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1 INTRODUCTION

1.1 Overview of Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

Nonsteroidal anti-inflammatory drugs (NSAIDs) hold a prominent position globally among
prescription and over-the-counter medications. They are often used to treat pain and inflammatory
conditions, including osteoarthritis, rheumatoid arthritis, musculoskeletal pain, and postoperative
pain (1, 2). About 30 million people use NSAIDs each day in total. Ibuprofen, diclofenac, and
naproxen account for most NSAID use (3).

The pharmacological effects of NSAIDs occur mostly through inhibition of cyclooxygenases,
specifically the constitutive enzymes COX-1 and COX-2. These enzymes convert arachidonic acid
into prostaglandins, prostacyclin and thromboxane (4, 5). The anti-inflammatory effects and the
analgesic effects are attributed mainly to the inhibition of COX-2. Inhibition of COX-1 products
also impairs some of the physiological protective functions within the gastrointestinal tract and
kidneys (6, 7).

NSAIDs are effective and safe for short-term use. However, high doses or prolonged use are
associated with meaningful adverse events in multiple systems. Although upper gastrointestinal
tract events are the best-known adverse effects of NSAIDs, the kidney and small intestine are also
sites of clinically important NSAID side effects (8). In the kidney, repeated or prolonged use of
NSAIDs can lead to hemodynamic acute kidney injury in addition to chronic tubulointerstitial
damage (9, 10). Long-term NSAID therapy can cause small intestinal mucosal injury in 50-70% of
NSAID users. Most injuries do not show symptoms in the early stages (11).

1.2 NSAID-Induced Renal Fibrosis

Prostaglandins are physiologically critical for regulating renal blood flow, the secretion of renin,
and the transport of ions and water within the kidney's tubules (12, 13). Prolonged or high-dose
exposure to NSAIDs commonly leads to decreased glomerular filtration rate, impaired renal
perfusion, and electrolyte imbalance, particularly in patients with underlying chronic kidney
disease (CKD) (14). Consequently, repeated NSAID administration frequently results in
progressive tubulointerstitial fibrosis characterized by excessive extracellular matrix accumulation
and irreversible loss of renal function (15, 16).

Renal fibrosis is the final common pathway of progressive CKD regardless of the etiology and is
characterized by fibroblast activation, tubulointerstitial inflammation, extracellular matrix (ECM)

deposition, tubular atrophy, glomerulosclerosis, and microvascular rarefaction (17, 18). Proximal
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tubular epithelial cells (PTECs) are especially vulnerable due to their high metabolic demand,
abundant mitochondria, and dense apical brush border, which is required for the reabsorption of
most of the filtered load (19). Chronic insults trigger maladaptive responses in PTECs, including
partial epithelial-to-mesenchymal transition (EMT) and secretion of pro-fibrotic mediators,
ultimately driving scar formation (20).

The immortalized human proximal tubular epithelial cell line HK-2 is a reliable tool to investigate

these processes in vitro (20).

1.3 TGF-p Signaling in NSAID-Induced Renal Fibrosis

NSAID-induced renal fibrosis is a complex process, in which TGF-f is one of the most important
mediators. TGF-f activates canonical (Smad) and non-canonical (non-Smad) signaling pathways
and is the key mediator of renal fibrosis in CKD. The TGF-B1 isoform binds to TGF-§ type II
receptors (TGFBR2), which recruit TGF- type I receptors (TGFBR1) to activate intracellular
pathways responsible for kidney fibrosis (21). TGF-B1 increases ECM deposition, leading to matrix
accumulation by enhancing the synthesis of collagen and fibronectin, and by upregulating TIMPs
that inhibit MMPs — enzymes that cleave ECM components (22). TGF-B1 also induces EMT, by
activating myofibroblasts, leading to scar formation, while causing apoptosis in tubular epithelial
cells (23, 24). Targeting TGF-B1 is problematic due to its essential non-fibrotic roles, such as

immune regulation, but elucidating its role in renal fibrosis is crucial for CKD therapies (22, 25).

1.4 Role of Early Growth Response Factors in Renal Fibrosis

Early growth response-1 (EGR1, also known as KROX-24), a zinc finger transcription factor, is
involved in renal fibrosis, a characteristic feature of chronic kidney disease (CKD) (26). The family
of early response genes is characterized by low or undetectable levels in resting cells and can be
induced by cytokines, growth factors, hypoxia, or mechanical injury (27, 28).

EGR1 acts as a key transcription factor in the progression of renal fibrosis, primarily by
orchestrating pro-fibrotic responses such as upregulation of extracellular matrix (ECM)
components, facilitation of epithelial-mesenchymal transition (EMT), and modulation of
inflammatory pathways. Evidence indicates that EGR1 plays a crucial role in the development of
tubulointerstitial fibrosis. It promotes fibrotic pathways, which leads to an increase in collagen
production, a key component of the fibrotic matrix. EGR1 also promotes the transdifferentiation

of epithelial cells into myofibroblasts that play a crucial role in the subsequent scarring of the tissue



(29, 30). EGRI1 interacts with transforming growth factor-beta (TGF-f), enhancing tissue
remodeling through a positive feedback mechanism (26). EGR1 is absent in normal adult kidneys
under physiological conditions, although it is present during kidney development. However, EGR1
is rapidly induced in renal tubular epithelial cells following acute or chronic kidney injury, where
it contributes to fibrotic processes through multiple mechanisms, including promotion of mesangial
cell proliferation, activation of the TGF-f signaling pathway, and induction of transdifferentiation
in tubular epithelial cells into mesenchymal-like cells (31-35) . Better understanding the regulation
of EGR1, may improve future clinical strategies aimed at reducing tubulointerstitial fibrosis and

slowing CKD progression (36).

1.5 NSAIDs and Oxidative Stress

Oxidative stress is an overproduction of reactive oxygen species (ROS), leading to critical damage
to the kidney cells (37). The proximal tubule cells are the most affected, where mitochondrial
damage occurs. NSAIDs induce the generation of ROS by disrupting the mitochondrial electron
transport chain, leading to cell injury and the activation of stress response pathways (38). The
stress-inducible heme oxygenase-1 (HMOX1) is upregulated in response to oxidative stress and its
expression is significantly increased in renal cells following NSAID treatment. HMOXI1 is a
marker of cell injury, as its induction is part of the primary response of cells to the harmful effects
of ROS, and HMOX1 also generates antioxidant products, biliverdin and carbon monoxide (39,
40). There is also evidence that celecoxib may also induce HMOX1 expression outside the kidney
via a ROS-dependent mechanism (40).

Other pathways involved in NSAID-induced oxidative stress include the phosphatidylinositol 3-
kinase/Akt (PI3K/Akt) pathway, which is also activated via ROS and is involved in cell survival
and inflammation (41). Additionally, celecoxib (a COX-2 inhibitor) may phosphorylate Akt in
renal proximal tubular epithelial cells, activating downstream molecules, such as the transcription
factor NF-«xB, and pro-inflammatory cytokines (40, 42). Understanding the mechanisms that cause

oxidative stress is crucial to elucidating the mechanisms underlying NSAID nephrotoxicity.

1.6 Autophagy dysfunction in renal fibrosis
Autophagy is a critical function that enables the cells to maintain their functional, structural, and
metabolic homeostasis by degrading and recycling damaged cellular components (43). Autophagy

is therefore essential in a healthy kidney. However, autophagy becomes less active during ageing ,



making the kidney more prone to chronic diseases (43). In cases of acute kidney injury, autophagy
is usually activated as a defensive response. It is effective in repairing tubular cells by clearing the
cells of debris and harmful substances. However, a decline in autophagy during the transition from
AKI to chronic kidney disease (CKD) promotes maladaptive repair and progression to
tubulointerstitial fibrosis, a hallmark of CKD (44, 45).

TGF-B1 has a dual effect on autophagy of renal tubular epithelial cells. On the one hand, it can
stimulate autophagy and increase the formation of autophagosomes by activating genes such as
autophagy-related 5 (AtgS), autophagy-related 7 (Atg7), microtubule-associated protein 1 light
chain 3 (LC3), and Beclin-1 (46, 47). The formation of autophagosomes is accompanied by the
appearance of LC3-II on the autophagosome membrane and seems to be cytoprotective at an early
stage. However, continuous TGF-f3 signaling can also cause fibrosis (48) the effects of which are
likely counteracted by autophagy, suppressing the production of mature TGF-1 within tubular
cells (49). Elevated LC3-II or reduced SQSTMI1 (p62) levels—a protein degraded during
autophagy—indicate robust autophagic activity, while elevated LC3-I and p62 reflect induced
autophagy with disrupted clearance (48). As the exact role of autophagy in tubulointerstitial fibrosis
remains unclear, and may vary across cell type and microenvironment, further studies should be
conducted to elucidate how modulation of autophagy may improve therapeutic approaches for

chronic kidney disease.

1.7 NSAID-Induced Small Intestinal Damage: Role of Antimicrobial Peptides and
Systemic Effects

NSAID enteropathy represents a significant clinical challenge in patients requiring long-term
therapy, characterized by damage to the small intestinal mucosa that often remains asymptomatic
in its early phases (50-52). This condition affects a substantial proportion of chronic NSAID users,
leading to erosions, ulcers, increased permeability, and chronic inflammation in the small intestine
(53, 54). The pathomechanisms of intestinal inflammation in enteropathy include direct mucosal
epithelial effects and indirect effects of dysbiosis in the gut microbiota and disruption of host-
microbiota interactions, which damage the mucosal barrier and perpetuate immune activation (55,
56), leading to chronic tissue injury and impaired tissue regeneration.

Antimicrobial peptides (AMPs) secreted by Paneth and epithelial cells maintain the homeostasis
with commensal bacteria by limiting their penetration from the intestinal lumen and modulating

inflammatory response (57). Alterations in AMP expression or function can amplify microbial
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imbalances and perpetuate inflammatory cycles during enteropathy. Additionally, the systemic
impact of small intestinal injury is reflected in hematological alterations, providing indirect

markers of the underlying inflammatory and compensatory processes (58).
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2  OBJECTIVES

NSAIDs are widely used analgesics, but their effects on renal tubular epithelial cells, particularly

with respect to autophagy, oxidative stress, and pro-fibrotic transcription factors, are poorly

understood. NSAID enteropathy may also develop as a side effect of extended NSAID treatment,

but the role of intestinal antimicrobial peptides in NSAID enteropathy is unclear.

1. Here, we investigated the effects of NSAIDs on renal tubular cells (in vitro) and rat kidneys

(in vivo) with the following aims:

To determine the most suitable cell culture medium formulation for reliable investigation
of TGF-B1-induced EMT and NSAID-mediated fibrotic pathways in HK-2 cells.

To examine the effects of celecoxib (CEL) and naproxen (NAP), compared to indomethacin
(IND), on the expression of fibrosis-related genes and transcription factors in HK-2, murine
inner medullary collecting duct (IMCD) cells and the renal medulla of rats.

To assess the effects of NSAIDs on autophagy markers, oxidative stress, and survival
pathway activation in HK-2 and IMCD cells and rat renal medulla.

To investigate which molecular pathways affected by NSAIDs are linked to COX by
analyzing the expression of JUN and FOS genes in HK-2, IMCD cells, and rat renal medulla.

To investigate the effects of NSAIDs on EGR1 protein expression in vitro and in vivo.

2. To investigate the effects of NSAIDs on the small intestinal mucosal defense and systemic

inflammatory markers, we studied the in vivo effects of indomethacin (IND) treatment in rats

with the following aims:

To determine the time and dose-dependent effects of acute and chronic IND administration
on the mRNA expression of the major antimicrobial peptides in the rat small intestinal
mucosa.

To assess systemic hematological parameters in IND-treated rats as indicators of

inflammatory and broader physiological impact of NSAID enteropathy.
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3 MATERIALS AND METHODS

3.1 Invitro and in vivo experiments

3.1.1 Culture of HK-2 Cells

HK-2 cells, a human proximal tubule epithelial line (ATCC #CRL-2190), were maintained in a
humidified atmosphere of 5% CO: at 37°C. Growth was supported using Dulbecco’s Modified
Eagle Medium (DMEM) containing 5% (v/v) fetal bovine serum (FBS), penicillin (50 U/mL), and
streptomycin (50 pg/mL). The culture medium was refreshed every two to three days. Cells were
harvested via trypsinization for subculturing or experimental use when they reached 70-80%

confluence, which typically occurred within 3—5 days of seeding.

3.1.2 Culture of mIMCD-3 Cells

The murine inner medullary collecting duct cell line mIMCD-3 (American Type Culture Collection
(ATCC) #CRL-2123) was incubated under standard conditions (37°C, 5% CO:). These cells were
cultured in low-glucose (1 g/LL) DMEM supplemented with 10% (v/v) FBS, 4 mM glutamine,
penicillin (100 IU/mL), and streptomycin (100 pg/mL). Regular medium changes were performed

to ensure optimal cell growth and viability throughout the culture period.

3.1.3 HK-2 cell culture in different growth media and TGF-p1 stimulation

HK-2 cells (ATCC CRL-2190) were exposed to one of four different culture media conditions
(Table 1). The experimental conditions were performed using either cells plated in 6-well plates (1
x 105 cells/well) or in 24-well plates (3 x 10* cells/well) under various media conditions.
After overnight incubation, the cells were starved. Cells cultured in the serum-free KSFM were not
serum-starved. The other cells were cultured in DMEM/F-12 containing 0.5% FBS for 24 hours
and then treated with TGF-B1 or vehicle for an additional 24 hours. Cells were either harvested for
RNA isolation using TRIzol reagent (Invitrogen) or proteins were extracted in ice-cold RIPA buffer.
3.1.4 HK-2 and IMCD Cell Culture Treated with Indomethacin, Celecoxib, and Naproxen
HK.-2 cells (passages 6—8) and IMCD cells (passages 8—10) were seeded at densities of 3 x 10* and
4 x 10 cells per well, respectively, in 24-well plates. The next day, the medium was changed to
Dulbecco's Modified Eagle Medium (DMEM) without serum. Cells were then treated with
indomethacin (IND; 20 ug/mL, serving as the reference treatment), celecoxib (CEL; 0.72, 2.1, 4.3,
8.7 ug/mL), or naproxen (NAP; 15, 30, 60, 110 pg/mL), all dissolved in 0.4% dimethyl sulfoxide
(DMSO). Control groups received 0.4% DMSO alone. The concentrations were calculated based
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on peak plasma concentrations (Cmax) reported in earlier in vivo research (59-61), adjusted for in

vitro conditions to confirm therapeutic relevance and prevent cytotoxicity. Concentrations were

selected to span a range around the Cmax values, maintaining biologically relevant doses. All

treatments were applied for 24 hours (n=6 per group).

Table 1. Cell culture media and their formulation

Medium

abbreviations

Formulation

DMEM 5%

The DMEM 5% medium was formulated using Dulbecco's Modified Eagle
Medium (DMEM) as a base, which contained 1000 mg/L glucose, L-
glutamine, and sodium bicarbonate. This basal medium was then
supplemented with 5% (v/v) fetal bovine serum (FBS) and a penicillin-
streptomycin antibiotic mixture at final concentrations of 50 U/mL and 50

ug/mL, respectively.

DMEM 10%

The DMEM 10% medium consisted of DMEM supplemented with 1000
mg/L glucose, L-glutamine, sodium bicarbonate, 10% v/v fetal bovine

serum, 50 U/mL penicillin, and 50 pg/mL streptomycin.

DMEM F12 10%

DMEM F12 10% medium was made by mixing DMEM and Ham's F12 base
media (1:1), adding L-glutamine, 15 mM HEPES buffer, and sodium
bicarbonate, and finally adding 10% (v/v) fetal bovine serum FBS plus
antibiotics (50 U/mL penicillin and 50 pg/mL streptomycin).

KSFM

The KSFM, or Keratinocyte Serum-Free Medium, was a defined, serum-free
formulation. It was specifically supplemented with 0.05 mg/mL of bovine
pituitary extract, 5 ng/mL of human recombinant epidermal growth factor,
and the standard antibiotic concentrations of 50 U/mL penicillin and 50

pg/mL streptomycin.

3.1.5 Animal experiments

All experimental procedures involving animals were conducted in accordance with Directive

2010/63/EU and received formal approval from the National Scientific Ethical Committee on

Animal Experimentation. The specific authorization (PE/EA/1118-6/2020) was granted by the
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Food Chain Safety and Animal Health Directorate of the Government Office for Pest County. For
this study, male Wistar rats, aged 8—10 weeks (body weight: 180-220 g), were obtained from Toxi-
Coop Ltd. (Budapest, Hungary). The animals were housed under standard laboratory conditions,
including a constant ambient temperature of 22 + 2°C and a 12-hour light/dark cycle with a
regulated schedule. Throughout the acclimatization and experimental periods, rats had ad libitum

access to standard rodent feed and drinking water.

3.1.6 In vivo experimental design for NSAID-Induced Renal Damage

To investigate the chronic renal effects of nonsteroidal anti-inflammatory drugs (NSAIDs), a rodent
model was employed using male Wistar rats. The animals were randomly assigned to one of six
experimental groups (n=8 per group). The treatment regimen consisted of oral gavage twice daily
for 14 days. The administered compounds included celecoxib (CEL) at doses of 10 or 30 mg/kg,
naproxen (NAP) at 10 or 20 mg/kg, and a vehicle control (1% hydroxyethylcellulose). An
additional group received indomethacin (IND; 2 mg/kg) as a reference COX-1/COX-2 inhibitor.
Human equivalent doses (HEqD) were determined using the Reagan-Shaw formula to
contextualize the dosing regimen. (62) The calculated HEqDs fell within the range of standard
clinical doses: 97 and 292 mg for the CEL doses, 97 and 194 mg for the NAP doses, and 19 mg for
the IND dose.

The group receiving the higher dose of NAP (20 mg/kg) exhibited significant health deterioration,
necessitating euthanasia of remaining survivors on day 8. At the predefined endpoint of the study,
all animals were euthanized via CO: asphyxiation. Both kidneys were immediately collected post-
mortem. The left kidney was sectioned and preserved in 4% buffered formalin for histological
assessment. The right kidney was dissected to separate the cortical and medullary regions; these

tissues were then minced and rapidly frozen in liquid nitrogen for subsequent molecular analysis.

3.1.7 In vivo experimental design for NSAID-Induced Enteropathy

Two sequential animal studies were conducted to assess the effects of indomethacin on the levels
of the antimicrobial peptides (AMPs) within the intestines. Rats were co-housed to standardize gut
microbiota. They were then randomly assigned to either a vehicle (1% hydroxyethylcellulose) or
an indomethacin (IND) treatment group.

The first study was designed to characterize the time course of intestinal AMPs expression in a

model of acute drug-induced enteropathy. The protocol stated that the IND was administered as a
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single 20 mg/kg oral dose. The rats (n = 8 at each time point) were sacrificed at 6, 12, 24, 48, and
72 hours after administration. Control rats had a stable gut microbiota composition under the same
environmental conditions at baseline. Therefore, vehicle-treated control animals were sacrificed at
the 72-hour time point alone.

In the second experiment, constant administration of low-dose IND was tested. Rats were given 2
mg/kg twice daily for 14 days, or 4 mg/kg twice daily for 7 days. This was based on pilot studies
showing moderate enteropathy with the longer duration 4 mg/kg/day dose. However, in the present
protocol, the twice daily 4 mg/kg dose led to much more severe enteropathy, in fact, requiring
animals to be euthanized one day sooner on account of poor condition than in the original protocol.
For the first study, appropriate controls were sacrificed after 2 weeks of treatment with the vehicle,
and blood was collected. The small intestine was removed and frozen in liquid nitrogen, then stored

at -80 °C until molecular analysis was carried out.

3.2 Hematological Analysis

Vacuette K3 EDTA tubes from Greiner Bio-One, Kremsmiinster, Austria, were used to hold the
whole-blood samples from rats. The desired hematological parameters were measured using a
Sysmex XN-1000 hematological analyzer (Sysmex America, Lincolnshire, IL, USA), in
accordance with standard laboratory procedures. The data were automatically calculated by the

Sysmex XN-1000 software.

3.3 Quantitative Real-Time PCR Analysis

The Trizol reagent from Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA extracted RNA
following the manufacturer's instructions. RNA concentration and quality were determined by
using a NanoDrop (ND-2000) spectrophotometer (Thermo Fisher Scientific). cDNA was
synthesized by using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life
Technologies, Carlsbad, CA, USA). Quantitative PCR was performed in duplicates. The process
occurred on Bio-Rad CFX thermal cycler using SensiFast SYBR Green PCR Master Mix and gene-
specific primers. The thermal cycler is from Bio-Rad, Hungary. The master mix is from Bioline,
Germany. Reaction specificity and efficiency were confirmed using melting curve analysis.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) normalized the expression levels. The data

2—AACt

were calculated according to the method as a fold change relative to a reference sample of

sorts. All values are given as mean + SD. In all PCR experiments, positive and negative controls
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were run to confirm test specificity and avoid false positive results caused by contamination.

Human and Rat primers are detailed in corresponding publications (55, 63, 64).

3.4 Immunoblot

For protein analysis, cellular lysates were prepared from HK-2 and IMCD cell lines using cold
denaturing lysis buffers, including RIPA and Laemmli buffers supplemented with f-
mercaptoethanol. Tissue samples from the rat kidney medulla (approximately 3 mm?®) were
homogenized in ice-cold RIPA lysis buffer. The total protein concentration of all lysates was
quantified with a bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Waltham, MA, USA).
For immunoblotting, standardized amounts of protein (20 pg for cell lysates, 60 pg for tissue
homogenates) were prepared in Laemmli buffer (Bio-Rad, Hercules, CA, USA). Protein separation
was achieved via electrophoresis on 8% or 12% SDS-polyacrylamide gels, followed by transfer
onto nitrocellulose membranes using a standard wet transfer system.

Following blocking with 5% non-fat dry milk in Tris-buffered saline and 0.1% Tween 20 (TBST),
the membranes were incubated at 4 degrees Celsius overnight with the appropriate primary
antibodies. The primary antibodies used in the study have been listed in the corresponding
publications (64) . After several washes with TBST, the blots were incubated for 1 hour at room
temperature with the appropriate HRP-conjugated secondary antibodies. An ECL substrate
detection kit from Thermo Fisher Scientific of Waltham, MA, USA, was applied to the proteins of
interest. Protein loading was confirmed through normalizing against tubulin or glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Densitometry comparisons utilized the LI-COR Biosciences
(Lincoln, NE, USA) Image Studio Lite software, version 5.2, for analysis.

3.5 MTT Cytotoxicity Assay

For measuring the effect of NSAIDs on cell viability, the MTT assay was used. We seeded HK-2
and IMCD cells at 10,000 cells per well in 96-well plates and incubated them overnight in complete
growth medium. Following this incubation, the medium was removed and replaced with 200 puL of
serum-free medium containing the respective nonsteroidal anti-inflammatory drug (NSAID)
treatments for 24 hours. For measuring the effect of NSAIDs on cell viability, the MTT assay was
used. We seeded HK-2 and IMCD cells at 10,000 cells per well in 96-well plates and incubated

them overnight in complete growth medium. Someone replaced the growth medium with 200 uLL
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of serum-free medium that contained the provided nonsteroidal anti-inflammatory drug (NSAID)
after 24 hours.

Then, the experimenters removed the medium and added 100 puL of 0.5 mg/mL MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution afterward. The 96-well plates
were returned to the incubator (37°C, 5% CO2) for 2 hours, as the tetrazolium salt reduces to an
insoluble product (formazan crystals). Cells were then washed in phosphate-buffered saline (PBS).
The dissolved formazan crystals were removed with a pipette, and 100 pL dimethyl sulfoxide
(DMSO) was added to the wells to dissolve any remaining formazan crystals. The plates were
shaken to ensure the dissolved formazan was mixed throughout the DMSO in each well. The
absorbance of each well was measured using a microplate reader (Victor Wallac, PerkinElmer,
Waltham, MA, USA) with primary and secondary reference wavelengths of 570 nm and 690 nm,
respectively, for background interference. The percentage of cytotoxicity was calculated using the
formula % Cytotoxicity = [(Abs_control — Abs sample)/Abs_control] x 100, where Abs control

and Abs_sample were the mean absorbance of the control and sample group, respectively.

3.6 Immunocytochemistry

For immunocytochemical studies, HK-2 cells (15,000/well) were plated in 8-well chamber slides
(Lab-Tek Permanox), treated with IND (40 ug/mL), CEL (2.1 or 8.7 pg/mL), or NAP (30 or 110
pg/mL) for 24 hours, or vehicle control, and analyzed by the immunocytochemical technique
described earlier. Another set of cells, treated with 10 ng/mL TGF-3 and used as a positive control,
was fixed in 4% paraformaldehyde for 15 minutes before staining. Subsequently, cells were
permeabilized with 0.25% Triton X-100 for 10 minutes and blocked with 2% donkey serum in
0.1% Tween 20 in phosphate-buffered saline (PBS-T). For immunolabeling, cells were incubated
overnight at 4°C with primary antibodies diluted in PBS-T containing 2% goat serum. The primary
antibodies used were a rabbit polyclonal anti-EGR1 antibody (Proteintech; 1:200 dilution) and a
mouse monoclonal anti-a-SMA (ACTA2) antibody (Sigma-Aldrich; 1:400 dilution) (64).

The following day, after washing, the cells were incubated for 2 hours at room temperature with
fluorophore-conjugated secondary antibodies: donkey anti-rabbit IgG conjugated to Alexa Fluor
594 (for EGR1 detection) and donkey anti-mouse IgG conjugated to Alexa Fluor 488 (for a-SMA
detection), both used at a 1:200 dilution (Jackson ImmunoResearch). All incubation steps with

fluorescent antibodies were performed in the dark. Finally, the slides were washed, mounted with
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ProLong Gold antifade reagent containing DAPI (Molecular Probes, Thermo Fisher Scientific),

and prepared for imaging.

3.7 Kidney Histology and Immunohistochemistry

Histological assessment of renal injury was performed on kidney tissue samples that had been fixed
in formalin and embedded in paraffin. To evaluate tubulointerstitial fibrosis and damage, tissue
sections were subjected to Masson's trichrome staining. A blinded, semi-quantitative analysis was
conducted under 100x magnification, employing a previously validated scoring system (62). H&E-
stained sections were assessed according to a scoring system where a score of 0 indicated normal
histology, and scores 1-4 were based on tubular dilation, tubular atrophy, and interstitial
mononuclear cell infiltration. Each histological change in an overall view field was scored as 1
point. The arithmetic mean of each score per field was calculated to give the final score for each
animal.

Immunohistochemistry for staining EGR1 protein in paraffin-embedded kidney sections utilized
heat-induced antigen retrieval (pH 6.0) in citric acid buffer, a standard protocol for such sections.
To prevent nonspecific binding, sections were incubated in 5% normal goat serum, followed by an
overnight incubation at 4°C with an anti-EGR1 primary antibody (65). A biotinylated goat anti-
rabbit secondary antibody was applied for one hour the following day, followed by alkaline
phosphatase-streptavidin conjugate detection and chromogen development with Vulcan Fast Red
(Biocare Medical). EGR1 immunostaining was evaluated through two blinded methods. First,
staining intensity was graded semi-quantitatively on a scale from 0 (absent) to 4 (very intense) at
400x magnification. Second, a quantitative analysis was performed by counting EGR1-positive
nuclei in multiple high-power fields (400x), with results expressed as the average number of

positive cells per field.

3.8 Data Analysis

Experimental data are presented as mean + SD. Statistical analysis was performed using IBM SPSS
Statistics for Windows, Version 28.0 (Armonk, NY: IBM Corp.). The Shapiro-Wilk test was used
to assess data normality. For EMT experiments in HK-2 cells, comparisons were conducted using
the Mann-Whitney U test or Kruskal-Wallis test followed by Dunn’s post-hoc where appropriate.
Spearman or Pearson’s correlation was applied to examine relationships between ordinal or

continuous variables, respectively. For NSAID effects on renal fibrosis and autophagy in HK-2,
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mIMCD-3 cells, and rat models (including gene expression and immunoblot), one-way ANOVA
followed by Holm—Sidak post-hoc tests was used. For histological scoring in rat kidneys, the
Kruskal-Wallis test with Dunn’s post-hoc test was employed. In enteropathy studies, one-way
ANOVA followed by Holm—Sidak post-hoc test was used for antimicrobial peptide expression and
hematological parameters. Spearman’s correlation with Benjamini—-Hochberg false discovery rate
correction was applied for associations in the acute model. Statistical significance was set at p <

0.05 (95% confidence level).
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4 RESULTS

4.1 NSAID-Induced Renal Damage

4.1.1 Selection of optimal cell culture medium to study HK-2 cells

In order to select the best-suited cell culture medium for NSAID treatment experiments on HK-2
cells, we compared the effects of TGF-B1 (10 ng/ml, 24 h) in four culture media (DMEM 5%,
DMEM 10%, DMEM/F12 10% and KSFM) using the results of our previous study (63) .The focus
was on EMT-related genes to assess stability and reliability for modeling renal tubular injury.
TGFBI mRNA was significantly upregulated by TGF-B1 in all media, but changes in EGRI mRNA
were formulation-dependent (Table 2). Correlation analyses between TGFBI and EGRI mRNA
expression demonstrated the strongest positive relationship in DMEM 5% FBS and a moderate

correlation in DMEM/F12 10% FBS, while the other two media showed weak or no correlation

(Fig. 1).

Table 2. TGFB1 and EGR1 mRNA levels in HK-2 cells in various media.

TGFBI expression (n=6-12/group)
DMEM 5% DMEM5% DMEM10% DMEM10% F1210% F1210% KSFM  KSFM
CTL TGFb cTL TGFb cTL TGFb cTL TGFb
Mean 0,9844 1,506 1,015 1465 09782 1,769 1,000 1,962
Std. Deviation 0,08862 0,2264 0,09755 0,00860  0,1605 0,3270  0,04548 0,2608
Significance
(vs CTL) - -
EGRI expression (n=6-12/group)
DMEM 5% DMEM 5% DMEM10% DMEM10% F1210% F1210% KSFM  KSFM
CcTL TGFb cTL TGFb cTL TGFb cTL TGFb
Mean 1,000 1,543 1,000 0,7109 1,000 1,913 1,000 07173
Std. Deviation 0,07682 0,4133 0,1066 0,1822  0,08827 04095 0,07953  0,2557
Significance
(vs CTL) —

Means = SD (n=6—12/group), normalized to GAPDH, relative to controls. ***p < (0.001 vs. control
(Mann-Whitney U test) (63).

21



2.5+

2.0+

1.5

1.0+

EGR1 mRNA

0.5

0.0

DMEM 5%
p=0.0024

R?=0.55 L

0.0

EGR1 mRNA

T T T T 1
0.5 10 15 20 25

TGFb mMRNA

DMEM/F12 10%

p=0.0068
R’=0.47 e

0.0

05 1.0 15 20 25
TGFb mRNA

EGR1 mRNA

EGR1 mRNA

DMEM 10%
1.5 p=0.022
2_
..o R?=0.25
1o
. %@
® -
0.5- Iy
0.0 ] 1 1 1 1
08 10 12 14 16 1.8
TGFb mRNA
K-SFM
1.5+
1.0
0.5-
L J
0.0 , ; !
0 1 2 3
TGFb mRNA

Figure 1. Pearson correlation analysis of EGRI mRNA expression in HK-2 samples cultured
in different cell culture medium after 24 h TGF-B1 stimulation. (¢) DMEM 5% FBS, (b)
DMEM 10% FBS (c) DMEM/F12 10% FBS, (d) KSFM (63).

Evaluation of additional fibrosis- and inflammation-related markers revealed that COLIA1 was

robustly induced in every medium. Importantly, both 7/MPI and LGALS3 mRNA displayed

statistically significant upregulation exclusively in DMEM 5% FBS after TGF-B1 treatment (Fig.

2).
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Figure 2. Relative mRNA expression of (a) TIMPI1, (b) COLIAI, and (c) LGALS3 in HK-2
cells after TGF-B1 stimulation in the four media formulations. Individual data points and mean
+ SD are shown (n = 6—12). TIMP1 and LGALS3 were significantly upregulated only in DMEM
5% FBS, whereas COL1A1 was strongly induced in all conditions. *p < 0.05, **p <0.01 and ***p
<0.001 Kruskal-Wallis test (63).

Based on the most consistent TGF-B1-induced EMT signature, the strongest correlation between

key early response genes, and the selective induction of 7/IMP1I and LGALS3 (both of which are
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highly associated with fibrogenesis and NSAID-associated inflammatory pathways), DMEM
supplemented with 5% FBS was chosen as the optimal culture condition for all subsequent

experiments investigating NSAID-induced renal tubular injury and fibrosis.

4.1.2 NSAID administration causes dose-dependent cytotoxicity in vitro

A dose-dependent increase in NSAID cytotoxicity in HK-2 (Fig. 3) cells is observed, with IND
being the least toxic amongst the NSAIDs considered. Celecoxib (CEL) showed minimal toxicity
at lower concentrations (CEL0.72 and CEL2.1) but induced substantial cytotoxicity at higher
concentrations (CEL4.3 and CELS.7). Naproxen (NAP) exhibited a pronounced increase in toxicity,
with the most significant effect observed at NAP110.
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Figure 3. Dose-dependent toxicity of NSAIDs on renal epithelial cells in vitro. The cytotoxicity
of celecoxib (CEL) and naproxen (NAP) on HK-2 cells exhibited a dose-dependent increase, with
significant toxicity observed only at the highest doses. These findings informed the selection of
NSAID concentrations for subsequent cellular experiments (n=3/group, Kruskal-Wallis test with

Dunn’s post hoc test; *p<0.05, **p<0.01) (64).

4.1.3 Induction of fibrosis-related pathways and autophagy dysregulation in HK-2 and
IMCD cells following treatment with high-dose of NSAIDs

Exposure of HK-2 cells to NSAIDs triggered a marked dose-dependent increase in the expression

of genes related to fibrosis and autophagy. Key fibrotic markers—such as TGFB1, ACTA2 (a-SMA),

TIMPI, MMP9, COLIAI, and LCN2 (Fig. 4a-f) — showed elevated transcript levels. Similarly,

genes encoding the Activator protein-1 (AP-1) transcription factor components JUN and FOS,
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along with the transcription factors EGR2 and EGR1, were significantly upregulated (Fig. 5a-d).
The most prominent effects were observed at the highest concentrations of celecoxib (CELS.7) and
naproxen (NAP110), whereas lower doses produced little to no change. In contrast, indomethacin
did not substantially alter the expression of these genes. This pattern of upregulation was also

confirmed in IMCD cells (64) , indicating a consistent response across different renal cell types.
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Figure 4. HK-2 cells treated with the highest concentrations of celecoxib (CELS8.7) and
naproxen (NAP110) showed a meaningful increase in mRNA levels of profibrotic markers
when compared to untreated cells. The markers are TGFB1 (a), a-SMA (ACTA2) (b), TIMP1
(c), MMP9 (d), COL1ALI (e), and LCN2 (f). Data are mean + SD. Statistical comparisons were
performed by one-way analysis of variance ANOVA and the Holm-Sidak test, *p < 0.05, **p <
0.01, ***p <0.001, ****p <0.0001 (64).
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Figure 5. Induction of pro-fibrotic gene and protein expression in HK-2 cells by high-dose
NSAIDs. Treatment with elevated concentrations of celecoxib and naproxen resulted in
significantly increased mRNA expression of the transcription factors FOS (a) and JUN (b), EGR2
(c) and EGR1 (d). These transcriptional changes were consistent with observations at the protein
level. Immunocytochemical analysis (e) confirmed that a 24-hour exposure to both low and high
doses of celecoxib and naproxen enhanced the expression of EGR1 (red) and a-SMA (green)
proteins. TGF- was used as a positive control for the induction of both proteins (scale bar: 25 pum;
nuclei counterstained with DAPI). Data indicate mean £ SD. One-way ANOVA followed by the
Holm-Sidak post hoc test was used for statistical analysis (*p < 0.05, ** p <0.01, ***p < 0.001,
***¥p < 0.0001) (64).

The mRNA levels of these autophagy mediators, BECNI, ATG7, CLU and LC3A4 (Fig 6a-d) were
upregulated by treatment with the highest doses of celecoxib (CEL4.3, CELS.7) and naproxen
(NAP60, NAP110). The highest upregulation was clear with CEL8.7 and NAP110. The
upregulated expression level of these autophagy markers was also confirmed in the IMCD cells

(64) .
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We analysed the protein levels of LC3 and SQSTMI (p62) to assess the activity of autophagy.
High-dose NSAIDs (CELS8.7, NAP110) increased the LC3-II to LC3-I ratio (Fig. 6e), further
suggesting that the increase in LC3-II was due to increased autophagosome formation.
Simultaneously, an increase in levels of SQSTM1/p62, a protein that is usually degraded in the
course of autophagy flux (Fig. 6f), was also observed. The elevated LC3-II/I ratio combined with

the accumulation of p62 in HK-2 cells exposed to these conditions may indicate an unsuccessful

completion of autophagic flux.
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Figure 6. High-dose NSAIDs induce autophagy-related changes in HK-2 cells. The mRNA
levels of autophagy markers BECN1 (a), ATG7 (b), CLU (c), and LC3A (d) were increased with
higher doses of celecoxib (CEL4.3, CELS.7) and naproxen (NAP60, NAP110) treatments. Results
of immunoblotting showed that the LC3-1I/LC3-I ratio (e) was considerably increased in a dose-
dependent manner (CELS8.7, NAP110) due to an increase in the number of autophagosomes and
p62 protein accumulation, resulting in defective autophagic degradation. All quantitative data were
expressed as the mean + SD. One-way analysis of variance or ANOVA assessed differences
statistically, and then the Holm-Sidak post hoc test was used (*p < 0.05, **p <0.01, ***p <0.001,
*HExp < 0.0001) (64).
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4.1.4 Induction of stress-response pathways by high-dose NSAIDs in cultured tubular
epithelial cells

In HK-2 cells, exposure to the highest concentrations of CEL and NAP resulted in a marked
upregulation of HMOXI mRNA levels (Fig. 7a). HIFI1A gene expression was also significantly
induced by CEL4.3, CELS8.7, NAP60, and NAP110 treatments, with the most substantial increases
seen in the CELS.7 and NAPI110 groups (Fig. 7b). Consistent with the mRNA data, HMOX1
protein abundance was considerably higher in HK-2 cells treated with CEL8.7 and NAP110 (Fig.
7¢). In parallel, both total AKT protein expression and its phosphorylation were selectively
enhanced in the CEL8.7- and NAP110-treated cells (Fig. 7d). In contrast, CEL2.1 and NAP30
treatments produced no discernible effects on these parameters. In IMCD cells, the administration
of high-dose CEL and NAP triggered a robust overexpression of both Hmox ! and Hifla transcripts
(64).

4.1.5 Induction of renal tubular dilation and atrophy in rats after prolonged NSAID
administration

Following the findings in vitro, we examined whether prolonged administration of CEL and NAP
also damages the tubular structures. Kidney histology (Fig. 8) revealed statistically significant but
mild structural alterations associated with high-dose NSAID administration. Compared to vehicle-
treated controls (VEH), rats treated with CEL30 and NAP20 exhibited tubular dilatation and
atrophy (b, c). The tubular luminization also increased, and the epithelial walls thinnered (a).
Tubular cell density was decreased. Mononuclear cell infiltration (not significant) was slightly

increased in the CEL30 and NAP20 groups (Fig. 8d).
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Figure 7. Activation of stress-signaling pathways in HK-2 cells following NSAID exposure.
The amount of the HMOX1 gene (a) and HIFIA mRNA (b) increased in the CEL8.7 and NAP110
groups, whereas HMOX1 protein levels (c) were markedly elevated only in the CELS.7 group. The
pAKT/AKT ratio (b) was increased in response to high-concentration CEL and NAP treatments.
Indomethacin showed no notable effects. Data are expressed as mean + SD and evaluated using
one-way ANOVA with Holm—Sidak post hoc test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001 (64).
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Figure 8. Mild renal structural modifications due to high-dose NSAID administration.
Histological images of the kidney medulla (a; H&E staining, 200x magnification) demonstrate
dose-dependent NSAID effects, with mild tubular dilatation (b) and atrophy (c) observed in the
CEL30 and NAP20 groups. Mononuclear cell infiltration remained unaffected by the treatments
(d). Data are expressed as mean = SD and analysed using the Kruskal-Wallis test with Dunn’s post
hoc test; *p < 0.05, ***p < 0.001, ****p <0.0001 (64).

4.1.6 Treatment with NSAIDs stimulated renal fibrotic pathways in a dose-dependent
manner

High-dose NSAIDs triggered significant and dose-dependent activation of fibrosis-related

pathways in the renal medulla (Fig. 9). Administration of celecoxib (CEL30) and naproxen

(NAP20) strongly induced mRNA expression of 7gfbl, Timpl, Collal (Fig. 9a, b, e), Egrl (Fig.

31



10a), and the distal tubular injury marker Lcn2 (Fig. 9f). In addition, expression of the AP-1
components cFos and cJun was markedly upregulated (Fig. 9c, d). The number of EGR1-positive
cells was also substantially higher (Fig. 10b, ¢), with naproxen producing a stronger response than
celecoxib. Notably, even low-dose naproxen (NAP10) significantly elevated the expression of all

these mediators. These observations align closely with our earlier in vitro findings in HK-2 and

IMCD cells.
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Figure 9. Dose-dependent alterations in renal medullary gene expression following NSAID
treatment. Molecular analysis revealed a significant upregulation of several key genes in the

kidney medulla of treated animals. Higher doses of celecoxib (CEL30) and low and high doses of
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naproxen (NAP10, NAP20) marked mRNA upregulation of the profibrotic mediators Tgfbl (a),

Timp1 (b), and Collal (e), the AP-1 transcription factor components cFos (¢) and cJun (d), and the

tubular cell injury marker Len2/NGAL (f). Mean + SD. Number for each treatment group, except

for NAP20 (n=2 due to morbidity earlier in the experiment) was 8. Statistical analysis was

performed using one-way ANOVA and the Holm-Sidak post hoc test (*p < 0.05, ***p < 0.001,

*xkkp < 0.0001) (64).
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Figure 10. Medullary EGR1 expression is upregulated by NSAID treatment. Medullary

expression of Egrl, a stress-response transcription factor, was upregulated by treatment with high-

dose celecoxib (CEL30) and low- and high-dose naproxen (NAP10 and NAP20) (a). This
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transcriptional increase was confirmed at the protein level by immunohistochemistry, which
revealed a substantial rise in the number of EGRI1-positive cells within the medulla (b, c).
Representative images are shown at 400x magnification, with quantitative analysis performed in a
blinded manner. Data are expressed as mean = SD, with group sizes of n==8 for all treatments except
NAP20 (n=2). Statistical significance was determined using one-way ANOVA followed by the
Holm-Sidak post hoc test (*p < 0.05, ***p < 0.001, ****p < 0.0001) (64).

4.1.7 Autophagy impairment and oxidative stress are induced in the renal medulla by
high-dose NSAIDs.

High-dose NSAIDs markedly altered autophagy markers in the renal medulla, with significant
upregulation of mRNA expression of the autophagy genes Atg7 (Fig. 11a) and Becnl (Fig. 11b) in
animals treated with high-dose celecoxib (CEL30) and naproxen (NAP20) compared with vehicle
controls. Western blot analysis revealed a substantial increase in the LC3-II/LC3-I ratio (Fig. 11c),
consistent with enhanced autophagosome formation. However, this was accompanied by a
pronounced accumulation of SQSTM1/p62 protein (Fig. 11d) and persistently elevated LC3-II
levels, indicating impaired autophagic flux despite increased autophagosome generation. These
findings demonstrate that high-dose celecoxib and naproxen disrupt the completion of autophagy,
leading to blocked autophagic degradation in the renal medulla (64, 66)

In the renal medulla, NAP20 and CEL30 induced a strong upregulation in the expression of Hmox1
(Figure 12a) and Hifla (Figure 12b) mRNA; the highest level of these genes was observed in the
naproxen-treated groups. Thereby, in the medulla, the exposure to high-dose NSAIDs increased
the level of HMOXI1 (Fig. 12c) and the phosphorylation of AKT (Fig. 12d). Collectively, these
results show the in vivo, dose-dependent activation of hypoxia-response and oxidative-stress and

survival pathways, which are consistent with the same trends observed for HK-2 and IMCD cells.
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Figure 11. Dysregulation of autophagy in the renal medulla by high-dose NSAIDs. Treatment
with high-dose oral celecoxib (CEL30) and naproxen (NAP20) (high dose) caused a marked
increase in the mRNA expression of the autophagy genes Atg7 and Becnl (a, b) and an increase in
the ratio of LC3-II/LC3-I (c), indicating that both drugs considerably increased autophagosome
formation in medullary tissue. At the same time, SQSTM1/p62 protein accumulation (d) was

increased, indicating a blockage of late stages of autophagic degradation. Data are shown as mean
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+ SD. Statistical comparisons were made using one-way ANOVA, then the Holm-Sidak post hoc
test (*p < 0.05, ***p < 0.001, ****p < 0.0001) (64).
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Figure 12. NSAID-mediated regulation of oxidative stress in the renal medulla. Hifla and
Hmox1 (a, b) mRNA levels were significantly increased across all NSAID treatments, with the
highest induction seen in the NAP20 and CEL30 groups. HMOXI1 (c) protein abundance was
markedly elevated in animals receiving high-dose NSAIDs. The pAKT/AKT ratio (d) was
significantly higher in the high-dose groups, indicating activation of survival signaling. Data are
presented as mean + SD. Statistical comparisons were performed by one-way ANOVA and the

Holm-Sidak post hoc test (*p < 0.05, ***p <0.001, ****p <0.0001).
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4.2 NSAID-Induced Enteropathy
4.2.1 Indomethacin-induced changes in intestinal antimicrobial peptides and hematology
parameters

Acute indomethacin (IND, 20 mg/kg) administration caused time-dependent upregulation of small
intestinal cathelicidin (Camp) mRNA expression from 12 hours post-treatment onward, while a-
defensin 5 (Defa5) and B-defensin 2 (Defb2) showed high variability without significant overall
changes (Fig. 13a-b). Cathelicidin expression correlated positively with inflammatory genes
including IL1B and TNF, whereas defensins had weaker associations (Fig. 13d). Chronic IND
treatment (2 mg/kg twice daily for 14 days or 4 mg/kg twice daily for 6 days) similarly upregulated
cathelicidin, with additional increase in a-defensin 5 in the higher dose group and variable [-
defensin 2 expression (Fig. 14 a-c). Hematology parameters in the acute model revealed reductions

in red blood cell indices and increases in platelet parameters at multiple time points (Table 3).
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Figure 13. Acute indomethacin administration modulates antimicrobial peptide expression
and its correlation with inflammation in the rat small intestine. The mRNA levels of (a)
Cathelicidin (Camp), (b) B-defensin 2 (Defb2), and (¢) a-defensin 5 (Defa5) were measured over a
72-hour period following a single administration of indomethacin at 20 mg/kg. Cathelicidin

showed significant upregulation at 12 h and 48 h, whereas B-defensin 2 and a-defensin 5 exhibited
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high variability without significant changes. One-way ANOVA followed by Holm—Sidak post hoc
test. n=5-8/group. *p <0.05, **p <0.01, ***p <0.001. (d) Heatmap of Spearman’s correlation
coefficients between the three AMPs and inflammatory markers (IL-1 mRNA and protein, MPO,
COX2, PTX3, TNFa, IL-10, intestinal length). Significant correlations ( Benjamini—Hochberg

false discovery rate correction) are denoted by asterisks (55).
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Figure 14. Effects of chronic indomethacin administration on small intestinal antimicrobial
peptide mRNA expression in rats. (a) Cathelicidin (Camp), (b) B-defensin 2 (Defb2), and (c) a-
defensin 5 (Defa5) expression after repeated dosing with 2 mg/kg IND twice daily for 14 days or
4 mg/kg IND twice daily for 6 days. Both Cathelicidin and a-defensin 5 showed significant
upregulation exclusively in the higher-dose (4 mg/kg) group, whereas B-defensin 2 remained
variable without consistent change. Statistical significance was determined using one-way analysis
of variance (ANOVA) with Holm—Sidak post hoc test. Group sizes ranged from 5 to 8 animals.
Significance levels are denoted as follows: *p < 0.05, **p < 0.01, and ***p <0.001 (55).
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Table 3. Hematological parameters in rats exposed to long-term indomethacin treatment.

Hematologic Unit VEH IND 2 IND 4
al
parameters Mean SEM Mean SEM Mean SEM
RBC (10712/L) 8.1 0.2 7.4 0.2 3.8 0.3
HGB (g/dL) 15.3 0.3 13.9° 0.2 6.9 0.5
HCT (%) 45.9 0.8 42" 0.7 2227 1.1
MCV (fL) 56.8 0.4 56.6 0.5 58.9 1.5
MCH (pg) 19.0 0.2 18.7 0.2 18.2 0.3
MCHC (g/dL) 333 0.2 33.1 0.3 30.9" 0.9
CHCM (g/dL) 31.6 0.1 314 0.3 30.1°" 0.7
CH (pg) 17.9 0.2 17.7 0.2 17.6 0.3
RDW (%) 11.2 0.5 11.5 0.4 14.7° 1.1
HDW (g/L) 24 0.1 24 0.1 3.4 0.1
PLT (10"9/L) 760.3 37.8 944.4 62.1 1658.2°" | 173.5
MPV (fL) 7.1 0.2 7.3 0.2 11.6™ 0.5
PCT (%) 0.5 0.03 0.7 0.05 1.9" 0.1
PDW (%) 60.4 1.7 60.8 1.7 112.1 2.5
WBC (10"9/L) 8.2 0.2 9.8 1.02 7.2 1.2
NEUT (%) 11.4 1.1 24,05 33 27.6" 33
LYMPH (%) 84.5 1.2 72177 34 63.5"" 4.8
MONO (%) 2.0 0.2 1.9 0.3 3.3° 0.8
EOS (%) 1.0 0.1 1.1 0.1 0.4" 0.1
BASO (%) 0.1 5.7 0.1 0.02 0.1 6.2
LUC (%) 1.0 0.1 0.8 0.1 5.2" 0.9
MPXI (10"9/L) -1.8 0.5 -3.8 0.7 -11.1 4
RETIC (%) 2.26 0.106 3.1 0.51 13.98" 3.29

Data are expressed as mean =+ standard error of the mean (SEM) with eight animals per group.
Statistical significance was assessed using one-way ANOVA followed by Holm—Sidak post hoc test;
*p < 0.05, **p < 0.01, and ***p < 0.001 compared with the vehicle-treated group (55).
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5 DISCUSSION

5.1 NSAID-Induced Renal Damage

Our first study demonstrated that nonsteroidal anti-inflammatory drugs (NSAIDs), whether
selective or nonselective COX inhibitors, exhibit dose-dependent effects on autophagy, fibrosis,
and stress responses in HK-2 and IMCD cells in vitro, as well as in rat kidneys in vivo. High-dose
celecoxib or naproxen induced the transcription factors EGR1, AP-1, and impaired autophagy, as
evidenced by the accumulation of p62, and an increase in the LC3-II/I ratio. These modifications
result in the accumulation of impaired cellular components, including misfolded proteins and
malfunctioning mitochondria (38). Moreover, compensatory reactions, such as elevated
hemoxygenase-1 levels and AKT phosphorylation, indicate the cells' efforts to mitigate the stress
caused by the drugs at elevated doses. The findings underscore the critical need for accurate NSAID
dosing to avoid kidney damage and promote the advancement of innovative therapeutic approaches
to reduce drug toxicity.

Continued administration of higher doses of celecoxib (30 mg/kg) and naproxen (20 mg/kg)
induced the expression of several fibrosis markers (7gfbl, Timpl, Egrl), as well as AP-1
components (Fos and Jun), in the kidney medulla. The medulla have distinct vascular and
metabolic features, consisting of reduced oxygen tension and elevated metabolic demands, making
it susceptible to enhanced oxidative stress and drug-induced injury (67). The higher expression of
renal medullary Len2 (NGAL) confirms this claim. Previous in vitro and in vivo studies have also
shown that injury to the renal medulla induces immediate elevation of both TGF-$ and EGR1 (68).
Furthermore, in our current investigation, naproxen demonstrated a more pronounced effect on the
expression of these markers compared to celecoxib, aligning with prior findings that indicated a
more significant decline in GFR associated with naproxen, potentially due to its more potent
inhibition of COX-1 and COX-2 relative to celecoxib (69). The non-selective COX inhibitor IND
at the dose utilized did not have effects like celecoxib or naproxen. Based on prior studies, we
chose a daily IND dose that completely inhibits COX without severe nephrotoxicity. Chronic oral
treatment with 10 mg/kg/day resulted in papillary necrosis in 25% of rats, which is twofold higher
than in our study (4 mg/kg/day; human equivalent dose: 39 mg/day) (70). Our investigation found
that only CEL and NAP increased tubular damage marker NGAL (Lcn2) expression. Our
investigation found that only CEL and NAP increased tubular damage marker NGAL (Lcn2)

expression, even at human-equivalent doses (HEqDs) within recommended ranges (65). Our

40



research demonstrates that the renal effects of CEL and NAP do not depend upon COX-inhibition
(71), highlighting the drug-specific and mechanistic differences in NSAID-induced renal effects.
These NSAIDs may have different mechanisms, according to clinical evidence. Naproxen and
celecoxib dose decrease is recommended for CKD patients, but not that of indomethacin (65).
Children who had heart surgery showed subclinical kidney impairment with large urine NGAL
increases within 72 h after receiving NSAIDs, suggesting a risk for renal adverse events even in
healthy kidneys (72). The prior clinical trial found that celecoxib had fewer adverse renal events
than naproxen despite chronic treatment (73), while our rat investigation found no differences in
renal medullary effects.

In HK-2 and IMCD cells exposed to high doses of celecoxib (8.7 uM) and naproxen (110 uM), the
expression of several of the pro-fibrotic genes was upregulated, including TGFBI, ACTA2 (a-
SMA), TIMP1, EGRI, EGR2, as well as the AP-1 components FOS, and JUN. These results are
consistent with some of the animal model studies. To ensure reliable and consistent modeling of
TGF-B1-driven epithelial-mesenchymal transition (EMT) and fibrogenic responses in HK-2 cells,
DMEM supplemented with 5% FBS was selected as the optimal culture medium, as it demonstrated
the strongest TGF-B1-induced EMT signature, the highest correlation between TGFBI and EGRI
expression (63). These results suggest that high-dose NSAIDs activate injury-associated signaling
pathways (including TGF-B signaling) in HK-2 and IMCD cells. Increased ACTA42 (a-SMA)
expression indicates myofibroblast differentiation and epithelial-to-mesenchymal transition (EMT),
which further supports the activation of TGF-f signaling. During EMT, mature myofibroblasts that
are positive for a-SMA exhibit a contractile phenotype with characteristic stress fibers, produce
extracellular matrix components, and contribute to tissue remodeling (74). This has been
supported by the upregulation of transcription factors EGR1 and EGR2. EGR1 is an immediate
early response gene that is rapidly upregulated by TGF-f and plays a role in collagen production.
EGR2 is an EGR1 homolog that enhances fibrotic responses and is crucial for various processes;
however, its role in kidney fibrosis was recently discovered (75). EGR2 is also transiently
upregulated downstream of TGF-f3 signaling by the early response gene EGR1, which itself can
upregulate collagen genes (76). EGR2 overexpression has been shown to increase in vitro and in
vivo TGF-Bl-induced fibrosis, while EGR2 knockdown decreases it (75). EGR1 has been
identified in our own and other studies as an activator of collagen transcription and possibly as an

autophagy modulator in pulmonary fibrosis (77, 78), both of which may contribute to fibrotic
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progression. It still needs to be determined whether EGR1 has a potential role in modulating
autophagy in kidney fibrosis. Furthermore, the AP-1 transcription factor complex has been
activated by celecoxib and naproxen, and may provide a further mechanism for these drugs' pro-
fibrotic effect. For instance, the expression of AP-1 protein components, including FOS and JUN,
was reported to mediate renal medullary injury in rats subjected to chronic hyperosmolarity (77)
and TGF-B-dependent kidney fibrosis in mice (75). Although COX-2 inhibition with dehydration
has been shown to stimulate NF-kB activation and apoptosis in the renal medulla (79), the effects
of these NSAIDs on renal AP-1 have not been previously examined. These effects are unlikely to
be mediated by inhibition of COX activity, since celecoxib modulates AP-1 activity in the skin and
brain (80, 81). These findings suggest an involvement of TGF-f signaling, the transcription factors
EGR1 and EGR2, and AP-1 in NSAID nephrotoxicity and the potential for fibrogenesis in
otherwise normal kidneys. It is likely that the activation of these pro-fibrotic pathways may also
exacerbate pre-existing disease processes in which EGR1 or AP-1 are activated, such as diabetic
nephropathy (82, 83).

Treatment with high-dose celecoxib and naproxen considerably increased the expression of
markers of autophagy, ATG7, BECNI, and LC34, in HK-2 cells and in kidney tissue, alongside
increased LC3-II/I and p62 accumulation (84). The findings were consistent with other evidence
that impairment of autophagy limits the clearance of damaged proteins and organelles, leading to
impaired mitochondrial function, increased oxidative stress, which in turn exacerbated chronic
cellular stress that drives the progression of kidney injury (85) . Although we cannot exclude the
possibility that the deficiency of autophagy in tubular cells is due to injury, in the absence of direct
evidence of cell damage on histological slides, an increasingly impaired autophagic flux likely
plays a role in NSAID-associated tubular injuries; the defective autophagic degradation and
consequent intracellular accumulation of p62 can lead to the activation of inflammatory mediators
such as NF-kB and, consequently, tissue damage (86).

Autophagy has also been reported to play a protective role in renal fibrosis, and it has been shown
that Beclin-1 and LC3 inhibit collagen deposition and regulate the TGF-B1 signaling pathway.
Deficiencies of these proteins in animal models shown an increase in the degree of fibrosis (87,
88), thus reinforcing the protective role of autophagy on oxidative stress and fibrosis. Impaired
renal autophagic activity, as indicated by SQSTM1/p62 accumulation, was reported in kidneys

from diabetic mice and rats (89, 90) and in tubular cells isolated from kidney biopsies of patients
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with type 2 diabetes (91). These observations raise the possibility that restoring autophagic flux
may represent a new therapeutic strategy targeting renal injury and progression of NSAID-
associated nephropathy.

Increased HMOXI1 expression and pAKT phosphorylation in HK-2 cells and mouse kidneys
induced by higher doses of celecoxib and naproxen may compensate for oxidative stress caused by
NSAIDs (92). The activation of HIF1 has been linked to increased expression of HIFla (93) in
both high-dose CEL and NAP treatments in vitro and in vivo. HMOX1 is part of the antioxidant
system and can degrade heme into biliverdin, carbon monoxide, and free iron, thereby reducing
oxidative stress (92). These data also agree with the report on celecoxib-treated glomerular
mesangial cells, where oxidative stress induced HMOX1 gene expression through the JNK and
PI3K signaling pathways (94). Although HMOXI1 is protective in stress, the persistence of
increased ROS levels may emphasize the possibility of oxidative damage. It could be a reason for
caution in NSAID usage, particularly beyond therapeutic doses or in sensitive populations (95).
Additional studies are needed to determine whether HMOXI1 is solely an antioxidant enzyme or if
it can also function as a damaging enzyme under certain conditions, particularly in the case of
NSAID-induced renal cytotoxicity.

The strong activation of the AKT pathway highlights its crucial role in mediating cell survival and
repair under conditions of cellular stress. The rapid activation of the PI3K/Akt pathway that we
observed in all our experiments, and which has also been observed by others, likely represents an
adaptive response to NSAID-induced oxidative stress. In particular, celecoxib-induced increases
in phospho-AKT, as indicated by increased phosphorylated AKT, are protective against stress and
enable the maintenance of homeostasis in response to an oxidative challenge (96). Both HMOX1
upregulation and AKT phosphorylation serve as stress responses against oxidative stress, while
ROS regulates them to play a pathophysiological role in NSAID-induced nephrotoxicity. This
provides some caution in the use of NSAIDs, especially at high doses, in vulnerable individuals.
Further elucidation of the long-term effects of sustained upregulation of HMOX1 and pAKT/AKT
signaling on NSAID-induced toxicity is warranted.

Our findings suggest that impairment of autophagy and increased oxidative stress are involved in
the development of kidney fibrosis and damage. Autophagy impairment inhibits the degradation of
damaged cellular components and the regulation of profibrotic mediators such as TGF-, leading

to increased collagen accumulation, apoptosis of tubular epithelial cells, and the enhanced activity
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of fibrogenic pathways (97, 98). Oxidative stress, caused by the overproduction of ROS, activates
NADPH oxidase and downstream Smad-dependent signaling pathways, which in turn lead to
excessive extracellular matrix deposition, apoptosis, and chronic inflammation (98, 99). These
interrelated alterations create a cellular microenvironment for promoting how kidney injury and
fibrosis progress. These results suggest that a normal autophagic process plays an essential role in
reducing oxidative stress and limiting fibrotic processes. Injury to tubular cells may also affect
autophagy, resulting in direct cell injury and the promotion of pro-fibrotic pathways (100). Together,
these studies highlight the importance of restoring autophagy and decreasing oxidative stress in
reducing NSAID-induced kidney injury and its progression to fibrosis, although the precise timing
of NSAID-induced tubular injury and autophagy impairment remains to be determined (97, 99).

Although the results of this study are valuable, it is essential to consider that animal and laboratory
models may not accurately represent human physiology and metabolism, and genetics may play a
role in NSAID responses in humans (101). The number of subjects in the high-dose naproxen group,
due to drug-induced enteropathy, was low, which could be viewed as a limitation; however, the
results were statistically meaningful. A further limitation of our study is not having serum and urine
chemistries available to assess renal retention parameters or proteinuria, but the renal histology of
the rats in our study does not suggest an increase in retention. Future studies on NSAID
nephrotoxicity may incorporate the use of more physiologically relevant models, as well as larger
and more diverse animal populations. Other possibilities could involve the use of methods to
protect against nephrotoxicity, including antioxidants or specific signaling pathway inhibitors. The
use of newer technologies, such as organoids or 3D cultures, is another promising approach to
elucidate the relationship between autophagy and fibrosis, as well as the development of preventive

strategies for chronic kidney injury (102).

5.2 NSAID-Induced Enteropathy

We identified the changes in the expression of the main intestinal antimicrobial peptides (AMPs)
and systemic hematological changes, and the resulting effects and interplays between them
involved in the pathogenesis of indomethacin (IND)-induced enteropathy in rats. We demonstrated
that the expression of the cathelicidin gene is upregulated in the small intestine in response to
inflammatory injury induced by high-dose IND, and this upregulation is detectable as early as 12

h after IND administration. Furthermore, this increase was also positively correlated with the
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expression of other proinflammatory cytokines IL-1b and TNF-a in the acute model, whereas
cathelicidin is known as an inducible AMP whose expression is regulated by inflammation (103,
104). Beyond its direct antimicrobial activity, cathelicidin also has immunomodulatory properties
through neutrophil recruitment and tissue repair (105, 106). The persistent cathelicidin up-
regulation in the acute and chronic IND model suggests continuous natural immune stimulation in
inflamed mucosa, thus making the protein a potential biomarker for intestinal inflammatory activity.
In contrast, the expression of a-defensin 5 (DefaS) and B-defensin 2 (Defb2) was much more
variable, and there were no meaningful changes in the acute treatment. In the chronic
administration, Defa5 was markedly upregulated in relation to higher IND dosing (4 mg/kg).
Differences in results between the two studies suggest that the regulation of defensins in NSAID
enteropathy may be modified by duration of injury and adaptation mechanisms. Upregulation of
Defa5 in chronic injury could be a compensatory epithelial response or could reflect changes in gut
microbiota composition over time, since some bacteria-derived metabolites can induce defensin
gene expression (107, 108). This finding contrasts with some previous reports of defensin
deficiency in acute injury (109, 110), underscoring the complex role of AMPs in enteropathy.

We also noted the hematological changes of the chronic model with decrease of red blood cell
indices, along with an increase of platelet-associated parameters, representing systemic effects of
severe enteropathy. Decreased hemoglobin and hematocrit are highly suggestive of chronic occult
blood loss from intestinal ulcers leading to iron deficiency anemia. At the same time, the observed
platelet alterations may reflect a systemic inflammatory state that can impact hematopoiesis and
platelet dynamics. The early onset of these hematological abnormalities shows their potential utility
as indirect and systemic indicators of significant intestine injury.

In conclusion, our findings reveal a differential regulation of intestinal AMPs in the context of
IND-induced enteropathy that involves an inflammation-responsive upregulation of cathelicidin
and a distinct a-defensin (oa-defensin 5) response that was considerably upregulated in chronic
injury settings only. Associated blood abnormalities confirm the systemic dimensions of this drug-
induced illness. This study mainly limits itself to male animals, and future studies should include
females for examination of whether such differences exist in this model. Further studies are
therefore necessary to understand the specific functional consequences of these AMP modifications
on disease progression and mucosal repair, and to explore their relationship with long-term NSAID

use. Eventually, understanding these patterns may contribute to the development novel monitoring

45



strategies or therapeutic approaches aimed at modifying the host antimicrobial response in NSAID

enteropathy.
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6 CONCLUSIONS

This thesis expands on our understanding of the underlying molecular mechanisms of NSAID-
induced renal and intestinal injury, identifying pathways other than COX inhibition that may be
targets for improved prevention and treatment. A significant methodological contribution is the
discovery that culture medium has a substantial impact on TGF-B1-driven EMT and EGRI1
activation in HK-2 cells. By choosing DMEM with 5% FBS as the most precise and reproducible
condition, we address a fundamental distracting factor in preclinical renal research, thereby
providing greater reliability in connecting in vitro findings with in vivo and clinical reality. In
NSAID-induced nephrotoxicity, high-dose celecoxib and naproxen inhibit tubular function in vivo
through COX-independent mechanisms, including the inhibition of autophagy, oxidative stress,
and EGRI1-dependent profibrotic signaling in tubular cells. These COX-independent effects
highlight autophagy dysfunction and EGR1 as central mediators, suggesting that selective NSAIDs
may pose greater renal risks in vulnerable patients than previously appreciated. In addition to this,
indomethacin-induced enteropathy contains inflammation-driven Cathelicidin overexpression and
context-dependent defensin responses, along with systemic hematological markers of injury. This
indicates impaired host-microbial defenses as a significant aspect of mucosal pathology.

Taken together, these results indicate that autophagy, oxidative stress, EGR1 signaling and
antimicrobial peptides all play a role in NSAID toxicity, suggesting new strategies for treating CKD
and enteropathy. Clinically, they support the consideration of NSAID use and dose adjustment and
monitoring in high-risk populations. Therapeutically, rescue of autophagy, inhibition of EGR1, and
manipulation of AMP levels can help to reduce the injury and preserve organ function.

Novelty of the Thesis:

- We have identified cell culture medium formulation as one of the determinants of the
reproducibility of EMT in HK-2 cells, solving a major issue in kidney fibrosis modeling.

- We have elucidated COX-independent mechanisms by which high-dose celecoxib and
naproxen induce autophagy impairment, oxidative stress, and EGR1-mediated renal
fibrosis using integrated in vitro and in vivo models.

- We have described differential regulation of antimicrobial peptides and systemic
biomarkers in NSAID enteropathy, offering new biomarkers and insights into host defense

dysfunction.
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7 SUMMARY

Nonsteroidal anti-inflammatories (NSAIDs) are among the most widely used medications in the
world for the treatment of pain and inflammation. High-dose NSAID use or long-term NSAID use
is associated with significant renal and gastrointestinal toxicities, often through mechanisms
independent of cyclooxygenase (COX) inhibition. Chronic kidney disease (CKD) is one of the
major burdens on the globe's health systems. Tubulointerstitial renal fibrosis is the end-stage for
CKD. NSAID-induced small intestinal enteropathy is a well-known side effect of NSAID use that
is under-recognized. This thesis elucidates the molecular mechanisms underlying NSAID-
associated enteropathy, employing an integrated in vitro and in vivo approach to uncover novel
pathways.

To find an appropriate preclinical model, we optimized the culture conditions for TGF-B1-induced
EMT in HK-2 cells. TGF-B1-induced EMT of HK-2 cells was optimized in DMEM 5% FBS culture
medium, which led to the most significant response to the TGFB1-EGR1 interaction. This was a
breakthrough in eliminating the major source of variability affecting the results of studies related
to renal fibrosis-related diseases.

In NSAID renal injury models, high-dose celecoxib and naproxen (but not indomethacin) have
been associated with direct tubular epithelial toxicity, upregulation of pro-fibrotic and autophagic
genes, decreased autophagic flux, and oxidative stress responses, both in vitro and in rat renal
medulla, leading to mild structural alterations via COX-independent mechanisms.

In rats with NSAID-induced enteropathy, indomethacin altered the expression of small intestinal
antimicrobial peptides, with cathelicidin uniformly upregulated due to inflammation and defensins
altered in a phase-dependent changes. Systemic hematological changes also revealed evidence of
mucosal damage and inflammation.

These data support COX-independent mechanisms of NSAID toxicity, including impaired
autophagy, oxidative stress, EGR1-mediated signaling of kidney injury and fibrosis, and altered
host defense in the intestine. Therefore, NSAIDs should be used with caution in patients at risk of
nephrotoxicity and enteropathy. The data provides potential targets for reducing associated organ

injury and the treatment of CKD.
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