target genes involved in fatty
acid oxidation pathways. It can further contribute to hepatic lipid clearance by stimulating
lipophagy, a selective form of autophagy responsible for degrading lipid droplets (Herzig S. &
Shaw R. J., 2018). While AMPK activation is typically considered a response to severe energy
stress, evidence suggests it is also engaged by physiological stimuli such as exercise and nutrient
deprivation, as well as pathophysiological conditions including prolonged starvation, ischemia-
reperfusion injury, and chronic alcohol consumption. These findings highlight the broader role of
AMPK in maintaining hepatic energy and lipid homeostasis under diverse conditions (Viollet B.

et al., 2006).

1.4.3. Role of AMPK in ischemia reperfusion injury

In AKI, changes in AMPK signaling can profoundly impact the metabolic state of the kidneys and
other organs (Day E. A. et al., 2017). During ischemia, ATP levels drop, leading to an increased
AMP/ATP ratio, which activates AMPK. Activated AMPK inhibits anabolic (ATP-consuming)
pathways and stimulates catabolic (ATP-producing) pathways like glycolysis and fatty acid
oxidation. This metabolic shift helps preserve cellular energy and viability during ischemic stress.
Notably, AMPK activation has been shown to mitigate ischemia-reperfusion-induced kidney
injury by promoting autophagy, reducing oxidative stress, and preserving mitochondrial integrity
(Kandula N. et al., 2022). Reperfusion rapidly generates ROS, leading to oxidative damage.

AMPK activation reduces ROS by promoting mitochondrial biogenesis and function (Zhao Y. et
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al., 2017). Moreover, it enhances antioxidant defenses (e.g., via upregulation of superoxide
dismutase and catalase) and reducing mitochondrial ROS production by limiting excessive fatty
acid oxidation during reperfusion (Rodriguez C. et al., 2020).

A growing body of evidence highlights a critical link between AMPK inactivation and
inflammation in AKI (Kandula N. et al., 2022). In AKI, AMPK activity is frequently suppressed,
which exacerbates renal inflammation and tissue injury (Guo Y. et al., 2014). Under normal
conditions, AMPK exerts anti-inflammatory effects by inhibiting key pro-inflammatory pathways,
notably the nuclear factor-kappa B (NF-«B) signaling cascade (Kim J. et al., 2016; Mo C. et al.,
2014). When AMPK activity declines during AKI, such an inhibition is lost, resulting in increased
NF-kB activation, elevated production of pro-inflammatory cytokines such as TNF-a, IL-6, and
IL-1B, and heightened recruitment of immune cells to the damaged kidney (Guo Y. et al., 2014).
In parallel, AMPK inactivation disrupts mitochondrial function and elevates oxidative stress, both
of which further potentiate inflammatory responses (Herzig S., & Shaw R. J., 2018). Collectively,
the loss of AMPK’s regulatory control fosters a self-perpetuating cycle of inflammation, oxidative
damage, and progressive renal dysfunction in the setting of AKI (Salminen A. et al., 2011; Viollet
B. et al., 20006).

In AKI, particularly following reperfusion, massive oxidative stress arises due to mitochondrial
dysfunction, excessive ROS production, and infiltration of inflammatory cells (Zuk A. &
Bonventre J. V., 2016). ROS can directly oxidize critical cysteine residues on AMPK itself or its
upstream kinases such as LKB1 and CaMKK§, impairing their activity or interfering with AMPK
phosphorylation at the essential Thr172 site (Herzig S. & ShawR. J., 2018). Additionally, oxidative
stress can activate protein phosphatases like PP2C and PP2A, which dephosphorylate and

inactivate AMPK. These phosphatases are also regulated by ROS-sensitive signaling pathways
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during AKI (Zaha V. G. & Young L. H., 2012). Paradoxically, although AMPK is typically
activated in response to low ATP levels, the extensive mitochondrial injury and overwhelming
ROS production in AKI can disrupt proper ATP/AMP ratio sensing and compromise the cellular
energy-sensing machinery, including AMPK (Hinchy E. C. et al., 2018). Moreover, ROS-induced
activation of the NF-xB pathway and subsequent release of pro-inflammatory cytokines such as
TNF-a and IL-1p further exacerbate the situation (Andrade-Oliveira V. et al., 2019). These
cytokines activate stress kinases like JNK and p38 MAPK, which can negatively regulate AMPK
activity either directly or by enhancing the expression and activity of inhibitory phosphatases

(Cuenda A. & Rousseau S., 2007).

1.5. Folate

Folate (vitamin B9) is an essential water-soluble B-complex vitamin that plays a fundamental role
in human health. It occurs naturally in a wide variety of foods such as leafy green vegetables,
legumes, citrus fruits, and liver and is also provided in the form of folic acid, the fully oxidized
synthetic compound used in fortified foods and dietary supplements. From a biochemical
perspective, all folates are derivatives of pteroylglutamic acid, and they are classified according to
their reduction state and the nature of the one-carbon group attached (Bailey L. B. & Gregory J.
F., 1999).

Structurally, folate is a conjugated molecule composed of three distinct but interconnected
components that together define its chemical reactivity and biological functions. The first
component is the pteridine ring system, a bicyclic heteroaromatic structure derived from pterin,

which undergoes enzymatic reduction to form dihydrofolate and ultimately tetrahydrofolate
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(THF), the biologically active form capable of carrying one-carbon units. Attached to the pteridine
nucleus via a methylene bridge is the second component, para-aminobenzoic acid (PABA), which
acts as a linker and provides the aromatic backbone connecting the pteridine moiety to the third
component (Lucock M., 2000). The third region is a polyglutamate chain, composed of one or
more glutamate residues joined through y-peptide bonds. Naturally occurring folates in foods often
contain multiple glutamate residues (polyglutamates), which enhance intracellular retention and
binding affinity to folate-dependent enzymes. In contrast, synthetic folic acid typically exists in
the monoglutamate form, which must be converted and polyglutamated within cells to participate
efficiently in metabolic processes (Bekaert S. et al., 2008; Lucock M., 2000).

The central biological role of folate is as a carrier and donor of one-carbon units in a variety of
oxidation states, a function that underpins its importance in cellular metabolism. These one-carbon
transfers, primarily mediated through tetrahydrofolate (THF) derivatives, provide the chemical
versatility necessary for multiple biochemical reactions. THF and its substituted forms serve as
essential cofactors in pathways responsible for the synthesis, modification, and regulation of key
biomolecules (Bailey L. B. et al., 2015).

One of the most critical functions of folate-dependent one-carbon metabolism is its involvement
in de novo nucleotide biosynthesis. Specifically, folate derivatives such as 5,10-methylene-THF
are required for the conversion of deoxyuridine monophosphate ({UMP) to deoxythymidine
monophosphate (d{TMP), a reaction catalyzed by thymidylate synthase. This process supplies
thymidine, a building block of DNA, and ensures proper DNA replication and repair. Folate is also
indispensable in the synthesis of purine nucleotides, which are required for both DNA and RNA

production. Impairments in these pathways due to folate deficiency can lead to faulty DNA
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synthesis, resulting in genomic instability, megaloblastic anemia, and increased risk of
developmental abnormalities ( Bailey L. B., & Gregory J. F., 1999; Stover P. J., 2009).

Beyond nucleotide biosynthesis, folate-derived cofactors participate in the methylation cycle,
where 5-methyltetrahydrofolate (5-MTHF) donates a methyl group for the remethylation of
homocysteine to methionine. Methionine is then converted to S-adenosylmethionine (SAM), the
universal methyl donor for methylation reactions throughout the body. This cycle regulates the
methylation of DNA, histones, proteins, neurotransmitters, and phospholipids, thereby influencing
gene expression, chromatin structure, cellular signaling, and membrane integrity. Proper
methylation status is essential not only for normal cellular function but also for long-term
epigenetic regulation and developmental programming (Crider K. S. et al., 2012; Lucock M.,
2000).

Because of these diverse and indispensable roles, folate is especially critical for tissues with high
rates of cell turnover and division. During embryonic and fetal development, when rapid DNA
synthesis and cell proliferation are required for organogenesis, folate demand is greatly increased.
Adequate maternal folate intake before and during pregnancy is crucial for preventing neural tube
defects and supporting proper growth of the fetus. Similarly, in adults, folate is essential for
maintaining hematopoietic function, reproductive health, and neurological integrity (Bailey L. B.
etal., 2015; Lindzon G. & O’Connor D. L., 2007).

In clinical and nutritional contexts, folic acid is the most widely used form in fortified foods and
supplements. It is more stable than natural food folates and has been successfully implemented in
public health strategies to reduce the risk of neural tube defects during pregnancy.
Supplementation also helps prevent and treat folate deficiency, which can lead to megaloblastic

anemia and other health complications (Matherly L. H. & Hou Z., 2008).
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Among the multiple folate derivatives, 5-methyltetrahydrofolate (5-MTHF) is the predominant
form circulating in blood plasma and stored in tissues. It serves as the principal methyl group donor
in the remethylation of homocysteine to methionine, a reaction catalyzed by methionine synthase
in conjunction with vitamin B12 as a cofactor. This pathway is a cornerstone of one-carbon
metabolism, linking folate status to methylation capacity and overall genomic stability (House J.
et al., 2012; Woo C. W. H. et al., 2006). The natural stereoisomer L-5-MTHF is considered the
biologically active form, often referred to as bioactive folate, and it has gained attention as a
supplement alternative to folic acid due to its direct usability by cells without requiring enzymatic

reduction (Lucock M., 2000).

1.5.1. Folate sources

The intestine is exposed to two primary sources of folate: dietary folate and folate produced by the
gut microbiota. Among these, dietary folates are the most significant, as naturally occurring forms
are abundant in leafy green vegetables, legumes, liver, and certain fruits. In these foods, folates
are typically present as polyglutamated derivatives. Once ingested, they undergo intestinal
hydrolysis and absorption, after which they are metabolized primarily to 5S-MTHF, the major
circulating form in plasma that supports one-carbon metabolism. By contrast, although the
mammalian gut microbiota can produce small amounts of folate, this contribution is generally
considered minor and insufficient to meet physiological needs. Consequently, dietary folate
remains the dominant and essential source for maintaining systemic folate status (Crittenden R. G.
et al., 2003; Lucock M., 2000). Together, these sources help sustain the body’s folate pool, which

is indispensable for several physiological processes, including nucleotide synthesis, methylation
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reactions, and amino acid metabolism (Bailey L. B. et al., 2015; Tibbetts A. S. & Appling D. R.,
2010).

Importantly, naturally occurring folates are predominantly present in foods as polyglutamated
forms, in which multiple glutamate residues are attached to the folate molecule. Although these
polyglutamates enhance folate retention and intracellular function, they are not efficiently
absorbed in the human intestine. Therefore, before absorption, they must first be enzymatically
cleaved to monoglutamate derivatives by the brush-border enzyme folylpolyglutamate hydrolase
(also known as y-glutamyl hydrolase or conjugase), which is located on the apical surface of
enterocytes in the proximal small intestine. Once converted into the monoglutamate form, folates
can be actively transported across the intestinal epithelium via the proton-coupled folate
transporter (PCFT), which operates optimally in the mildly acidic environment of the proximal
jejunum. After uptake, the absorbed folates undergo reduction and methylation within enterocytes,
yielding primarily 5-MTHF. This circulating form ensures that folate enters the systemic
circulation in a biologically active and transportable state, ready to participate in one-carbon
metabolism (House J. et al., 2012; Rezk B. M. et al., 2003).

In contrast to natural folates, folic acid is a fully oxidized, monoglutamated form of folate that
does not occur naturally in foods. Instead, it is added to fortified grain products (e.g., bread, cereals,
flour, pasta) as well as to multivitamin and prenatal supplements. Folic acid is more chemically
stable during storage and cooking compared to natural food folates and exhibits higher
bioavailability, making it an effective source for supplementation and public health fortification
programs (Pfeiffer C. M. et al., 2019).

Additionally, the gut microbiota particularly in the distal small intestine and colon, can produce

folate. Certain gut bacteria possess genes encoding enzymes involved in the folate biosynthesis
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pathway, converting guanosine triphosphate (GTP) to tetrahydrofolate (THF) derivatives. which
can contribute to the body’s overall folate supply (Engevik M. A. et al., 2019; Rossi M. et al.,
2011). However, the degree to which microbial folate impacts an individual’s folate status can
vary based on factors such as diet and the composition of the gut microbiota (Kok D. E. et al.,
2020).

The human gut microbiota is a diverse and dynamic microbial ecosystem, primarily dominated by
the phyla Firmicutes and Bacteroidetes, with smaller contributions from Actinobacteria,
Proteobacteria, Fusobacteria, and Verrucomicrobia. These microorganisms play a critical role in
host metabolism by fermenting and metabolizing dietary components, resulting in the production
of a variety of metabolites, including short-chain fatty acids (SCFAs), long-chain fatty acids, lactic
acid, and biogenic amines (Crittenden R. G. et al., 2003; Rossi M. et al., 2011).

Since mammals are unable to synthesize most vitamins endogenously, these essential
micronutrients must be obtained from exogenous sources, namely the diet and, to a lesser extent,
the gut microbiota (Crittenden R. G. et al., 2003). Notably, certain bacterial genera in the distal
intestine such as Bacteroides, Bifidobacterium (Actinobacteria), and Enterococcus (Firmicutes)
are capable of synthesizing a range of vitamins, including B1 (thiamine), B6 (pyridoxine), B12
(cobalamin), and B9 (folate). Although the contribution of microbial folate to systemic folate status
in humans is still considered limited, it may support local intestinal metabolism and influence host

folate homeostasis, particularly under conditions of low dietary intake (Engevik M. A. et al., 2019).
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1.5.2. Bioavailability of folate

Bioavailability refers to the proportion of a nutrient that is digested, absorbed, and made available
for use or storage in the body (Melse-Boonstra A., 2020). In the case of folate, bioavailability is
highly variable and influenced by several factors, including the chemical form of folate (natural
vs. synthetic), the food matrix, and the physiological condition of the individual. Thus, not all
sources of folate contribute equally to meeting dietary requirements (Bailey L. B. et al., 2015).
Natural food folates, typically present as polyglutamated forms, require enzymatic hydrolysis
before absorption. This processing step, along with losses during cooking and storage, contributes
to their relatively modest bioavailability, which is estimated to range from 50% to 70% (Ohrvik
V. E. & Witthoft C. M., 2011; Siatka T. et al., 2025). By contrast, synthetic folic acid the fully
oxidized, monoglutamate form used in fortified foods and supplements is far more stable and does
not require the same enzymatic cleavage, making it more efficiently absorbed. However, its
bioavailability also depends on timing and context of intake: when consumed with meals, folic
acid has an estimated bioavailability of 50—-60%, while ingestion on an empty stomach increases
this value to about 85% (Ohrvik V. E. & Witthoft C. M., 2011).

Because of these substantial differences, nutrient recommendations standardize intake using
Dietary Folate Equivalents (DFE). By definition, 1 ug DFE equals 1 pg food folate, 0.6 ug folic
acid from fortified food or supplements consumed with meals, and 0.5 pg folic acid when taken
on an empty stomach (Gregory J. F., 2001; NIH Office of Dietary Supplements. Folate Fact Sheet
for Health Professionals, 2023; Pfeiffer C. M. et al., 2019). This conversion system allows a more

accurate assessment of total folate intake from diverse dietary and supplemental sources.
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1.5.3. Dietary folate absorption

Folate absorption primarily occurs in the duodenum and jejunum, where an acidic
microenvironment at the surface of intestinal epithelial cells facilitates uptake. Because the human
body cannot synthesize folate endogenously, it must be obtained from external sources, with
dietary folate and folic acid from fortified foods and supplements serving as the primary sources
of folate for mammals (Siatka T. et al., 2025). This process has been extensively studied using a
range of experimental models, including in vivo studies in humans and animals, as well as ex vivo
and in vitro systems such as isolated intestinal segments, everted intestinal sacs, isolated intestinal
tissues and cells, and membrane vesicles. These models have helped elucidate the mechanisms of
folate transport, highlighting the importance of specialized carriers such as the proton-coupled
folate transporter (PCFT), which operates optimally in an acidic milieu. Once absorbed, folates
are transported into the enterocytes, where they undergo enzymatic reduction and methylation
before entering the systemic circulation (Visentin M. et al., 2014). The pH at the transport interface
is a critical determinant of the relative contributions of the reduced folate carrier (RFC) and the
proton-coupled folate transporter (PCFT) to overall folate uptake, particularly when both
transporters are co-expressed within the same tissue and at the same site. At physiologic pH (7.4)
RFC function is maximal, efficiently transporting folates across the membrane and PCFT activity
is minimal to negligible, depending on the specific folate substrate. As pH decreases, RFC-
mediated transport progressively declines while PCFT activity increases, due to its proton-coupled
mechanism. This pH-dependent transporter switching ensures efficient folate absorption in the
acidic microenvironment of the small intestine while also allowing for folate transport in systemic
tissues where pH is neutral and RFC predominates (Zhao R. et al., 2009). Once inside the intestinal

cells, folate is converted into its active form, 5-MTHF, which is then transported to various tissues
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and organs throughout the body. Although the small intestine is the main site for folate absorption,
there is minimal absorption in the colon. The primary source of folate for the body remains in the
small intestine, where dietary folate and folic acid are absorbed and utilized to meet the body's

needs for this essential vitamin (Kok D. E. et al., 2020).

1.5.4. Role of folate in health

Folate operates as a cofactor and coenzyme in one-carbon metabolism, a collection of biochemical
reactions that transfer single-carbon units (methyl, methylene, formyl, formimino, and methenyl
groups) crucial for cellular function (He Q. & Li J., 2023). Folate participates as tetrahydrofolate
(THF) and its derivatives, which act as one-carbon donors or acceptors in a variety of reactions
catalyzed by methyltransferases and other enzymes, including 1) DNA synthesis and repair, 5,10-
methylene-THF donates a methylene group to convert deoxyuridine monophosphate (dUMP) to
deoxythymidine monophosphate (dTMP) via thymidylate synthase essential for DNA replication.
Folate also contributes to purine synthesis; 2) amino acid metabolism, converts homocysteine to
methionine via methionine synthase, using 5-methyl-THF as a methyl donor and vitamin B12 as a
cofactor. Methionine is then converted to S-adenosylmethionine (SAM), the universal methyl
donor for over 100 methylation reactions; 3) methylation reactions, Folate indirectly regulates
DNA, RNA, histone, protein, lipid, and neurotransmitter methylation through its role in SAM
synthesis. DNA methylation modulates gene expression, cell differentiation, and genome stability.
Alterations in folate-dependent methylation are implicated in cancer and developmental disorders;
4) formylation reactions, 10-formyl-THF donates formyl groups in purine nucleotide biosynthesis,

necessary for ATP and GTP formation (He Q. & LiJ., 2023; Sobral A. F. et al., 2024). Collectively,
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these processes position folate as an essential nutrient for maintaining genomic integrity,
regulating epigenetic modifications, supporting cellular proliferation, and enabling normal growth
and development. Impaired folate metabolism has been associated with a range of health
consequences, including anemia, birth defects, cardiovascular disease, and cancer. Given its
critical functions and the inability of mammals to synthesize folate endogenously, an adequate

dietary intake through food and supplements remains vital to support health across the lifespan.

1.5.5. Folate deficiency

Although folate deficiency is relatively uncommon in the general population, particularly in
countries with mandatory folic acid fortification programs. However, it remains a significant
concern in specific clinical populations. Folate deficiency can still occur in individuals with
increased metabolic demands, poor dietary intake, malabsorption syndromes, or chronic diseases.
Notably, patients with conditions such as metabolic dysfunction—associated steatotic liver disease
(MDSLD), chronic kidney disease, and certain gastrointestinal disorders are at increased risk of
folate insufficiency (Bailey L.B. et al., 2015; NIH Office of Dietary Supplements. Folate Fact
Sheet for Health Professionals, 2023). In these populations, impaired folate metabolism or
increased oxidative stress may exacerbate folate depletion, contributing to disease progression
through mechanisms like disrupted DNA synthesis, altered methylation patterns, and
compromised antioxidant defenses (Sobral A. F. et al., 2024). Given its essential roles in nucleotide
biosynthesis, methylation, and redox homeostasis, maintaining adequate folate status is critical for

both disease prevention and management.
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AKI, in particular, can contribute to low folate status through several interrelated mechanisms.
Impaired renal function during AKI leads to reduced tubular reabsorption and increased urinary
loss of folate (Bottiglieri T., 2000; Palevsky P. M. et al., 2013). Furthermore, the systemic
inflammation and oxidative stress associated with AKI can impair intestinal absorption and
accelerate folate degradation (Aparicio-Trejo O. E. et al., 2020). Supporting this, research has
shown that during ischemia-reperfusion, there is a decrease in the mRNA and protein levels of
folate receptor 1 (FOLR1) and reduced folate carrier (RFC) in kidney tissue of both male and
female rats (Yang C. et al., 2021). This reduction is linked to a decline in SpI/DNA binding
activity, which leads to decreased FOLR1 expression in the kidney. Sp1, a transcription factor that
regulates FOLRI1 expression, plays a crucial role in this process. Silencing Sp1 has been found to
significantly lower intracellular folate levels and increase IL-6 mRNA expression. These findings
suggest that Spl contributes to the downregulation of FOLR1 expression, resulting in reduced

folate reabsorption in tubular cells during ischemia-reperfusion injury (Yang C. et al., 2021).

1.5.6. Folate as an antioxidant

Folates, particularly in their reduced forms, exhibit notable antioxidant properties. They efficiently
scavenge several types of free radicals, including DPPH radicals, and play an important role in
protecting lipids from peroxidation (Hwang S.-Y. et al., 2011; Qin L. et al., 2014; Sarna L. K. et
al., 2012). Folate operates as an effective in vitro scavenger of free radicals, capable of neutralizing
thiol radicals and repairing thiol groups, which are central to cellular redox balance and antioxidant
defense. Structurally, folic acid consists of purine- and pyrazine-type rings with two amino acid

side chains on the pyrazine ring. Its lactim form contains a hydroxyl group on the purine-type ring,
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which is particularly important in mitigating oxidative damage by reacting with oxidizing free
radicals (Joshi R. et al., 2001).

Additionally, folic acid and its components, including pyrazine and pterin, can be readily reduced
by hydrated electrons and acetone ketyl radicals, producing hydroderivatives within the pyrazine
ring structure (Xu Y. et al., 2010). Although folate is water-soluble, it contributes to the inhibition
of lipid peroxidation and supports cellular antioxidant defenses, further highlighting its
multifunctional biological significance (He Q. & LiJ., 2023; Lucock M., 2000).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a crucial regulator of oxidative stress (OS) and
is widely distributed in oxygen-consuming organs such as muscle tissue, the heart, brain, liver,
kidney, and blood vessels. Upon activation, Nrf2 promotes the expression of antioxidant enzymes,
phase II detoxification enzymes, and anti-inflammatory factors (Cao P. et al., 2021). Under normal
physiological conditions, Nrf2 is sequestered in the cytoplasm by its adapter protein, Kelch-like
ECH-associated protein 1 (Keap1), and is continuously targeted for degradation via the ubiquitin-
proteasome system, maintaining its activity at low basal levels. However, in the presence of
excessive oxidative stress, Nrf2 dissociates from Keap1l, becomes activated, and translocates into
the nucleus, where it binds to antioxidant response elements (AREs) within the DNA. This
interaction triggers the transcription of downstream antioxidant genes, including heme oxygenase-
1 (HO-1), superoxide dismutase and gluthathioine synthesizing enzymes, contributing to cellular
protection against oxidative damage (Baird L. & Yamamoto M., 2020). Keap1 contains several
reactive cysteine residues, notably Cysl151, Cys273, and Cys288, which act as sensors for
oxidative and electrophilic stress. Under conditions of oxidative stress, these cysteine residues
undergo modifications, leading to conformational changes in Keap1. These alterations disrupt the

Keap1-Nrf2 interaction, inhibiting Nrf2 ubiquitination and allowing newly synthesized Nrf2 to
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accumulate and translocate into the nucleus (Ngo V. & Duennwald M. L., 2022). Our previous
study demonstrated that the injection of a low dose of the biologically active form of folic acid (5-
MTHF) could reduce oxidative stress and enhance kidney function in rats with ischemia-
reperfusion-induced AKI. The antioxidant effects of folic acid are partly mediated by the activation
of Nrf2, which leads to the increased expression of antioxidant enzymes and the restoration of

glutathione levels in the kidney (Wijerathne C. U. B. et al., 2022).
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CHAPTER II: RATIONALE, HYPOTHESIS, AND OBJECTIVES
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2.1. Rationale

AKI, particularly when caused by IR, leads to systemic oxidative stress that can damage distant
organs, including the liver. Liver is a vital organ for detoxification, nutrient metabolism and
storage. The oxidative burden can disrupt hepatic lipid metabolism, contributing to hepatic
steatosis and liver injury. A key regulatory pathway in this process is the AMPK pathway, which
maintains lipid homeostasis but may be suppressed under oxidative stress conditions.

Our previous studies indicate that IR injury can downregulate Spl-mediated expression of the
folate transporter in tubular cells, potentially reducing folate reabsorption and leading to low folate
levels. Earlier findings also suggest that low-dose folic acid improves kidney function by
activating Nrf2 and restoring antioxidant defenses, highlighting the potential of micronutrient
supplementation to enhance clinical outcomes in AKI. Therefore, the biologically active form of
folic acid, 5-MTHF, possesses antioxidant properties and may counteract oxidative injury while
modulating metabolic signaling pathways such as AMPK. However, its effects on liver function

and lipid metabolism following AKI remain largely unexplored.

2.2. Hypothesis

IR injury triggers the overproduction of ROS, leading to oxidative stress that extends beyond the
initially affected organ. In this study, we hypothesized that IR-induced AKI initiates systemic
inflammatory and oxidative stress responses that impair liver function by disrupting redox balance,
depleting antioxidant defenses, and promoting lipid peroxidation and cellular damage. These
processes may compromise hepatocellular integrity, disrupt hepatic lipid metabolism, and promote

triglyceride accumulation within hepatocytes (hepatic steatosis), ultimately contributing to liver
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injury. This distant organ crosstalk is likely mediated by elevated circulating pro-inflammatory
cytokines and oxidative byproducts, which impair mitochondrial function and alter lipid regulatory
pathways in the liver of affected rats. Furthermore, folic acid may also exert a protective effect on
the liver against oxidative stress associated with AKI. Through enhancement of cellular
antioxidant defenses and reduction of reactive oxygen species, folic acid supplementation may
help preserve hepatic cellular integrity and function in conditions where oxidative stress is elevated

due to kidney injury.

2.3. Objectives

General objective: This study aimed to determine whether 5-MTHF supplementation mitigates
oxidative stress and improves hepatic lipid metabolism following AKI. By evaluating oxidative
stress markers, antioxidant enzyme activity, and hepatic lipid content, the study seeks to clarify
the protective role of folate against systemic oxidative injury and AKI-associated hepatic steatosis.
Specific objective: This study aimed to elucidate the molecular link between oxidative stress and
the AMPK signaling pathway in regulating hepatic lipid homeostasis following AKI-induced
systemic injury. Specifically, it examined how ischemia-reperfusion-induced oxidative stress
affects AMPK phosphorylation and activity, and how these changes influence downstream targets
involved in lipid synthesis and oxidation, including ACC1, SREBP-1c, PPARa, and CPTIa.
Furthermore, it investigated whether folate treatment modulates this signaling axis to restore
hepatic lipid balance.

Generally, this study aimed to (1) assess the effect of folate on oxidative stress and hepatic lipid

metabolism in AKI, and (2) explore the interaction between oxidative stress and the AMPK
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signaling pathway in this context. The findings may uncover new therapeutic strategies to prevent

distant organ injury associated with AKI.
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CHAPTER III: MATERIALS AND METHODS
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3.1. Animal model - kidney ischemia-reperfusion

Male Sprague—Dawley rats (6 weeks old, weighing 250-300 g) were obtained from the University
of Manitoba Central Animal Care Services (Winnipeg, MB, Canada). All animal procedures
adhered to the Guide to the Care and Use of Experimental Animals (Canadian Council on Animal
Care) and were approved by the University of Manitoba Protocol Management and Review
Committee. Animals were housed under controlled environmental conditions (22 =2 °C, 12 h
light/dark cycle, 50-60% relative humidity) with ad libitum access to standard chow and water.
Rats were randomly assigned into three experimental groups (n = 8 per group):

Group 1. Ischemia—Reperfusion (IR): Rats were anesthetized, and the left renal pedicle was
occluded for 45 minutes using a non-traumatic vascular clamp to induce ischemia. Reperfusion
was achieved by removal of the clamp, restoring blood flow to the kidney. Following reperfusion,
a right nephrectomy was performed to mimic reduced renal reserve, as previously described
(Shang et al., 2016; Wang et al., 2014).

Group 2. Ischemia—Reperfusion with 5-MTHF Treatment (IR + 5-MTHF): Rats underwent the
same IR procedure as described above. In addition, they received intraperitoneal injections of 5-
methyltetrahydrofolate (5-MTHF; 3 pg/kg body weight; Sigma-Aldrich, Oakville, ON, Canada)
administered 30 minutes prior to ischemia and again 3 hours after reperfusion. A stock solution of
5-MTHEF (2 mg/mL) was freshly prepared in saline and diluted to the required concentration before
injection.

Group 3. Sham-Operated Control (Sham): Rats underwent identical surgical procedures, including
exposure of the renal pedicle, but without clamping to induce ischemia. Instead of 5-MTHF, they

received equivalent volumes of saline intraperitoneally.
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At 24 hours following reperfusion (or sham surgery), all animals were euthanized under deep
anesthesia. Blood samples were collected into lithium heparin tubes, and plasma was separated by
centrifugation at 3000xg for 20 minutes at 4 °C. Liver tissues were excised, washed in ice-cold
saline, blotted dry, snap-frozen in liquid nitrogen, and stored at —80 °C until further analysis.
Plasma and tissue samples were subsequently used for biochemical and histological assessments.
Kidney and liver functions were evaluated by measuring plasma creatinine and aspartate
aminotransferase (AST) levels, respectively, using the Cobas C111 Analyzer (Roche, Laval, QC,

Canada).

3.2. Cell culture

The human hepatoma cell line HepG2 (HB-8065) was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM; VWR, Radnor, PA, USA) supplemented with 10% fetal bovine serum (FBS;
Hyclone Laboratories Inc., Logan, UT, USA). Cultures were grown under standard conditions in
a humidified atmosphere of 5% CO: at 37 °C. Cells were routinely passaged at 70—-80% confluence
and seeded at a density of 1 x 10° cells/mL into 6-well plates, 60 mm, or 100 mm tissue culture
dishes, depending on the experimental design. After overnight attachment, cells were treated with
S-methyltetrahydrofolate (5-MTHF; 2 pg/mL) and/or hydrogen peroxide (H202; 200 uM) for 24
hours. Here, H20: served as an inducer of oxidative stress to mimic redox imbalance in
hepatocytes. Untreated cells maintained in complete medium were used as negative controls, while

H:0s-treated cells without S-MTHF supplementation served as positive oxidative stress controls.
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All experiments were performed in triplicate biological replicates, each with three technical
replicates to ensure reproducibility.

To evaluate cell viability, a water-soluble tetrazolium salt (WST-1; Sigma-Aldrich, Taufkirchen,
Germany) assay was performed according to the manufacturer’s protocol. Briefly, HepG2 cells
were seeded into 96-well plates (1 x 10* cells/well) and incubated overnight to allow adherence.
The following day, cells were exposed to increasing concentrations of H202 (0-500 uM) for 24
hours to generate a dose-response curve and determine the concentration that induced ~50%
reduction in viability (ICso). After treatment, cells were gently washed twice with phosphate-
buffered saline (PBS; pH 7.4) to remove residual compounds. Subsequently, 100 pL of fresh
culture medium containing 10% WST-1 reagent was added to each well, and cells were incubated
for 1 hour at 37 °C under standard culture conditions.

Absorbance was measured at 450 nm using a microplate reader (Molecular Devices, San Jose, CA,
USA) with a reference wavelength of 630 nm to correct for background signal. The extent of
formazan dye formation, which directly reflects the metabolic activity of viable cells, was
quantified. Cell viability was expressed as a percentage relative to the untreated control group (0
pM H:0:2), which was set to 100%. Data from independent experiments were pooled, and results

were reported as mean =+ standard error of the mean (SEM).

3.3. Biochemical analysis
Malondialdehyde (MDA), a well-established biomarker of lipid peroxidation and oxidative stress,
was quantified in both liver and plasma samples using the thiobarbituric acid reactive substances

(TBARS) assay as described previously (Au-Yeung K. K. W. et al., 2023; Shang Y. et al., 2016).
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Briefly, liver tissue or cultured cell pellets were homogenized in phosphate-buffered saline (PBS;
1:10, w/v) kept on ice to minimize oxidation during processing. The homogenates were incubated
with 10% phosphotungstic acid for 10 minutes to precipitate proteins and other interfering
compounds, followed by centrifugation at 1,000 x g for 10 minutes at 4 °C. The resulting
supernatants were collected and incubated with 0.67% thiobarbituric acid (TBA) at 95 °C for 1
hour in a water bath to allow the formation of a pink MDA-TBA adduct. Samples were then cooled
to room temperature, and absorbance was measured at 532 nm using a spectrophotometer
(Molecular Devices, San Jose, CA, USA). MDA concentrations were determined against a
standard curve prepared with 1,1,3,3-tetracthoxypropane and normalized to total protein content.

To further assess redox balance, reduced (GSH) and oxidized (GSSG) glutathione levels were
measured in kidney tissue using a spectrophotometric assay (Folch J. etal., 1957). Briefly, samples
were homogenized in ice-cold 5% sulfosalicylic acid to prevent auto-oxidation of glutathione. The
homogenates were centrifuged, and supernatants were analyzed for GSH and GSSG content using
DTNB [5,5'-dithiobis (2-nitrobenzoic acid)], which reacts with free thiol groups to form a
chromophore detectable at 412 nm. The GSH/GSSG ratio was then calculated as an indicator of
oxidative stress status.

Hepatic lipids were extracted from liver tissue and cultured HepG2 cells using the classical Folch
method (Folch J. et al., 1957). In brief, samples were homogenized in a solvent mixture of
chloroform:methanol:distilled water (4:2:3, v/v/v) under nitrogen gas to minimize oxidation.
Following centrifugation, the lipid-soluble fraction (lower organic phase) was carefully separated,
dried under a gentle stream of nitrogen, and reconstituted in absolute ethanol for downstream

analyses (Folch J. et al., 1957).
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For intracellular triglyceride quantification, HepG2 cells were first harvested in cold PBS and
lysed by sonication (3 % 10-second pulses on ice, with 30-second intervals) as previously described
(Madduma Hewage et al., 2022). The lysates were then subjected to colorimetric enzymatic assays
to determine triglyceride (TG) and total cholesterol (TC) levels, using commercially available kits
(Sekisui Diagnostics, Burlington, MA, USA). Absorbance was measured according to the

manufacturer’s instructions, and results were normalized to cellular protein concentration.

3.4. Quantitative real-time RT-PCR

Total RNA was extracted from liver tissue samples using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) in accordance with the manufacturer’s instructions. Briefly, approximately 50—-100 mg
of frozen liver tissue was homogenized in 1 mL of TRIzol, followed by phase separation with
chloroform and centrifugation at 12,000 x g for 15 minutes at 4 °C. The aqueous phase was
collected, and RNA was precipitated with isopropanol. After washing with 75% ethanol, RNA
pellets were air-dried and resuspended in RNase-free water. RNA purity and concentration were
determined using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA), and integrity was verified by agarose gel electrophoresis.

For complementary DNA (cDNA) synthesis, 1 ug of total RNA was reverse-transcribed using a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA)
following the protocol described by Madduma Hewage et al. (Madduma Hewage S. et al., 2022).
The synthesized cDNA was stored at —20 °C until further use.

The relative messenger RNA (mRNA) expression levels of peroxisome proliferator-activated

receptor-alpha (PPAR«), acyl-CoA oxidase 1 (ACOXI1), carnitine palmitoyltransferase-I-alpha
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(CPTlIa), sterol regulatory element-binding protein-1c (SREBP-1c), and the internal control B-
actin were quantified by quantitative real-time polymerase chain reaction (qQPCR). Reactions were
performed on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA) in a 20 pL total reaction volume containing 100 ng of cDNA, 1x iTaq Universal SYBR
Green Supermix (Bio-Rad, Hercules, CA, USA), 300 nM of each forward and reverse primer, and
RNase-free water.

Amplification conditions consisted of an initial denaturation at 95 °C for 3 minutes, followed by
40 cycles of denaturation at 95 °C for 10 seconds and annealing/extension at 60 °C for 30 seconds.
Melt curve analysis was performed to confirm amplification specificity.

Amplification was conducted using the comparative CT method, with gene expression levels
normalized to the housekeeping gene B-actin (Amplification and Data Analysis). Primer sequences

for all target and reference genes are listed in Table 1.
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Table 1. Gene primer sequences of rats and humans used for real-time PCR

Target Forward Primer Reverse Primer Size Accession

Gene (5-3) (5-3) (bp) Number
SREBP-1c GGCCCTGTGTGTACTGGTCT AGCATCAGAGGGAGTGAGGA 88 NM 001276708.1
PPARa TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 177 XM 030213757.1
ACCI TGAGGAGGACCGCATTTATC AAGCTTCCTTCGTGACCAGA 221 NM 022193.2
CPTIo CAGCTCGCACATTACAAGGA  TGCACAAAGTTGCAGGACTC 128 XM 039102321.1
S-actin ACAACCTTCTTGCAGCTCCTC  GACCCATACCCACCATCACA 198 NM _031144.3
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3.5. Western immunoblotting analysis

Total proteins were extracted from rat liver tissue or cultured cells using a lysis buffer containing
protease and phosphatase inhibitors to prevent protein degradation and dephosphorylation. Protein
concentrations were determined to ensure equal loading across samples. Subsequently, equal
amounts of protein were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
as previously described (Madduma Hewage S. et al., 2022; Shang Y. et al., 2016).

Following electrophoresis, the resolved proteins were transferred onto nitrocellulose membranes
for immunodetection. To investigate the activation of AMPK, membranes were incubated with a
rabbit anti-phospho-AMPK-a monoclonal antibody (1:1000) or with a rabbit anti-AMPK-a
monoclonal antibody (1:1000) (Cell Signaling Technology, Danvers, MA, USA) to detect total
AMPK. To confirm equal protein loading across all lanes, membranes were simultaneously probed
with a rabbit anti-f-actin monoclonal antibody (1:2000) (Cell Signaling Technology, Danvers,
MA, USA) as a loading control.

After primary antibody incubation, membranes were washed and incubated with an HRP-
conjugated anti-rabbit IgG secondary antibody (1:2000) (Cell Signaling Technology, Danvers,
MA, USA). Protein bands were subsequently visualized using an Enhanced Chemiluminescence
(ECL) detection system (Millipore Ltd., Burlington, MA, USA).

Finally, densitometric analysis of the protein bands was performed using Quantity One software
(version 4.6.8, Bio-Rad, Hercules, CA, USA). Band intensities for phosphorylated AMPK were
normalized to total AMPK levels, and total AMPK was normalized to B-actin to account for

loading differences, enabling quantitative comparison across experimental groups.
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3.6. Statistical analysis

All statistical analyses were performed using GraphPad Prism 8 for Windows (version 8.0.2). Data
are presented as mean + standard error of the mean (SEM) unless otherwise stated. Comparisons
between two groups were conducted using an unpaired two-tailed t-test, while comparisons among
three or more groups were performed using one-way analysis of variance (ANOVA), followed by
Newman—Keuls post-hoc test to identify specific group differences when appropriate. Normality
and homogeneity of variance assumptions were verified before applying parametric tests. A p-
value < 0.05 was considered statistically significant. Graphical representations of the data were

generated using Prism software, and all statistical tests were two-sided.
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CHAPTER IV: RESULTS
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4.1. Effect of ischemia-reperfusion and folic acid on kidney and liver function

Renal ischemia for 45 minutes followed by 24 hours of reperfusion resulted in a marked elevation
of plasma creatinine and aspartate aminotransferase (AST) levels, consistent with significant
impairment of both renal and hepatic function (Figure 1). Preincubation of cultured cells with 5-
methyltetrahydrofolate (5-MTHF; 1 and 2 ng/mL) produced notable protective effects against IR-
induced cellular injury. The higher concentration (2 pg/mL) elicited a more pronounced protective
response compared to the lower dose, indicating a clear dose-dependent mechanism, where
increased levels of 5S-MTHF enhanced the cytoprotective outcome. Consistent with these in vitro
findings, in vivo experiments demonstrated that systemic administration of 5-MTHF (2 pg/mL)
significantly mitigated IR-induced renal and hepatic dysfunction, as evidenced by a marked
reduction in plasma creatinine and aspartate aminotransferase (AST) levels in rats measured 24
hours after reperfusion. These results suggest that S-MTHF confers dose-dependent protection
against oxidative and metabolic stress associated with IR injury, both at the cellular and systemic
levels. (Figure 1). These findings suggest that 5-MTHF exerts renoprotective and hepatoprotective
effects in the context of IR injury, likely through its antioxidant capacity, ability to preserve redox

balance, and potential to mitigate oxidative stress-mediated cellular damage.
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Figure 1. Effect of ischemia-reperfusion (IR) on kidney and liver function

A. Plasma creatinine levels were elevated, indicating impaired kidney function; 5-MTHF treatment
partially ameliorated this effect. B. Plasma AST levels were elevated, indicating impaired liver
function; 5S-MTHF treatment restored liver function. Results are expressed as mean + SD (n = 6-

8). P <0.05
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4.2. Effect of folic acid on ischemia-reperfusion induced oxidative stress

Key biochemical indicators of oxidative stress include depletion of reduced glutathione (GSH), a
decreased GSH-to-oxidized glutathione (GSSG) ratio, and accumulation of lipid peroxidation
products such as malondialdehyde (MDA). To assess whether AKI induced by IR impacts hepatic
redox status, we measured GSH, GSSG, the GSH/GSSG ratio, and MDA levels in liver tissue.

IR resulted in a marked decline in hepatic GSH levels and a significant reduction in the GSH/GSSG
ratio, demonstrating impaired antioxidant defense capacity (Figure 2).

Strikingly, administration of 5-MTHF restored both GSH levels and the GSH/GSSG ratio in IR-
injured rats, suggesting effective preservation of hepatic redox balance (Figure 2). In parallel, IR
induced a significant elevation of hepatic MDA levels, reflecting enhanced lipid peroxidation and
membrane damage, whereas treatment with 5-MTHF markedly suppressed this increase (Figure
2). These in vivo findings were further corroborated in vitro, where incubation of cells with 5-
MTHEF significantly counteracted H202 induced oxidative stress reinforcing the antioxidant role

of 5-MTHF (Figure 3).
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Figure 2. Hepatic oxidative stress biomarkers in rats subjected to IR injury and folate treatment

A. IR reduced hepatic GSH levels, while 5S-MTHF treatment effectively restored them. B. IR
elevated hepatic GSSG levels, whereas 5-MTHF treatment normalized them. C. IR decreased the
hepatic GSH: GSSG ratio; 5-MTHF treatment effectively restored it. D. IR increased hepatic MDA
levels, while 5S-MTHF treatment effectively normalized them. Results are expressed as mean + SD

(n = 6-8). P< 0.05

60



HepG2 GSH:GSSG ration

HepG2 GSH (nmol/g protein)

(% to control)

120.0

p—
(=3
54
=}

80.0 +

60.0 4

40.0 A

20.0 A

0.0

140.0 -

120.0 -

100.0 +

80.0 o

60.0 o

40.0 1

20.0 o

0.0

Control

H202

*

H202 + 5-MTHF

Control

H202

H202 + 5-MTHF

1.60
1.40
1.20
1.00

G (umol/g protein)

SS
2 2
2 o »
S S 3

G2 G

$0.2
£0.20
0.00

=
—
[ 8]

e
o
=

HepG2 MDA (umol/g protein)

0.00

[—) [—]
PO
F°N =) .

,

0.08 1

Control

0.06 1
0.04 o

0.02 o

H202

*

*
i #

H202 + 5-MTHF

#

Control

H202

H202 + 5-MTHF

Figure 3. Oxidative stress biomarkers in HepG2 cells subjected to H202 and folate treatment

A. H20: treatment significantly reduced GSH levels, whereas 5-MTHF treatment effectively

restored them. B. H20: exposure increased GSSG levels in HepG2 cells, while 5-MTHF treatment
normalized them. C. H:0O: decreased the hepatic GSH:GSSG ratio, and 5-MTHF treatment
effectively restored it. D. H2O:2 elevated hepatic MDA levels, which were normalized by 5S-MTHF

treatment. Results are expressed as mean + SD (n=6). P < 0.05
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4.3. Effect of folic acid against IR- and H20:2-induced lipid dysregulation

IR injury resulted in a marked increase in hepatic triglyceride and cholesterol accumulation, as
evidenced by enhanced lipid deposition in liver tissue (Figure 4). This dysregulation of lipid
metabolism is consistent with impaired mitochondrial function and redox imbalance, processes
known to drive hepatic steatosis under oxidative stress conditions. Remarkably, treatment with 5-
MTHEF significantly attenuated this lipid accumulation, restoring hepatic lipid levels closer to
baseline values (Figure 4).

Complementary in vitro experiments supported these findings: exposure of HepG2 cells to H202
induced intracellular triglyceride and cholesterol buildup, mimicking oxidative stress driven lipid
dysregulation. Notably, co-treatment with 5S-MTHF effectively reduced intracellular lipid content,
underscoring its ability to protect against oxidative stress—mediated disturbances in lipid
homeostasis (Figure 5). Together, these results suggest that 5-MTHF not only mitigates IR-
induced oxidative stress but also prevents secondary metabolic consequences such as lipid

accumulation in the liver.
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Figure 4. Effect of IR on hepatic lipid accumulation

A. The IR group exhibited elevated hepatic triglyceride levels, which were reduced to normal by
5-MTHF treatment. B. Hepatic cholesterol levels were elevated but were restored to normal with

5-MTHF treatment. Results are expressed as mean + SD (n = 6-8). P < 0.05
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Figure S. Effect of H20:2 on lipid accumulation in HepG2 cells

A. The H20: group showed an accumulation of triglycerides, which was reduced to baseline by 5-
MTHF treatment. B. Hepatic cholesterol content increased but was corrected after 5S-MTHF

administration. Results are expressed as mean + SD (n = 6-8). P < 0.05
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4.4. Folic acid upregulated AMPK pathway and affected lipid metabolism in the liver
AMPK serves as a central regulator of lipid metabolism by integrating signals related to the cellular
energy state and thereby modulating key metabolic pathways. Therefore, it is considered a
therapeutic target for IR injury (Hardie, 2008). In this study, AMPK activation was evaluated by
measuring phosphorylated AMPK (pAMPK) relative to total AMPK protein levels in the liver.
The results demonstrated that renal IR significantly reduced pAMPK levels, which were
subsequently increased following folate administration. (Figure 6).

To investigate whether the downregulation of AMPK affected lipid metabolism, the expression of
genes involved in lipogenesis and fatty acid oxidation was examined. The results showed that renal
IR significantly increased the mRNA expression of ACC1 and SREBP-1c in the liver, while folate
administration attenuated these elevations (Figure 6). Additionally, the expression of genes
regulating fatty acid oxidation, including PPARa and CPTla, was markedly reduced by renal IR,
but folate treatment restored their levels (Figure 7). Collectively, these findings suggested that
renal IR suppressed AMPK phosphorylation, thereby contributing to dysregulated lipid
metabolism and hepatic lipid accumulation. Folic acid administration could ameliorate these

alterations.
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Figure 6. Effects of IR induction and folate on pAMPK activation in hepatic cells

IR induction decreased the pAMPK/AMPK ratio. Folate treatment elevated pAMPK activation.

Results are expressed as mean = SD (n = 6-8). P < 0.05
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Figure 7. Hepatic gene expression related to lipogenesis and fatty acid oxidation in rats

A. IR increased hepatic SREBP1 mRNA expression, while 5-MTHF treatment effectively restored
it. B. IR elevated hepatic ACC1 mRNA expression, whereas 5-MTHF treatment normalized it. C.
IR decreased hepatic PPARa mRNA expression; S-MTHF treatment effectively restored it. D. IR
reduced hepatic CPTla mRNA expression, while 5-MTHF treatment effectively normalized it.

Results are expressed as mean = SD (n = 6-8). P < 0.05
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4.5. Effect of H20: and folic acid on AMPK phosphorylation and lipid metabolism-related
gene expression in hepatocytes

Our previous studies indicated that after treating cells with various concentrations of H202, no
significant toxicity was observed up to 200 uM H202. Additionally, the dosage of 5-MTHF used
in the present study was determined based on the findings from our earlier research (Au-Yeung K.
K. W. etal., 2023; Wijerathne C. U. B. et al., 2022). To further investigate the effects of H2O2 and
5-MTHF on lipid metabolism in HepG2 cells, the phosphorylation status of AMPK was assessed.
H20: treatment significantly reduced phosphorylated AMPK protein levels, an effect that was
reversed by 5-MTHF administration (Figure 8). Moreover, H202 significantly upregulated the
expression of the lipogenic genes ACC1 and SREBP-1c¢, while 5-MTHF treatment attenuated these
increases (Figure 9). In contrast, the mRNA expression of fatty acid oxidation-related enzymes,
PPARa and CPTIa, was markedly decreased following H20O2 exposure and subsequently increased
with 5-MTHF treatment (Figure 9). These findings suggest that oxidative stress disrupts AMPK
phosphorylation and alters the expression of key lipid metabolism-related genes, effects that can

be ameliorated by 5-MTHF.
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Figure 8. Regulation of AMPK and pAMPK in HepG?2 cells following H202 exposure and folate

treatment

H20: exposure markedly decreased the pAMPK/AMPK ratio. In contrast, folate treatment

increased the pAMPK/AMPK ratio compared to the H-O2 group. Results are expressed as mean +

SD (n = 6-8). P < 0.05
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Figure 9. Regulation of lipogenic and fatty acid oxidation genes in HepG2 cells following H202
exposure and folate treatment

A. H20: increased SREBP1 mRNA expression, which was effectively restored by 5-MTHF
treatment. B. H.O: elevated ACC1 mRNA expression, whereas 5S-MTHF treatment normalized it.
C. H:20: suppressed PPARa mRNA expression, which was restored by 5-MTHF treatment. D.
H:20: reduced CPTla mRNA expression, while 5-MTHF treatment normalized it. Results are
expressed as mean + SD (n = 6-8). P < 0.05
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CHAPTER V: DISCUSSION
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The adverse effect of AKI can extend beyond the kidneys and precipitate dysfunction in distant
organs, including the brain, lungs, heart, liver, and intestinal tract. This interorgan crosstalk, often
referred to as the kidney - organ axis, underscores the systemic dysfunction of AKI (Husain-Syed
F. et al., 2020). The harmful interaction between injured kidneys and the peripheral organs can
amplify inflammatory responses, oxidative stress, and metabolic imbalances, thereby creating a
vicious cycle of progressive organ damage. Over time, this cascade not only worsens the severity
of AKI but also contributes to the development of multi-organ dysfunction syndrome (MODS),

significantly increasing morbidity and mortality ( Grams M. E. & Rabb H., 2012).

5.1. 5-MTHF improves kidney and liver function in AKI rats

Our previous research demonstrated that kidney IR injury was associated with significantly
reduced plasma folate concentration (Yang C. et al., 2021). Moreover, plasma folate levels were
inversely correlated with creatinine levels, suggesting that deterioration in kidney function was
accompanied by a decline in circulating folate (Yang C. et al., 2021). In the present study, rats
subjected to renal IR exhibited both kidney and liver injuries. This was indicated by elevated
plasma creatinine, a marker of renal dysfunction, and increased ALT activity, a well-established
indicator of hepatocellular damage. Given that folate is an essential micronutrient required for one-
carbon metabolism, nucleotide synthesis, methylation reactions, and antioxidant defense,
maintaining adequate folate status is a critical component of managing AKI. In this context, the
current findings are particularly noteworthy, as supplementation with 5-MTHF, the biologically

active form of folate, significantly improved both renal and hepatic function in rats subjected to
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IR-induced AKI. These results highlight the therapeutic potential of folate supplementation in

attenuating multi-organ dysfunction associated with AKI.

5.2. 5-MTHF attenuates ischemia-reperfusion induced oxidative stress

Oxidative stress is a major contributor to the adverse outcomes associated with AKI, not only
impairing renal function but also promoting secondary dysfunction in other organs through
systemic oxidative stress and metabolic disturbances (Husain-Syed F. et al., 2020; Pavlakou P. M.
et al., 2017). In AKI, excessive production of ROS occurs in large quantities, particularly during
IR. These ROS attack cellular macromolecules including lipids, proteins, and DNA, resulting in
lipid peroxidation of cell membranes, mitochondrial dysfunction, and injury to both endothelial
and tubular epithelial cells (Tomsa A. M. et al., 2019). In addition, ROS activate inflammatory
pathways through the release of cytokines such as TNF-a and IL-1f, while simultaneously
overwhelming and inactivating endogenous antioxidant defenses, including superoxide dismutase,
catalase, and glutathione (Wijerathne C. U. B. et al., 2020). This imbalance between ROS
generation and antioxidant capacity drives oxidative stress mediated damage, which exacerbates
tubular necrosis, promotes microvascular dysfunction, and amplifies inflammation, thereby
accelerating the progression of kidney dysfunction (Zhang J. et al., 2016).

Accumulating evidence indicates that antioxidants can mitigate renal injury, particularly during
the early stages of AKI, by limiting oxidative damage and preserving cellular homeostasis (Dennis
J. & Witting P., 2017). In parallel, micronutrient deficiencies are frequently observed in patients
with kidney disease, with folate deficiency being especially prominent (Yang C. et al., 2021).

Folate plays a central role in redox balance, one-carbon metabolism, and nucleotide synthesis.
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Inadequate folate availability may exacerbate oxidative stress and contribute to poor outcomes in
AKI (Ostermann M. et al., 2020). In the present study, we demonstrated that administration of
low-dose 5-MTHEF attenuated oxidative stress and significantly improved kidney and liver function
in rats subjected to IR-induced AKI. IR injury was associated with reduced hepatic GSH levels,
increased MDA levels, and an elevated GSH-to-GSSG ratio in IR-injured rats. Treatment with 5-
MTHEF partially restored GSH level while reducing GSSG and MDA accumulation. These results
indicate that the restoration of glutathione homeostasis may contribute, at least in part, to the
antioxidant and hepatoprotective effects of folic acid against IR-induced liver injury.

HepG2 cells, which retain many key characteristics of hepatocytes, have been widely used as a
valuable in vitro model for studying liver metabolism, including mechanisms regulating oxidative
stress and cellular responses to metabolic challenges (Hou X. et al., 2008). In the present study,
exposing HepG2 cells to H20: caused oxidative stress, as indicated by a decrease in GSH levels
and an increase in MDA levels, along with a decrease in the GSH-to-GSSG ratio. The rise in MDA
reflects enhanced lipid peroxidation, while changes in GSH and GSSG indicate disruption of the
cellular redox balance. Treatment with 5S-MTHF partially restored GSH levels, reduced GSSG
accumulation, and mitigated MDA production, suggesting that reestablishing glutathione
homeostasis and limiting lipid peroxidation are key mechanisms by which folic acid exerts its

antioxidant and hepatoprotective effects against oxidative stress—induced cellular injury.
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5.3. 5-MTHF attenuates AKI-induced AMPK inhibition and prevents hepatic lipid
accumulation

AKI profoundly affects the metabolic state of the kidneys and other organs, in part through
dysregulation of the AMPK signaling pathway (Day E. A. et al., 2017; Kandula N. et al., 2022).
Under normal physiological conditions, AMPK functions as a central energy sensor that maintains
cellular and hepatic lipid homeostasis by inhibiting ATP-consuming anabolic pathways, including
lipogenesis, while stimulating ATP-producing catabolic pathways such as glycolysis and fatty acid
oxidation (Hardie D. G., 2008). During ischemia, ATP levels drop and the AMP/ATP ratio rises,
activating AMPK to preserve cellular energy and cell viability. AMPK activation has been shown
to mitigate IR-induced kidney injury by promoting autophagy, enhancing mitochondrial integrity
and biogenesis, reducing ROS production, and upregulating antioxidant defenses such as
superoxide dismutase and catalase (Rodriguez C. et al., 2020).

However, in AKI, a significant reduction in AMPK phosphorylation disrupts these protective
mechanisms, leading to metabolic dysregulation beyond the kidney (Guo Y. et al., 2014). In the
liver, this manifests as unchecked lipogenesis, impaired fatty acid oxidation, and progressive
hepatic lipid accumulation (Au-Yeung K. K. W. et al., 2023). Excess lipid deposition exacerbates
oxidative stress and triggers inflammatory responses, compromising hepatocellular structure and
critical liver functions including metabolism, protein synthesis, and detoxification (Kandula N. et
al., 2022). In the present study, folic acid supplementation effectively restored AMPK
phosphorylation and reactivated downstream lipid regulatory pathways, enhancing fatty acid
oxidation, suppressing lipid synthesis, reducing hepatic lipid accumulation, and preserving liver
function. These findings highlight the central role of AMPK in coordinating multi-organ metabolic

responses during AKI. Our results suggest that targeted modulation of AMPK signaling,
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potentially via folate supplementation, may provide a therapeutic strategy to prevent AKI-induced

hepatic and systemic dysfunction.
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CHAPTER VI: CONCLUSIONS AND FUTURE PERSPECTIVES
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6.1. Conclusion

In conclusion this study demonstrated that renal IR in rats induced both kidney and liver damage,
accompanied by a reduction in plasma folate levels and heightened oxidative stress. These findings
underscore the systemic consequences of AKI beyond the kidney itself. Supplementation with 5-
MTHEF effectively improved renal and hepatic function, likely through its antioxidant property and
its ability to restore glutathione homeostasis, thereby mitigating oxidative damage.
Mechanistically, AKI promoted hepatic lipid accumulation through dysregulation of the AMPK
signaling pathway, resulting in enhanced lipogenesis, impaired lipid clearance, and progressive
fatty liver development. This hepatic lipid accumulation further amplified oxidative stress and
inflammatory responses, exacerbating liver injury. Folic acid supplementation restored AMPK
phosphorylation, reactivated downstream lipid regulatory pathways, promoted fatty acid
oxidation, and reduced hepatic lipid deposition, ultimately preserving liver function. These
findings highlight a mechanistic link between AKI-induced metabolic disturbances and secondary
liver injury, and suggest that targeting AMPK signaling and restoring folate status may represent

a promising therapeutic strategy to prevent multi-organ complications following AKI.

6.2. Future studies

Despite growing evidence that AKI exerts systemic effects beyond the kidney, the long-term
impact of AKI and folate treatment on hepatic lipid metabolism remains poorly understood. AKI-
induced alterations in renal function can trigger widespread metabolic disturbances, potentially
promoting hepatic lipid accumulation, oxidative stress, and inflammatory responses, which may

contribute to the development of liver dysfunction and metabolic disorders. While folate
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supplementation has been suggested to exert hepatoprotective and antioxidant effects, the timing,
dosage, and efficacy of such interventions in the context of AKI have not been systematically
examined. Further research is needed to investigate the effects of AKI and folate treatment at
critical time points, such as 48- and 72-hours post-injury. Research should also examine longer-
term follow-up (e.g., weeks or months post-AKI). This will help elucidate the cellular and
molecular mechanisms driving hepatic lipid accumulation. It is also important to determine
whether these changes predispose individuals to long-term metabolic or inflammatory liver
disorders. Additionally, sex-specific differences in response to AKI and folate treatment may
significantly influence these outcomes, underscoring the importance of including both male and
female subjects in experimental designs. A comprehensive understanding of these mechanisms
could provide critical insights into multi-organ interactions following AKI, inform targeted
therapeutic strategies, and ultimately improve clinical outcomes such as recovery, morbidity, and

survival in the affected population.

79



Chapter VII: REFERENCES

80



Abdallah, H. M. 1. (2021). New trends in pharmacological treatment of acute kidney injury. Asian Pacific
Journal of Tropical Biomedicine, 11(7), 285-297. https://doi.org/10.4103/2221-1691.317241

Aldini, G., Altomare, A., Baron, G., Vistoli, G., Carini, M., Borsani, L., & Sergio, F. (2018). N-
Acetylcysteine as an antioxidant and disulphide breaking agent: The reasons why. Free Radical
Research, 52(7), 751-762. https://doi.org/10.1080/10715762.2018.1468564

AlSahow, A., Alkandari, O., AlYousef, A., AlHelal, B., AlRajab, H., AlQallaf, A., Bahbahani, Y.,
AlSharekh, M., AlKandari, A., Nessim, G., Mashal, B., Mazroue, A., Abdelmoteleb, A., Saad, M.,
Abdelzaher, A., Abdallah, E., Abdellatif, M., ElHusseini, Z., & Abdelrady, A. (2024). Health Care
Access, Socioeconomic Status, and Acute Kidney Injury Outcomes: A Prospective National Study.
Kidney Medicine, 6(9), 100867. https://doi.org/10.1016/j.xkme.2024.100867

Andrade-Oliveira, V., Foresto-Neto, O., Watanabe, 1. K. M., Zatz, R., & Camara, N. O. S. (2019).
Inflammation in Renal Diseases: New and Old Players. Frontiers in Pharmacology, 10, 1192.
https://doi.org/10.3389/fphar.2019.01192

Aparicio-Trejo, O. E., Avila-Rojas, S. H., Tapia, E., Rojas-Morales, P., Leén-Contreras, J. C., Martinez-
Klimova, E., Herndndez-Pando, R., Sdnchez- Lozada, L. G., & Pedraza-Chaverri, J. (2020).
Chronic impairment of mitochondrial bioenergetics and f-oxidation promotes experimental AKI-
to-CKD transition induced by folic acid. Free Radical Biology and Medicine, 154, 18-32.
https://doi.org/10.1016/j.freeradbiomed.2020.04.016

Asbaghi, O., Ghanavati, M., Ashtary-Larky, D., Bagheri, R., Rezaei Kelishadi, M., Nazarian, B., Nordvall,
M., Wong, A., Dutheil, F., Suzuki, K., & Alavi Naeini, A. (2021). Effects of Folic Acid
Supplementation on Oxidative Stress Markers: A Systematic Review and Meta-Analysis of
Randomized Controlled Trials. Antioxidants, 10(6), 871. https://doi.org/10.3390/antiox10060871

Au-Yeung, K. K. W., Shang, Y., Wijerathne, C. U. B., Madduma Hewage, S., Siow, Y. L., & O, K. (2023).
Acute Kidney Injury Induces Oxidative Stress and Hepatic Lipid Accumulation through AMPK
Signaling Pathway. Antioxidants, 12(4), 883. https://doi.org/10.3390/antiox 12040883

Bailey, L. B., & Gregory, J. F. (1999). Folate Metabolism and Requirements. The Journal of Nutrition,
129(4), 779-782. https://doi.org/10.1093/jn/129.4.779

Bailey, L. B., Stover, P. J., McNulty, H., Fenech, M. F., Gregory, J. F., Mills, J. L., Pfeiffer, C. M., Fazili,
Z.,Zhang, M., Ueland, P. M., Molloy, A. M., Caudill, M. A., Shane, B., Berry, R. J., Bailey, R. L.,
Hausman, D. B., Raghavan, R., & Raiten, D. J. (2015). Biomarkers of Nutrition for Development—
Folate Review. The Journal of Nutrition, 145(7), 1636S-1680S.
https://doi.org/10.3945/jn.114.206599

Baird, L., & Yamamoto, M. (2020). The Molecular Mechanisms Regulating the KEAP1-NRF2 Pathway.
Molecular and Cellular Biology, 40(13), €00099-20. https://doi.org/10.1128/MCB.00099-20

81



Basile, D., & Yoder, M. (2014). Renal Endothelial Dysfunction in Acute Kidney Ischemia Reperfusion
Injury.  Cardiovascular &  Hematological Disorders-Drug — Targets, 14(1), 3-14.
https://doi.org/10.2174/1871529X1401140724093505

Bekaert, S., Storozhenko, S., Mehrshahi, P., Bennett, M. J., Lambert, W., Gregory, J. F., Schubert, K.,
Hugenholtz, J., Van Der Straeten, D., & Hanson, A. D. (2008). Folate biofortification in food
plants. Trends in Plant Science, 13(1), 28-35. https://doi.org/10.1016/j.tplants.2007.11.001

Berger, M. M. (2006). Antioxidant Micronutrients in Major Trauma and Burns: Evidence and Practice.
Nutrition in Clinical Practice, 21(5), 438—449. https://doi.org/10.1177/0115426506021005438

Bihorac, A., Baslanti, T. O., Cuenca, A. G., Hobson, C. E., Ang, D., Efron, P. A., Maier, R. V., Moore, F.
A., & Moldawer, L. L. (2013). Acute kidney injury is associated with early cytokine changes after
trauma. Journal of Trauma and Acute Care  Surgery, 74(4), 1005-1013.
https://doi.org/10.1097/TA.0b013e31828586ec

Bonventre, J. V., & Yang, L. (2011). Cellular pathophysiology of ischemic acute kidney injury. Journal of
Clinical Investigation, 121(11), 4210-4221. https://doi.org/10.1172/JCI45161

Bottiglieri, T. (2000). Homocysteine, folate, methylation, and monoamine metabolism in depression.
Journal of  Neurology, Neurosurgery & Psychiatry, 69(2), 228-232.
https://doi.org/10.1136/jnnp.69.2.228

Buzzetti, E., Pinzani, M., & Tsochatzis, E. A. (2016). The multiple-hit pathogenesis of non-alcoholic fatty
liver disease (NAFLD). Metabolism, 65(8), 1038-1048.
https://doi.org/10.1016/j.metabol.2015.12.012

Cao, P., Zhang, W., Wang, G., Zhao, X., Gao, N., Liu, Z., & Xu, R. (2021). Low Dose of Folic Acid Can
Ameliorate Hyperhomocysteinemia-Induced Cardiac Fibrosis and Diastolic Dysfunction in
Spontaneously Hypertensive Rats. /nt Heart J.

Charlton, J. R., Baldelomar, E. J., Hyatt, D. M., & Bennett, K. M. (2021). Nephron number and its
determinants: A 2020 update. Pediatric Nephrology, 36(4), 797-807.
https://doi.org/10.1007/s00467-020-04534-2

Chawla, L. S. (2022). Permissive azotemia during acute kidney injury enables more rapid renal recovery
and less renal fibrosis: A hypothesis and clinical development plan. Critical Care, 26(1), 116.
https://doi.org/10.1186/s13054-022-03988-0

Chawla, L. S., Eggers, P. W, Star, R. A., & Kimmel, P. L. (2014). Acute Kidney Injury and Chronic Kidney
Disease as Interconnected Syndromes. New England Journal of Medicine, 371(1), 58-66.
https://doi.org/10.1056/NEJMra1214243

82



Chen, N., Ou, Z., Zhang, W., Zhu, X., Li, P., & Gong, J. (2018). Cathepsin B regulates non-canonical NLRP
3 inflammasome pathway by modulating activation of caspase-11 in Kupffer cells. Cell
Proliferation, 51(6), €12487. https://doi.org/10.1111/cpr.12487

Chen, W., Wang, L., Liang, P., Mast, J., Mathis, C., Liu, C. Y., Wei, J., Zhang, J., Fu, L., Juncos, L. A.,
Buggs, J., & Liu, R. (2022). Reducing ischemic kidney injury through application of a
synchronization modulation electric field to maintain Na" /K" -ATPase functions. Science
Translational Medicine, 14(635), eabj4906. https://doi.org/10.1126/scitranslmed.abj4906

Chevalier, R. L. (2017). Evolutionary Nephrology. Kidney International Reports, 2(3), 302-317.
https://doi.org/10.1016/j.ekir.2017.01.012

Crider, K. S., Yang, T. P., Berry, R. J., & Bailey, L. B. (2012). Folate and DNA Methylation: A Review of
Molecular Mechanisms and the Evidence for Folate’s Role. Advances in Nutrition, 3(1), 21-38.
https://doi.org/10.3945/an.111.000992

Crittenden, R. G., Martinez, N. R., & Playne, M. J. (2003). Synthesis and utilisation of folate by yoghurt
starter cultures and probiotic bacteria. International Journal of Food Microbiology, 80(3), 217—
222. https://doi.org/10.1016/s0168-1605(02)00170-8

Cuenda, A., & Rousseau, S. (2007). P38 MAP-Kinases pathway regulation, function and role in human
diseases. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1773(8), 1358—1375.
https://doi.org/10.1016/j.bbamcr.2007.03.010

Danobeitia, J. S., Djamali, A., & Fernandez, L. A. (2014). The role of complement in the pathogenesis of
renal ischemia-reperfusion injury and fibrosis. Fibrogenesis & Tissue Repair, 7(1), 16.
https://doi.org/10.1186/1755-1536-7-16

Day, E. A., Ford, R. J., & Steinberg, G. R. (2017). AMPK as a Therapeutic Target for Treating Metabolic
Diseases. Trends in Endocrinology & Metabolism, 28(8), 545-560.
https://doi.org/10.1016/j.tem.2017.05.004

Denic, A., Glassock, R. J., & Rule, A. D. (2016). Structural and Functional Changes With the Aging
Kidney. Advances in Chronic Kidney Disease, 23(1), 19-28.
https://doi.org/10.1053/j.ackd.2015.08.004

Dennis, J., & Witting, P. (2017). Protective Role for Antioxidants in Acute Kidney Disease. Nutrients, 9(7),
718. https://doi.org/10.3390/mu9070718

Di Mario, F., Sabatino, A., & Fiaccadori, E. (2025). Clinical nutrition in patients with Acute Kidney Injury:
Traditional approaches and emerging perspectives. Clinical Nutrition ESPEN, 65, 348-356.
https://doi.org/10.1016/j.clnesp.2024.12.015

Donnelly, K. L., Smith, C. L., Schwarzenberg, S. J., Jessurun, J., Boldt, M. D., & Parks, E. J. (2005). Sources

of fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver

83



disease. Journal of Clinical Investigation, 115(5), 1343-1351.
https://doi.org/10.1172/jci200523621

Doyle, J. F., & Forni, L. G. (2016). Acute kidney injury: Short-term and long-term effects. Critical Care,
20(1), 188. https://doi.org/10.1186/s13054-016-1353-y

Duncan, R. E., Ahmadian, M., Jaworski, K., Sarkadi-Nagy, E., & Sul, H. S. (2007). Regulation of Lipolysis
in Adipocytes. Annual Review of Nutrition, 27(1), 79-101.
https://doi.org/10.1146/annurev.nutr.27.061406.093734

Engevik, M. A., Morra, C. N., Roth, D., Engevik, K., Spinler, J. K., Devaraj, S., Crawford, S. E., Estes, M.
K., Kalkum, M., & Versalovic, J. (2019). Microbial Metabolic Capacity for Intestinal Folate
Production and Modulation of Host Folate Receptors. Frontiers in Microbiology, 10, 2305.
https://doi.org/10.3389/fmicb.2019.02305

Fabbrini, E., Sullivan, S., & Klein, S. (2010). Obesity and Nonalcoholic Fatty Liver Disease: Biochemical,
Metabolic, and Clinical Implications. Hepatology, 51(2), 679—-689.
https://doi.org/10.1002/hep.23280

Folch, J., Lees, M., & Stanley, G. H. S. (1957). A SIMPLE METHOD FOR THE ISOLATION AND
PURIFICATION OF TOTAL LIPIDES FROM ANIMAL TISSUES. Journal of Biological
Chemistry, 226(1), 497-509. https://doi.org/10.1016/S0021-9258(18)64849-5

Forman, H. J., Zhang, H., & Rinna, A. (2009). Glutathione: Overview of its protective roles, measurement,
and biosynthesis. Molecular Aspects of Medicine, 30(1-2), 1-12.
https://doi.org/10.1016/j.mam.2008.08.006

Gaggini, M., Morelli, M., Buzzigoli, E., DeFronzo, R., Bugianesi, E., & Gastaldelli, A. (2013). Non-
Alcoholic Fatty Liver Disease (NAFLD) and Its Connection with Insulin Resistance, Dyslipidemia,
Atherosclerosis and Coronary  Heart  Disease. Nutrients, 5(5), 1544-1560.
https://doi.org/10.3390/nu5051544

Gameiro, J., Fonseca, J. A., Outerelo, C., & Lopes, J. A. (2020). Acute Kidney Injury: From Diagnosis to
Prevention and Treatment Strategies. Journal of Clinical Medicine, 9(6), 1704.
https://doi.org/10.3390/jcm9061704

Garcia, J., Han, D., Sancheti, H., Yap, L.-P., Kaplowitz, N., & Cadenas, E. (2010). Regulation of
Mitochondrial Glutathione Redox Status and Protein Glutathionylation by Respiratory Substrates.
Journal of Biological Chemistry, 285(51),39646—-39654. https://doi.org/10.1074/jbc.M110.164160

Gerschman, R., Gilbert, D. L., Nye, S. W., Dwyer, P., & Fenn, W. O. (1954). Oxygen Poisoning and X-
irradiation: A Mechanism in Common. Science, 119(3097), 623-626.
https://doi.org/10.1126/science.119.3097.623

84



Golab, F., Kadkhodaee, M., Zahmatkesh, M., Hedayati, M., Arab, H., Schuster, R., Zahedi, K., Lentsch, A.
B., & Soleimani, M. (2009). Ischemic and non-ischemic acute kidney injury cause hepatic damage.
Kidney International, 75(8), 783—792. https://doi.org/10.1038/ki.2008.683

Goll, D. E., Thompson, V. F., Li, H., Wei, W., & Cong, J. (2003). The Calpain System. Physiological
Reviews, 83(3), 731-801. https://doi.org/10.1152/physrev.00029.2002

Gomes, C. L. R., Cleto-Yamane, T. L., Ruzani, F., & Suassuna, J. H. R. (2023). Socioeconomic Influences
on the Outcomes of Dialysis-Requiring Acute Kidney Injury in Brazil. Kidney International
Reports, 8(9), 1772—1783. https://doi.org/10.1016/j.ekir.2023.06.003

Grams, M. E., & Rabb, H. (2012). The distant organ effects of acute kidney injury. Kidney International,
81(10), 942-948. https://doi.org/10.1038/ki.2011.241

Gregory, J. F. (2001). Case Study: Folate Bioavailability. The Journal of Nutrition, 131(4), 1376S-1382S.
https://doi.org/10.1093/jn/131.4.1376S

Guo, Y., Zhang, Y., Hong, K., Luo, F., Gu, Q., Lu, N., & Bai, A. (2014). AMPK Inhibition Blocks ROS-
NF«B Signaling and Attenuates Endotoxemia-Induced Liver Injury. PLoS ONE, 9(1), e86881.
https://doi.org/10.1371/journal.pone.0086881

Halestrap, A. P. (2009). What is the mitochondrial permeability transition pore? Journal of Molecular and
Cellular Cardiology, 46(6), 821-83 1. https://doi.org/10.1016/j.yjmcc.2009.02.021

Hall, J. E., Hall, J. E., & Guyton, A. C. (2011). Guyton and Hall textbook of medical physiology: Student
consult. Activate at studentconsult.com. Searchable full text online (12. ed). Saunders, Elsevier.

Hardie, D. G. (2007). AMP-activated/SNF1 protein kinases: Conserved guardians of cellular energy.
Nature Reviews Molecular Cell Biology, 8(10), 774—785. https://doi.org/10.1038/nrm2249

Hardie, D. G. (2008). AMPK: A key regulator of energy balance in the single cell and the whole organism.
International Journal of Obesity, 32(S4), S7T-S12. https://doi.org/10.1038/ijo.2008.116

Hardie, D. G., Ross, F. A., & Hawley, S. A. (2012). AMPK: A nutrient and energy sensor that maintains
energy homeostasis. Nature Reviews Molecular Cell Biology, 13(4), 251-262.
https://doi.org/10.1038/nrm3311

Harman, D. (n.d.). AGING: A THEORY BASED ON FREE RADICAL AND RADIATION CHEMISTRY .

Havasi, A., & Borkan, S. C. (2011). Apoptosis and acute kidney injury. Kidney International, 80(1), 29—
40. https://doi.org/10.1038/ki.2011.120

He, J., Chen, Y., Li, Y., & Feng, Y. (2025). Molecular mechanisms and therapeutic interventions in acute
kidney injury: A literature review. BMC Nephrology, 26(1), 144. https://doi.org/10.1186/s12882-
025-04077-4

85



He, Q., & Li, J. (2023). The evolution of folate supplementation — from one size for all to personalized,
precision, poly-paths. Journal of Translational Internal Medicine, 11(2), 128-137.
https://doi.org/10.2478/jtim-2023-0087

Herzig, S., & Shaw, R. J. (2018). AMPK: Guardian of metabolism and mitochondrial homeostasis. Nature
Reviews Molecular Cell Biology, 19(2), 121-135. https://doi.org/10.1038/nrm.2017.95

Hinchy, E. C., Gruszczyk, A. V., Willows, R., Navaratnam, N., Hall, A. R., Bates, G., Bright, T. P., Krieg,
T., Carling, D., & Murphy, M. P. (2018). Mitochondria-derived ROS activate AMP-activated
protein kinase (AMPK) indirectly. Journal of Biological Chemistry, 293(44), 17208-17217.
https://doi.org/10.1074/jbc.RA118.002579

Hoste, E. A. J., Kellum, J. A., Selby, N. M., Zarbock, A., Palevsky, P. M., Bagshaw, S. M., Goldstein, S.
L., Cerda, J., & Chawla, L. S. (2018). Global epidemiology and outcomes of acute kidney injury.
Nature Reviews Nephrology, 14(10), 607—625. https://doi.org/10.1038/s41581-018-0052-0

Hou, X., Xu, S., Maitland-Toolan, K. A., Sato, K., Jiang, B., Ido, Y., Lan, F., Walsh, K., Wierzbicki, M.,
Verbeuren, T. J., Cohen, R. A., & Zang, M. (2008). SIRT1 Regulates Hepatocyte Lipid Metabolism
through Activating AMP-activated Protein Kinase. Journal of Biological Chemistry, 283(29),
20015-20026. https://doi.org/10.1074/jbc.M802187200

House, J., Jing, M., Hwang, S.-Y., & O, K. (2012). Folic Acid and Pathogenesis of Cardiovascular Disease.
In N. Moghadasian & M. Eskin, Functional Foods and Cardiovascular Disease (pp. 95-110). CRC
Press. https://doi.org/10.1201/b11562-6

Hruska, K. A., Mathew, S., Lund, R. J., Memon, 1., & Saab, G. (2009). The Pathogenesis of Vascular
Calcification in the Chronic Kidney Disease Mineral Bone Disorder: The Links Between Bone and
the Vasculature. Seminars in Nephrology, 29(2), 156-165.
https://doi.org/10.1016/j.semnephrol.2009.01.008

Hsu, R. K., & Hsu, C. (2016). The Role of Acute Kidney Injury in Chronic Kidney Disease. Seminars in
Nephrology, 36(4), 283-292. https://doi.org/10.1016/j.semnephrol.2016.05.005

Humphreys, B. D. (2018). Mechanisms of Renal Fibrosis. Annual Review of Physiology, 80(1), 309-326.
https://doi.org/10.1146/annurev-physiol-022516-034227

Husain-Syed, F., Rosner, M. H., & Ronco, C. (2020). Distant organ dysfunction in acute kidney injury.
Acta Physiologica, 228(2), €13357. https://doi.org/10.1111/apha.13357

Hwang, S.-Y., Siow, Y. L., Au-Yeung, K. K. W., & House, J. (2011). Folic acid supplementation inhibits
NADPH oxidase-mediated superoxide anion production in the kidney. Renal Physiol, 300.

Ioannou, G. N. (2016). The Role of Cholesterol in the Pathogenesis of NASH. Trends in Endocrinology &
Metabolism, 27(2), 84-95. https://doi.org/10.1016/j.tem.2015.11.008

86



Jones, D. P. (2006). Redefining Oxidative Stress. Antioxidants & Redox Signaling, 8(9-10), 1865—-1879.
https://doi.org/10.1089/ars.2006.8.1865

Joshi, R., Adhikari, S., Patro, B. S., Chattopadhyay, S., & Mukherjee, T. (2001). Free radical scavenging
behavior of folic acid: Evidence for possible antioxidant activity. Free Radical Biology and
Medicine, 30(12), 1390—1399. https://doi.org/10.1016/S0891-5849(01)00543-3

Kalogeris, T., Baines, C. P., Krenz, M., & Korthuis, R. J. (2012). Cell Biology of Ischemia/Reperfusion
Injury. In International Review of Cell and Molecular Biology (Vol. 298, pp. 229-317). Elsevier.
https://doi.org/10.1016/B978-0-12-394309-5.00006-7

Kandula, N., Kumar, S., Mandlem, V. K. K., Siddabathuni, A., Singh, S., & Kosuru, R. (2022). Role of
AMPK in Myocardial Ischemia-Reperfusion Injury-Induced Cell Death in the Presence and
Absence of Diabetes. Oxidative Medicine and Cellular Longevity, 2022(1), 7346699.
https://doi.org/10.1155/2022/7346699

Kellum, J. A., Lameire, N., & for the KDIGO AKI Guideline Work Group. (2013). Diagnosis, evaluation,
and management of acute kidney injury: A KDIGO summary (Part 1). Critical Care, 17(1), 204.
https://doi.org/10.1186/cc11454

Kellum, J. A., Romagnani, P., Ashuntantang, G., Ronco, C., Zarbock, A., & Anders, H.-J. (2021). Acute
kidney injury. Nature Reviews Disease Primers, 7(1), 52. https://doi.org/10.1038/s41572-021-
00284-z

Kersten, S. (2001). Mechanisms of nutritional and hormonal regulation of lipogenesis. EMBO Reports,
2(4), 282-286. https://doi.org/10.1093/embo-reports/kve071

Kim, J., Yang, G., Kim, Y., Kim, J., & Ha, J. (2016). AMPK activators: Mechanisms of action and
physiological activities. Experimental & Molecular Medicine, 48(4), e224—e224.
https://doi.org/10.1038/emm.2016.16

Kok, D. E., Steegenga, W. T., Smid, E. J., Zoetendal, E. G., Ulrich, C. M., & Kampman, E. (2020). Bacterial
folate biosynthesis and colorectal cancer risk: More than just a gut feeling. Critical Reviews in
Food Science and Nutrition, 60(2), 244-256. https://doi.org/10.1080/10408398.2018.1522499

Kuma, A., & Kato, A. (2022). Lifestyle-Related Risk Factors for the Incidence and Progression of Chronic
Kidney Disease in the Healthy Young and Middle-Aged Population. Nutrients, 14(18), 3787.
https://doi.org/10.3390/nu14183787

Large, V., Peroni, O., Letexier, D., Ray, H., & Beylot, M. (2004). Metabolism of lipids in human white
adipocyte. Diabetes & Metabolism, 30(4), 294-309. https://doi.org/10.1016/s1262-
3636(07)70121-0

87



Lee, S. A., Cozzi, M., Bush, E. L., & Rabb, H. (2018). Distant Organ Dysfunction in Acute Kidney Injury:
A Review.  American  Jouwrnal  of  Kidney  Diseases, 72(6), 846-856.
https://doi.org/10.1053/j.ajkd.2018.03.028

Levey, A.S., Stevens, L. A., Schmid, C. H., lii, A. F. C., Feldman, H. L., Kusek, J. W., Eggers, P., & Coresh,
J. (2009). A New Equation to Estimate Glomerular Filtration Rate.

Lewington, A. J. P., Cerd4, J., & Mehta, R. L. (2013). Raising awareness of acute kidney injury: A global
perspective  of a  silent killer. = Kidney  International, 84(3),  457-467.
https://doi.org/10.1038/ki.2013.153

Li, C, Yu, Y., Zhu, S., Hu, Y., Ling, X., Xu, L., Zhang, H., & Guo, K. (2024). The emerging role of
regulated cell death in ischemia and reperfusion-induced acute kidney injury: Current evidence and
future perspectives. Cell Death Discovery, 10(1), 216. https://doi.org/10.1038/s41420-024-01979-
4

Lindzon, G., & O’Connor, D. L. (2007). Folate during reproduction: The Canadian experience with folic
acid fortification. Nutrition Research and Practice, 1(3), 163.
https://doi.org/10.4162/nrp.2007.1.3.163

Loboda, A., Damulewicz, M., Pyza, E., Jozkowicz, A., & Dulak, J. (2016). Role of Nrf2/HO-1 system in
development, oxidative stress response and diseases: An evolutionarily conserved mechanism.
Cellular and Molecular Life Sciences, 73(17), 3221-3247. https://doi.org/10.1007/s00018-016-
2223-0

Lu, S. C. (2009). Regulation of glutathione synthesis. Molecular Aspects of Medicine, 30(1-2), 42-59.
https://doi.org/10.1016/j.mam.2008.05.005

Lucock, M. (2000). Folic Acid: Nutritional Biochemistry, Molecular Biology, and Role in Disease
Processes. Molecular Genetics and Metabolism, 71(1-2), 121-138.
https://doi.org/10.1006/mgme.2000.3027

Luyckx, V. A., Tuttle, K. R., Garcia-Garcia, G., Gharbi, M. B., Heerspink, H. J. L., Johnson, D. W., Liu,
Z.-H., Massy, Z. A., Moe, O., Nelson, R. G., Sola, L., Wheeler, D. C., & White, S. L. (2017).
Reducing major risk factors for chronic kidney disease. Kidney International Supplements, 7(2),
71-87. https://doi.org/10.1016/j.kisu.2017.07.003

Madduma Hewage, S., Au-Yeung, K. K. W, Prashar, S., Wijerathne, C. U. B., O, K., & Siow, Y. L. (2022).
Lingonberry Improves Hepatic Lipid Metabolism by Targeting Notchl Signaling. Antioxidants,

11(3), 472. https://doi.org/10.3390/antiox 11030472

Malek, M. (2015). Renal ischemia/reperfusion injury; from pathophysiology to treatment. Renal
Ischemia/Reperfusion Injury; from Pathophysiology to Treatment, 2.
https://doi.org/10.12861/jrip.2015.06

88



Mallamaci, F., & Tripepi, G. (2024). Risk Factors of Chronic Kidney Disease Progression: Between Old
and New Concepts. Journal of Clinical Medicine, 13(3), 678. https://doi.org/10.3390/jcm13030678

Manrique-Caballero, C. L., Del Rio-Pertuz, G., & Gomez, H. (2021). Sepsis-Associated Acute Kidney
Injury. Critical Care Clinics, 37(2), 279-301. https://doi.org/10.1016/j.ccc.2020.11.010

Matherly, L. H., & Hou, Z. (2008). Chapter 5 Structure and Function of the Reduced Folate Carrier. In
Vitamins & Hormones (Vol. 79, pp. 145-184). Elsevier. https://doi.org/10.1016/S0083-
6729(08)00405-6

Matsuzaka, T., & Shimano, H. (2011). Molecular mechanisms involved in hepatic steatosis and insulin
resistance: Disordered lipid metabolism and diabetes. Journal of Diabetes Investigation, 2(3), 170—
175. https://doi.org/10.1111/j.2040-1124.2011.00111.x

McCord, J. M., & Fridovich, 1. (1969). Superoxide Dismutase. Journal of Biological Chemistry, 244(22),
6049-6055. https://doi.org/10.1016/S0021-9258(18)63504-5

Melse-Boonstra, A. (2020). Bioavailability of Micronutrients From Nutrient-Dense Whole Foods: Zooming
in on Dairy, Vegetables, and Fruits. Frontiers in  Nutrition, 7, 101.
https://doi.org/10.3389/fnut.2020.00101

Mercado, M. G., Smith, D. K., & Guard, E. L. (2019). Acute Kidney Injury:Diagnosis and Management.
ACUTE KIDNEY INJURY, 100(11).

Mo, C., Wang, L., Zhang, J., Numazawa, S., Tang, H., Tang, X., Han, X, Li, J., Yang, M., Wang, Z., Wei,
D., & Xiao, H. (2014). The Crosstalk Between Nrf2 and AMPK Signal Pathways Is Important for
the Anti-Inflammatory Effect of Berberine in LPS-Stimulated Macrophages and Endotoxin-
Shocked Mice. Antioxidants & Redox Signaling, 20(4), 574-588.
https://doi.org/10.1089/ars.2012.5116

Mullur, R., Liu, Y.-Y., & Brent, G. A. (2014). Thyroid Hormone Regulation of Metabolism. Physiological
Reviews, 94(2), 355-382. https://doi.org/10.1152/physrev.00030.2013

Nezu, M., & Suzuki, N. (2020). Roles of Nrf2 in Protecting the Kidney from Oxidative Damage.
International Journal of Molecular Sciences, 21(8), 2951. https://doi.org/10.3390/ijms21082951

Nezu, M., Suzuki, N., & Yamamoto, M. (2017). Targeting the KEAP1-NRF2 System to Prevent Kidney
Disease = Progression. = American  Journal  of  Nephrology,  45(6), 473-483.
https://doi.org/10.1159/000475890

Ngo, V., & Duennwald, M. L. (2022). Nrf2 and Oxidative Stress: A General Overview of Mechanisms and
Implications in Human Disease. Antioxidants, 11(12), 2345.
https://doi.org/10.3390/antiox 11122345

89



NIH Office of Dietary Supplements. Folate Fact Sheet for Health Professionals. (2023).
Https://ods.od.nih.gov/factsheets/Folate-HealthProfessional/
[Https://ods.od.nih.gov/factsheets/Folate-HealthProfessional/].

Ohrvik, V. E., & Witthoft, C. M. (2011). Human Folate Bioavailability. Nutrients, 3(4), 475-490.
https://doi.org/10.3390/nu3040475

Ostermann, M., Summers, J., Lei, K., Card, D., Harrington, D. J., Sherwood, R., Turner, C., Dalton, N.,
Peacock, J., & Bear, D. E. (2020). Micronutrients in critically ill patients with severe acute kidney
injury — a prospective study. Scientific Reports, 10(1), 1505. https://doi.org/10.1038/s41598-020-
58115-2

Palevsky, P. M., Liu, K. D., Brophy, P. D., Chawla, L. S., Parikh, C. R., Thakar, C. V., Tolwani, A. J.,
Waikar, S. S., & Weisbord, S. D. (2013). KDOQI US Commentary on the 2012 KDIGO Clinical
Practice Guideline for Acute Kidney Injury. American Journal of Kidney Diseases, 61(5), 649—
672. https://doi.org/10.1053/j.ajkd.2013.02.349

Park, S. W., Chen, S. W., Kim, M., Brown, K. M., Kolls, J. K., D’Agati, V. D., & Lee, H. T. (2011).
Cytokines induce small intestine and liver injury after renal ischemia or nephrectomy. Laboratory
Investigation, 91(1), 63—84. https://doi.org/10.1038/labinvest.2010.151

Pavlakou, P., Liakopoulos, V., Eleftheriadis, T., Mitsis, M., & Dounousi, E. (2017). Oxidative Stress and
Acute Kidney Injury in Critical Illness: Pathophysiologic Mechanisms—Biomarkers—
Interventions, and Future Perspectives. Oxidative Medicine and Cellular Longevity, 2017(1),
6193694. https://doi.org/10.1155/2017/6193694

Pethd, A. G., Tapolyai, M., Csongradi, E., & Orosz, P. (2024). Management of chronic kidney disease: The
current novel and forgotten therapies. Journal of Clinical & Translational Endocrinology, 36,
100354. https://doi.org/10.1016/j.jcte.2024.100354

Pfeiffer, C. M., Sternberg, M. R., Zhang, M., Fazili, Z., Storandt, R. J., Crider, K. S., Yamini, S., Gahche,
J.J., Juan, W., Wang, C.-Y ., Potischman, N., Williams, J., & LaVoie, D. J. (2019). Folate status in
the US population 20 y after the introduction of folic acid fortification. The American Journal of
Clinical Nutrition, 110(5), 1088—1097. https://doi.org/10.1093/ajen/nqz184

Postic, C., & Girard, J. (2008). Contribution of de novo fatty acid synthesis to hepatic steatosis and insulin
resistance: Lessons from genetically engineered mice. Journal of Clinical Investigation, 118(3),
829-838. https://doi.org/10.1172/JCI134275

Qin, L., Wang, W., You, S., Dong, J., Zhou, Y., & Wang, J. (2014). In vitro antioxidant activity and in vivo
antifatigue effect of layered double hydroxide nanoparticles as delivery vehicles for folic acid.

International Journal of Nanomedicine, 5701. https://doi.org/10.2147/IJN.S74306

90



Rabb, H., Griffin, M. D., McKay, D. B., Swaminathan, S., Pickkers, P., Rosner, M. H., Kellum, J. A., &
Ronco, C. (2016). Inflammation in AKI: Current Understanding, Key Questions, and Knowledge
Gaps. Journal of the American Society of Nephrology, 27(2), 371-379.
https://doi.org/10.1681/ASN.2015030261

Rezk, B. M., Haenen, G. R. M. M., Van Der Vijgh, W. J. F., & Bast, A. (2003). Tetrahydrofolate and 5-
methyltetrahydrofolate are folates with high antioxidant activity. Identification of the antioxidant
pharmacophore. FEBS Letters, 555(3), 601-605. https://doi.org/10.1016/s0014-5793(03)01358-9

Rinella, M. E. (2015). Nonalcoholic Fatty Liver Disease: A Systematic Review. JAMA, 313(22), 2263.
https://doi.org/10.1001/jama.2015.5370

Rodriguez, C., Contreras, C., Sdenz-Medina, J., Muiioz, M., Corbacho, C., Carballido, J., Garcia-Sacristan,
A., Hernandez, M., Lopez, M., Rivera, L., & Prieto, D. (2020). Activation of the AMP-related
kinase (AMPK) induces renal vasodilatation and downregulates Nox-derived reactive oxygen
species (ROS) generation. Redox Biology, 34, 101575.
https://doi.org/10.1016/j.redox.2020.101575

Rossi, M., Amaretti, A., & Raimondi, S. (2011). Folate Production by Probiotic Bacteria. Nutrients, 3(1),
118-134. https://doi.org/10.3390/nu3010118

Salminen, A., Hyttinen, J. M. T., & Kaarniranta, K. (2011). AMP-activated protein kinase inhibits NF-xB
signaling and inflammation: Impact on healthspan and lifespan. Journal of Molecular Medicine,
89(7), 667-676. https://doi.org/10.1007/s00109-011-0748-0

Sarna, L. K., Wu, N., Wang, P., Hwang, S.-Y., Siow, Y. L., & O, K. (2012). Folic acid supplementation
attenuates high fat diet induced hepatic oxidative stress via regulation of NADPH oxidase.
Canadian Journal of Physiology and Pharmacology, 90(2), 155—165. https://doi.org/10.1139/y11-
124

Schelling, J. R. (2016). Tubular atrophy in the pathogenesis of chronic kidney disease progression.
Pediatric Nephrology, 31(5), 693-706. https://doi.org/10.1007/s00467-015-3169-4

Schmidlin, C. J., Dodson, M. B., Madhavan, L., & Zhang, D. D. (2019). Redox regulation by NRF2 in
aging and disease. Free Radical Biology —and  Medicine, 134, 702-707.
https://doi.org/10.1016/j.freeradbiomed.2019.01.016

Shang, Y., Madduma Hewage, S., Wijerathne, C. U. B., Siow, Y. L., Isaak, C. K., & O, K. (2020). Kidney
Ischemia-Reperfusion Elicits Acute Liver Injury and Inflammatory Response. Frontiers in
Medicine, 7, 201. https://doi.org/10.3389/fmed.2020.00201

Shang, Y., Siow, Y. L., Isaak, C. K., & O, K. (2016). Downregulation of Glutathione Biosynthesis
Contributes to Oxidative Stress and Liver Dysfunction in Acute Kidney Injury. Oxidative Medicine
and Cellular Longevity, 2016, 1-13. https://doi.org/10.1155/2016/9707292

91



Siatka, T., Mat’us, M., Moravcova, M., Har¢arova, P., Lomozova, Z., MatouSova, K., Suwanvecho, C.,
Krémova, L. K., & Mladénka, P. (2025). Biological, dietetic and pharmacological properties of
vitamin B9. Npj Science of Food, 9(1), 30. https://doi.org/10.1038/s41538-025-00396-w

Sies, H. (1986). Biochemistry of Oxidative Stress. Angewandte Chemie International Edition in English,
25(12), 1058-1071. https://doi.org/10.1002/anie. 198610581

Sies, H. (2020). Oxidative Stress: Concept and Some Practical Aspects. Antioxidants, 9(9), 852.
https://doi.org/10.3390/antiox9090852

Sobral, A. F., Cunha, A., Silva, V., Gil-Martins, E., Silva, R., & Barbosa, D. J. (2024). Unveiling the
Therapeutic Potential of Folate-Dependent One-Carbon Metabolism in Cancer and
Neurodegeneration.  International Journal of Molecular Sciences, 25(17), 9339.
https://doi.org/10.3390/ijms25179339

Song, X., Tsakiridis, E., Steinberg, G. R., & Pei, Y. (2020). Targeting AMP-activated protein kinase
(AMPK) for treatment of autosomal dominant polycystic kidney disease. Cellular Signalling, 73,
109704. https://doi.org/10.1016/].cellsig.2020.109704

Stover, P. J. (2009). One-Carbon Metabolism—Genome Interactions in Folate-Associated Pathologies ,. The
Journal of Nutrition, 139(12), 2402-2405. https://doi.org/10.3945/jn.109.113670

Sun, S., Chen, R., Dou, X., Dai, M., Long, J., Wu, Y., & Lin, Y. (2023). Immunoregulatory mechanism of
acute kidney injury in sepsis: A Narrative Review. Biomedicine & Pharmacotherapy, 159, 114202.
https://doi.org/10.1016/j.biopha.2022.114202

Sunny, N. E., Parks, E. J., Browning, J. D., & Burgess, S. C. (2011). Excessive Hepatic Mitochondrial TCA
Cycle and Gluconeogenesis in Humans with Nonalcoholic Fatty Liver Disease. Cell Metabolism,
14(6), 804-810. https://doi.org/10.1016/j.cmet.2011.11.004

Sutton, T. A., Fisher, C. J., & Molitoris, B. A. (2002). Microvascular endothelial injury and dysfunction
during ischemic acute renal failure. Kidney International, 62(5), 1539-1549.
https://doi.org/10.1046/j.1523-1755.2002.0063 1 .x

Thomas, M. E., Blaine, C., Dawnay, A., Devonald, M. A. J., Ftouh, S., Laing, C., Latchem, S., Lewington,
A., Milford, D. V., & Ostermann, M. (2015). The definition of acute kidney injury and its use in
practice. Kidney International, 87(1), 62—73. https://doi.org/10.1038/ki.2014.328

Thongprayoon, C., Hansrivijit, P., Kovvuru, K., Kanduri, S. R., Torres-Ortiz, A., Acharya, P., Gonzalez-
Suarez, M. L., Kaewput, W., Bathini, T., & Cheungpasitporn, W. (2020). Diagnostics, Risk Factors,
Treatment and Outcomes of Acute Kidney Injury in a New Paradigm. Journal of Clinical Medicine,

9(4), 1104. https://doi.org/10.3390/jcm9041104

92



Tibbetts, A. S., & Appling, D. R. (2010). Compartmentalization of Mammalian Folate-Mediated One-
Carbon Metabolism. Annual Review of Nutrition, 30(1), 57-81.
https://doi.org/10.1146/annurev.nutr.012809.104810

Tomas-Sim6, P., D’Marco, L., Romero-Parra, M., Tormos-Muioz, M. C., Séez, G., Torregrosa, 1., Estafi-
Capell, N., Miguel, A., Gorriz, J. L., & Puchades, M. J. (2021). Oxidative Stress in Non-Dialysis-
Dependent Chronic Kidney Disease Patients. International Journal of Environmental Research and
Public Health, 18(15), 7806. https://doi.org/10.3390/ijerph18157806

Tomsa, A. M., Alexa, A. L., Junie, M. L., Rachisan, A. L., & Ciumarnean, L. (2019). Oxidative stress as a
potential target in acute kidney injury. Peer.J, 7, €8046. https://doi.org/10.7717/peerj.8046

Townsend, D. M., Tew, K. D., & Tapiero, H. (2003). The importance of glutathione in human disease.
Biomedicine &  Pharmacotherapy, 57(3—4), 145-155. https://doi.org/10.1016/S0753-
3322(03)00043-X

Viollet, B., Foretz, M., Guigas, B., Horman, S., Dentin, R., Bertrand, L., Hue, L., & Andreelli, F. (2006).
Activation of AMP-activated protein kinase in the liver: A new strategy for the management of
metabolic  hepatic  disorders.  The  Journal of  Physiology, 574(1), 41-53.
https://doi.org/10.1113/jphysiol.2006.108506

Visentin, M., Diop-Bove, N., Zhao, R., & Goldman, I. D. (2014). The Intestinal Absorption of Folates.
Annual Review of Physiology, 76(1), 251-274. https://doi.org/10.1146/annurev-physiol-020911-
153251

Wang, P., Isaak, C. K., Siow, Y. L., & O, K. (2014). Downregulation of cystathioninef-synthase and
cystathioniney-lyase expression stimulates inflammation in kidney ischemia-reperfusion injury.
Physiological Reports, 2(12), e12251. https://doi.org/10.14814/phy2.12251

Wei, J.-P., Zhao, B., Jiang, Z.-J., Wang, P.-Y., Xu, Y., Ding, N., Hu, Y.-Y., Wang, W., & Jiang, B.-T.
(2025). Luteolin mitigates renal ischemia-reperfusion injury via anti-inflammatory, anti-apoptotic,
and Nrf2/HO-1-mediated antioxidant effects. European Journal of Pharmacology, 999, 177676.
https://doi.org/10.1016/j.ejphar.2025.177676

Wei, W., Ma, N., Fan, X., Yu, Q., & Ci, X. (2020). The role of Nrf2 in acute kidney injury: Novel molecular
mechanisms and therapeutic approaches. Free Radical Biology and Medicine, 158, 1-12.
https://doi.org/10.1016/j.freeradbiomed.2020.06.025

Wijerathne, C. U. B., Au-Yeung, K. K. W., Siow, Y. L., & O, K. (2022). 5-Methyltetrahydrofolate
Attenuates Oxidative Stress and Improves Kidney Function in Acute Kidney Injury through
Activation of Nrf2 and  Antioxidant Defense.  Antioxidants, 11(6), 1046.
https://doi.org/10.3390/antiox 11061046

93



Wijerathne, C. U. B., Madduma Hewage, S., Siow, Y. L., & O, K. (2020). Kidney Ischemia-Reperfusion
Decreases Hydrogen Sulfide and Increases Oxidative Stress in the Heart. Biomolecules, 10(11),
1565. https://doi.org/10.3390/biom10111565

Woo, C. W. H., Prathapasinghe, G. A., Siow, Y. L., & O, K. (2006). Hyperhomocysteinemia induces liver
injury in rat: Protective effect of folic acid supplementation. Biochimica et Biophysica Acta (BBA)
- Molecular Basis of Disease, 1762(7), 656—665. https://doi.org/10.1016/j.bbadis.2006.05.012

Xu, Y., Wang, H., Wang, Y., Zheng, Y., & Sun, G. (2010). Effects of folate on arsenic toxicity in Chang
human hepatocytes: Involvement of folate antioxidant properties. Toxicology Letters, 195(1), 44—
50. https://doi.org/10.1016/j.toxlet.2010.02.015

Yamaguchi, K., Yang, L., McCall, S., Huang, J., Yu, X. X., Pandey, S. K., Bhanot, S., Monia, B. P., Li, Y.-
X., & Diehl, A. M. (2007). Inhibiting triglyceride synthesis improves hepatic steatosis but
exacerbates liver damage and fibrosis in obese mice with nonalcoholic steatohepatitis. Hepatology,
45(6), 1366—1374. https://doi.org/10.1002/hep.21655

Yang, C., Wijerathne, C. U. B., Tu, G., Woo, C. W. H., Siow, Y. L., Madduma Hewage, S., Au-Yeung, K.
K. W., Zhu, T., & O, K. (2021). Ischemia-Reperfusion Injury Reduces Kidney Folate Transporter
Expression and Plasma Folate Levels. Frontiers in Immunology, 12, 678914.
https://doi.org/10.3389/fimmu.2021.678914

Yeh, T.-H., Tu, K.-C., Wang, H.-Y., & Chen, J.-Y. (2024). From Acute to Chronic: Unraveling the
Pathophysiological Mechanisms of the Progression from Acute Kidney Injury to Acute Kidney
Disease to Chronic Kidney Disease. International Journal of Molecular Sciences, 25(3), 1755.
https://doi.org/10.3390/ijms25031755

Zaha, V. G., & Young, L. H. (2012). AMP-Activated Protein Kinase Regulation and Biological Actions in
the Heart. Circulation Research, 111(6), 800-814.
https://doi.org/10.1161/CIRCRESAHA.111.255505

Zhang, J., Wang, X., Vikash, V., Ye, Q., Wu, D,, Liu, Y., & Dong, W. (2016). ROS and ROS-Mediated
Cellular Signaling. Oxidative Medicine and Cellular Longevity, 2016(1), 4350965.
https://doi.org/10.1155/2016/4350965

Zhao, R., Matherly, L. H., & Goldman, I. D. (2009). Membrane transporters and folate homeostasis:
Intestinal absorption and transport into systemic compartments and tissues. Expert Reviews in
Molecular Medicine, 11, e4. https://doi.org/10.1017/S1462399409000969

Zhao, Y., Hu, X., Liu, Y., Dong, S., Wen, Z., He, W., Zhang, S., Huang, Q., & Shi, M. (2017). ROS
signaling under metabolic stress: Cross-talk between AMPK and AKT pathway. Molecular
Cancer, 16(1), 79. https://doi.org/10.1186/s12943-017-0648-1

94



Zuk, A., & Bonventre, J. V. (2016). Acute Kidney Injury. Annual Review of Medicine, 67(1), 293-307.
https://doi.org/10.1146/annurev-med-050214-013407

95



	Abstract
	Acknowledgments
	Table of contents
	List of tables
	List of figures
	List of abbreviations
	CHAPTER I: LITERATURE REVIEW
	1.1. Physiological function of kidneys
	1.1.1. Pathophysiology of kidney failure
	1.2. Acute kidney injury
	1.2.1. Risk factors for AKI
	1.2.2. AKI and micronutrient deficiency
	1.2.3. Multiple organ dysfunction syndrome
	1.2.4. Renal ischemia-reperfusion and liver effects
	1.3.1. Reactive oxygen species
	1.3.2. Antioxidant defense
	1.3.3. AKI and oxidative stress
	1.4. Lipid metabolism in liver
	1.4.1. AMP-activated protein kinase (AMPK)
	1.4.2. Role of AMPK in the liver
	1.4.3. Role of AMPK in ischemia reperfusion injury
	1.5. Folate
	1.5.1. Folate sources
	1.5.2. Bioavailability of folate
	1.5.3. Dietary folate absorption
	1.5.4. Role of folate in health
	1.5.5. Folate deficiency
	1.5.6. Folate as an antioxidant
	CHAPTER II: RATIONALE, HYPOTHESIS, AND OBJECTIVES
	2.1. Rationale
	2.2. Hypothesis
	2.3. Objectives
	CHAPTER III: MATERIALS AND METHODS
	3.1. Animal model - kidney ischemia-reperfusion
	﻿3.2. Cell culture
	﻿3.3. Biochemical analysis
	3.4. Quantitative real-time RT-PCR
	3.5. ﻿Western immunoblotting analysis
	3.6. ﻿Statistical analysis
	CHAPTER IV: RESULTS
	4.1. ﻿Effect of ischemia-reperfusion and folic acid on kidney and liver function
	4.2. Effect of folic acid on ischemia-reperfusion induced oxidative stress
	4.3. Effect of folic acid against IR- and H2O2-induced lipid dysregulation
	4.4. Folic acid upregulated AMPK pathway and affected lipid metabolism in the liver
	4.5. Effect of H₂O₂ and folic acid on AMPK phosphorylation and lipid metabolism-related gene expression in hepatocytes
	CHAPTER V: DISCUSSION
	5.1. 5-MTHF improves kidney and liver function in AKI rats
	5.2. 5-MTHF attenuates ischemia-reperfusion induced oxidative stress
	5.3. 5-MTHF attenuates AKI-induced AMPK inhibition and prevents hepatic lipid accumulation
	CHAPTER VI: CONCLUSIONS AND FUTURE PERSPECTIVES
	6.1. Conclusion
	6.2. Future studies
	Chapter VII: REFERENCES

