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Abstract

The clinical use of iodinated radiocontrast agents (especially Urografin) can lead to contrast-induced nephropa-
thy (CIN) and hepatotoxicity mediated by oxidative stress and inflammation. This study aimed to investigate the
protective potential of Tyrosol, a major bioactive component of virgin olive oil, against Urografin-induced acute
hepato-renal toxicity. Thirty-two female Wistar albino rats were randomly assigned to four groups (n=28). To
evaluate the protective efficacy of Tyrosol against contrast-induced toxicity, a 30-day pretreatment model was
established. Rats in the treatment cohorts received Tyrosol (20 mg/kg/day) via oral gavage for 30 consecutive
days, followed by a single intravenous (IV) injection of Urografin (6 mL/kg) via the tail vein on the 30th day.
At 48 h post-injection, serum hepatorenal function markers (urea, creatinine, ALT, AST, ALP, albumin, Ca?*,
and inorganic phosphorus) were measured photometrically. Furthermore, liver and kidney tissues were evalu-
ated for oxidative stress indicators (MDA, GSH, GPx, CAT via spectrophotometrically) and pro-inflammatory
cytokines (TNF-a, IL-1B, IL-6 via ELISA). For molecular assessments, Nrf-2 and HO-1 protein expressions in
kidney tissues were quantified via Western blotting. Finally, liver and kidney sections were stained with hema-
toxylin and eosin for histopathological evaluation. Urografin administration significantly elevated serum urea,
creatinine, and AST levels while decreasing ALP. It induced marked oxidative stress in both liver and kidney
tissues by elevating MDA levels and depleting GSH levels and GPx activities, alongside triggering a cytokine
storm characterized by increased TNF-a, IL-1pB, and IL-6 levels. Tyrosol pretreatment successfully restored
serum urea, renal MDA, and hepatic/renal GSH to control levels, and completely normalized TNF-a and
IL-1PB concentrations. However, the restorations of creatinine, AST, IL-6, and hepatic MDA were partial and
did not reach control baseline values. Molecular analyses demonstrated that Urografin suppressed the cellular
defense mechanisms, whereas Tyrosol reactivated the Nrf-2/HO-1 signaling pathway by significantly elevat-
ing their protein expressions. Histopathologically, Tyrosol significantly ameliorated Urografin-induced hepatic
inflammatory infiltration, as well as renal hemorrhage, mononuclear cell infiltration, and hydropic degenera-
tion. Tyrosol (20 mg/kg) provides robust multi-organ protection against Urografin-induced acute hepato-renal
injury in a female rat model by intensely reactivating the Nrf-2/HO-1 antioxidant pathway and suppressing the
pro-inflammatory cascade.
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Introduction

Among the various contrast agents extensively applied in diagnostic imaging and interventional procedures,
Urografin is prominent. This iodinated radiographic medium is routinely utilized in both veterinary and human
medicine for angiographic applications, including cholangiography and myelography'-2. While generally recog-
nized as safe, iodinated agents used in CT scans, intravenous urography, angiography, and indirect radiography
can cause serious adverse reactions® . Notably, Japanese investigators highlighted that the high-osmolar, ionic
nature of Urografin presents substantial health hazards, with instances of mortality linked to its inappropriate
administration®. Due to their minimal plasma protein binding, these agents are typically cleared from healthy
individuals within approximately two hours; conversely, this clearance can be prolonged to several weeks in
cases of compromised kidney function’. Renal excretion accounts for roughly 98% of the administered iodide,
with minor routes (lacrimal, sweat, and salivary glands) handling the remaining 2%. Although standard doses
do not typically elevate iodide levels enough to trigger sialadenitis, a decline in renal clearance can elevate free
iodide concentrations, prompting its accumulation in the salivary glands®. Although safer low- and iso-osmolar
contrast agents have largely replaced Urografin for direct intravascular imaging in developed countries, it is still
routinely utilized for gastrointestinal and body cavity examinations®. Furthermore, its cost-effectiveness and high
accessibility maintain its prominence in veterinary medicine and developing nations'’. Nevertheless, systemic
exposure to this high-osmolar ionic agent carries a significant risk of severe adverse reactions'®!2.

A disruption in the equilibrium between oxidant generation and cellular antioxidant mechanisms, combined
with inadequate repair responses, characterizes oxidative stress. Such an imbalance promotes widespread cel-
lular toxicity and subsequent tissue deterioration'*!'#. The administration of contrast media is known to trigger
renal artery vasoconstriction, diminishing renal blood perfusion and precipitating ischemia-reperfusion injury™'>.
An increase in oxidative stress coupled with a decline in nitric oxide bioavailability are central factors driving
contrast-induced nephrotoxicity'®!”. Exposure to Urografin has been shown to elevate malondialdehyde (MDA)
levels, a key indicator of oxidative damage, while concurrently suppressing the activity of superoxide dismutase
(SOD), a crucial antioxidant enzyme'®. Moreover, this ionic medium triggers apoptotic pathways in renal tubular
cells by modulating signals associated with endoplasmic reticulum (ER) stress, where Caspase-12 activation
plays a mediating role'?. Urografin also provokes inflammatory responses that culminate in functional nephropa-
thy and structural alterations. Corresponding histopathological assessments show structural anomalies such as
mononuclear cell infiltration, vascular congestion, tubular cell vacuolization, and widened proximal and distal
convoluted tubules”™!!.

Conversely, the application of tyrosol substantially bolsters renal antioxidant networks and diminishes MDA
accumulation, thereby safeguarding both kidney function and its histological integrity'®~'. Notably, tyrosol dem-
onstrates superior efficacy in these protective roles compared to whole olive 0il**?. Tyrosol (2-[4-hydroxyphe-
nyl]ethanol) is a naturally occurring antioxidant widely distributed in the leaves and fruits of the olive plant
(Oleaceae family)**. The phenolic hydroxyl group within its structure plays a pivotal role in mediating both
its antioxidant and antimicrobial activities?>. Tyrosol has been reported to exhibit a broad spectrum of biologi-
cal properties, exerting antioxidant, anti-apoptotic, and anti-inflammatory effects across various target organs=°.
Recent studies have demonstrated that it manifests anticancer properties via the inhibition of the NF-xB/HIF-1a
signaling pathway, whereas its antioxidative effects are driven by the activation of the Nrf-2/HO-1 pathway?"-*,
Furthermore, it exerts robust anti-inflammatory efficacy by suppressing LOX-5 and MPO activities?”. By sup-
pressing oxidative stress and inflammation, tyrosol exhibits strong nephroprotective properties against acute
kidney injury’. Tyrosol can be utilized as an anti-inflammatory agent either standalone or in combination with
other commercially available drugs; notably, it presents minimal adverse effects and contraindications compared
to current state-of-the-art prescription NSAIDs>!.

Despite the known toxicities associated with high-osmolar contrast media like Urografin, effective and safe
prophylactic strategies to prevent subsequent hepato-renal damage remain a significant challenge in clinical
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practice”!%32, Furthermore, while the general antioxidant potential of tyrosol has been reported in various injury
models, a distinct gap remains in the literature: its specific therapeutic efficacy and underlying molecular mech-
anisms-particularly concerning the Nrf-2/HO-1 pathway-against Urografin-induced multi-organ toxicity have
not been previously investigated. Addressing this critical research gap, the present study seeks to explore how
tyrosol mitigates oxidative injury and hepato-renal inflammation triggered by Urografin exposure. Accordingly,
the present study seeks to explore how tyrosol mitigates oxidative injury and hepato-renal inflammation trig-
gered by Urografin exposure. To achieve this, hepatic and renal functions were monitored using panels of urea,
creatinine, ALT, AST, ALP, albumin, Ca?**, and inorganic phosphorus (P). The tissue redox state was evaluated
through MDA, GSH, GPx, and CAT assays. Furthermore, the investigation encompassed the assessment of pro-
inflammatory cytokines (IL-6, TNF-a, and IL-1p), the analysis of Nrf-2/HO-1 signaling cascades, and tissue
histopathology.

Materials and methods
Ethical statement

The Kastamonu University Local Animal Ethics Committee approved all animal handling and experimental
protocols prior to the commencement of the study (Approval Date: March 17, 2025; Issue: 5, Decision No: 15;
Protocol No: E-16498365-050.04-2500038477). Every procedure strictly adhered to the guidelines outlined in
the “Guide for the Care and Use of Laboratory Animals.” Furthermore, to minimize experimental variance, all
analytical measurements were performed in triplicate. The study was conducted in accordance with the Basic and
Clinical Pharmacology and Toxicology policy for experimental and clinical studies®>.

Chemicals and reagents

The high-osmolar ionic contrast agent employed in this study was Urografin (76%, 50 mL, meglumine/sodium
diatrizoate), supplied by Bayer, Germany. Sigma-Aldrich Chemical Company provided the Tyrosol. Cytokine
quantification kits (IL-6, TNF-a, and IL-1 ELISA) were sourced from Bioassay Technology Laboratory (Shang-
hai Korain Biotech Co., Ltd.). Additionally, Proteintech Group, Inc. supplied all primary antibodies (Nrf-2,
NF-kB, beta-actin) alongside the corresponding HRP-linked secondary antibodies.

Animals

Thirty-two female Wistar albino rats (body weight range: 180-250 g) were procured from the Karabiik University
Experimental Animal Center. The subjects were randomly assigned to four equal cohorts (n==8 per group) and
housed at the Kastamonu University Experimental Animal Research and Application Center. Housing environ-
ments were tightly regulated, maintaining a temperature of 2141 °C under a 12-h light/12-h dark cycle. Access
to standard pelleted chow and tap water was provided ad libitum throughout the duration of the study.

Experimental design

e Control Group: Rats were administered 1 mL of physiological saline via oral gavage every day for 30 con-
secutive days. On the 30th day, they received a single 6 mL/kg intravenous (IV) injection of physiological
saline through the tail vein.
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e Urografin Group: Similar to the control cohort, these rats received daily oral physiological saline (1 mL) for
30 days. On the final day, contrast toxicity was induced using a single IV tail vein injection of Urografin at a
dosage of 6 mL/kg'!.

e Tyrosol (Tyr) Group: Animals in this cohort received an oral gavage of Tyrosol (20 mg/kg dissolved in 1 mL
saline) daily for 30 days**. This was followed by a single IV saline injection (6 mL/kg) via the tail vein on the
final day.

e Urografin + Tyrosol (Uro + Tyr) Group: This group underwent a 30-day oral pretreatment with Tyrosol (20
mg/kg in 1 mL saline). On the 30th day, a single 6 mL/kg IV dose of Urografin was injected into the tail vein.

At 48 h post-IV injection, all subjects were anesthetized using an intramuscular combination of ketamine (60 mg/
kg) and xylazine (10 mg/kg). Under deep anesthesia, blood was drawn via cardiac puncture, and the resulting
serum was separated for functional testing. Following blood collection, the animals were euthanized by decapita-
tion. Immediately thereafter, the liver and kidney tissues were rapidly excised, washed in physiological saline,
and flash-frozen at —80 °C pending downstream biochemical evaluations.

Hepatorenal function tests

Measurements of urea, creatinine, ALT, AST, ALP, albumin, Ca?**, and inorganic phosphorus (P) in the serum
samples were performed photometrically using a Beckman Coulter AU 5800 clinical chemistry autoanalyzer
(Beckman Coulter Inc., CA, USA) and the manufacturer’s proprietary reagents.

Biochemical analyses of oxidative stress

Kidney and liver tissues, previously stored at —80 °C, were transferred to glass tubes and maintained on ice to
preserve enzymatic integrity. Once excised, the tissues were homogenized to assess their antioxidant capacity and
lipid peroxidation levels. The tissues were homogenized in a cold 1.15% potassium chloride (KCI) buffer (1:10,
w/v). To ensure precise normalization of all subsequent calculations, the total protein concentration within these
homogenates was quantified using a Bicinchoninic Acid (BCA) Protein Assay Kit. Following protein determina-
tion, the homogenates were centrifuged at 5000 % g for 1 h at +4 °C, and the resulting supernatants were carefully
separated for downstream spectrophotometric assays.

To gauge lipid peroxidation, the concentration of thiobarbituric acid reactive substances was analyzed. Spe-
cifically, malondialdehyde (MDA) a primary aldehyde product of lipid peroxidation, forms a pink-colored com-
plex upon reaction with thiobarbituric acid. The degree of lipid peroxidation was determined by measuring the
absorbance of this complex at 532 nm, and the results were reported as nmol/g of total protein®>. Glutathione
(GSH) content was evaluated following the protocol established by Sedlak and Lindsay>°®. This method utilizes
5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB), which is reduced by sulfhydryl compounds to yield a highly yel-
low anion. The color intensity of the resulting complex, which is directly proportional to the GSH concentration,
was measured spectrophotometrically at 412 nm and presented as nmol/g protein. For glutathione peroxidase
(GPx, EC 1.11.1.9) activity, the assay detailed by Lawrence and Burk®’ was employed. This procedure relies
on the GPx-catalyzed oxidation of GSH to oxidized glutathione (GSSG) via a peroxide substrate. Subsequently,
GSSG is reduced back to GSH by glutathione reductase with the concomitant oxidation of NADPH to NADP*.
The enzyme activity was determined by continuously monitoring the decrease in absorbance at 340 nm, yielding
results in international units (IU) per gram of protein. Finally, catalase (CAT, EC 1.11.1.6) activity was assessed
by tracking the breakdown of hydrogen peroxide (H20:)*®. The enzymatic decomposition rate of H-O» was mea-
sured spectrophotometrically at 240 nm by recording the absorbance difference over a 30-second interval. CAT
activity was calculated and expressed as the rate constant (k) per gram of protein.
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Measurement of TNF-q, IL-1f, and IL-6 inflammation markers

Prior to the analyses, the tissues were homogenized in PBS. Subsequently, the samples were centrifuged, and
the resulting supernatants were transferred into microtubes. The levels of TNF-a (E0764Ra; BT LAB), IL-1p
(EO119Ra; BT LAB), and 1L-6 (E0135Ra; BT LAB) were measured in 96-well plates using the enzyme-linked
immunosorbent assay (ELISA) method. The measurements were performed at 450 nm using an ELISA reader
(EPOCH Take3Plate, BioTek) in accordance with the manufacturer’s protocol.

Western blot analysis of Nrf-2/HO-1 markers

Upon completion of the experiment, harvested kidney tissues were homogenized in RIPA lysis buffer (sc-24948/
SantaCruz) supplemented with a protease inhibitor cocktail. The total protein content of the lysates was quanti-
fied using a BCA Protein Assay Kit (Thermo Scientific). Prior to electrophoresis, the protein extracts were mixed
with a sample buffer and denatured at 95 °C for 10 min. Aliquots containing 20 pug of protein were resolved on
a 10% SDS-polyacrylamide gel at 150 V for 60 min®. Following electrophoretic separation, the proteins were
electroblotted onto PVDF membranes. To minimize non-specific binding, these membranes were blocked in 5%
dry milk for one hour at room temperature. They were then probed overnight at 4 °C with primary antibodies
specific for Nrf-2 (Proteintech, Rosemont, IL, USA; Cat No:16396-1-AP) and HO-1 (Proteintech, Rosemont, IL,
USA; Cat No:10701-1-AP). After a 15-minute wash with Tris buffer, the blots were incubated for another hour
at room temperature with HRP-conjugated secondary antibodies (Abcam, Cambridge, United Kingdom; Cat No:
ab6734). Post-incubation, the membranes underwent three consecutive 5-minute washes with PBS-T. Immuno-
reactive bands were visualized using an ECL substrate (Clarity Western ECL Substrate, BioRad, 1705060) on
a GE LAS 500 imaging system (GE Healthcare Bio-Sciences AB). Finally, densitometric quantification of the
bands was performed using ImagelJ software (v1.54, NIH, USA), where target protein intensities were normalized
against B-actin (Proteintech, Rosemont, IL, USA; Cat N0:20536-1-AP), the endogenous control, and reported as
arbitrary units*.

Histopathological procedures

Following euthanasia, a necropsy was performed on all animals. Liver and kidney tissues were excised and
fixed in 10% buffered formalin. Following routine processing through graded alcohol and xylene series, the tis-
sues were embedded in paraffin. Sections of 5 um thickness were obtained, deparaffinized in xylene, rehydrated
through a descending alcohol series (100%, 96%, 80%, and 70%), and stained with Hematoxylin and Eosin
(H&E). Histopathological evaluation of the stained sections was performed under a light microscope (Olympus
CX31) by a pathologist in a blinded manner regarding group assignments, and microphotographs were captured
(Olympus DP12). Histopathological findings in the liver and kidney were evaluated according to the following
grading criteria: Grade 0: Histopathological changes affecting less than 5% of the area; Grade 1: Mild histopatho-
logical changes involving between 5% and 33% of the total area; Grade 2: Moderate histopathological changes
involving between 33% and 66% of the total area; Grade 3: Severe histopathological changes involving more
than 66% of the total area*'*,

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 23.0 software. Prior to the main analyses, the
assumption of normality was evaluated using the Shapiro-Wilk test, and the homogeneity of variances was
confirmed via Levene’s test. For normally distributed data, comparisons among groups were conducted using
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Furthermore, to account for mul-
tiple comparisons across various biochemical and inflammatory parameters, p-values were adjusted using the
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Benjamini-Hochberg False Discovery Rate (FDR) method. Results are presented as mean+standard deviation
(SD) graphs using GraphPad Prism 8.0.2, and p-value <0.05 is considered statistically significant.

Results

Biochemical findings

The Urografin group significantly increased urea levels compared to the control group (p <0.05), and this param-
eter decreased to control levels in the Uro+ Tyr group. Similarly, creatinine levels were higher in the Urografin
group (p<0.01) and were observed not to decrease to normal values in the Uro+Tyr group. Urografin signifi-
cantly increased AST values compared to the control (»p<0.001); however, tyrosol administration failed to restore
this enzyme level to control levels. ALP enzyme levels significantly decreased in the Urografin group (p<0.05)
and remained at the same level in the Uro+ Tyr group. No significant differences were found in ALT, albumin,
Ca, and P levels (Fig. 1).
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Fig. 1 Hepatorenal serum functional tests, by GraphPad Prism 8.0.2 (*p<0.05, **p<0.01, ***p<0.001).
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Oxidative stress in liver and kidney

In the liver, Urografin increased MDA levels compared to the control (p<0.001); although it significantly
decreased with tyrosol administration in the Uro+Tyr group but it didn’t reach the control level. Hepatic GSH
levels significantly decreased in the Urografin group compared to the control (p<0.001). The Uro+Tyr group,
however, restored this enzyme activity to normal levels. No significant differences were determined in hepatic
GPx and CAT enzyme activities (Fig. 2).

In kidney tissue, MDA levels were significantly higher in the Urografin group than in the control group
(»<0.05). The group supplemented with tyrosol reduced these levels back to the control level. GSH levels sig-
nificantly decreased in the Urografin group (p<0.001). In the Uro+Tyr group, this value exceeded the control
levels. The Urografin group significantly decreased GPx activity (p<0.05). However, in the group treated with
tyrosol (Uro+Tyr), this enzyme activity did not reach control levels. No significant differences were observed
among the groups in CAT activity (Fig. 2).
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Fig. 2 Oxidant-antioxidant biochemical analyses (*p<0.05, **p<0.01, ***p<0.001).
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Cytokine levels

Urografin caused a cytokine storm by significantly increasing the cytokines IL-1f, IL-6, and TNF-a (p<0.001).
IL-1B and TNF-a cytokine levels decreased to control levels in the Uro+Tyr group. However, IL-6 levels did not
decrease to control levels in the Uro+Tyr group (Fig. 3).

Western blotting results

In Western blotting of kidney tissue, the tyrosol group showed significantly higher Nrf-2/HO-1 levels than the
control group (p<0.001). Furthermore, the Urografin group reduced the Nrf-2 level even below the control
(»<0.01). The Uro+Tyr group restored these values to the control level and even succeeded in elevating the
HO-1 level above the control (Fig. 4).

Histopathological findings

The liver exhibited a normal histological appearance in the control and tyrosol groups (Fig. 5a, b). In the Urogra-
fin group, hyperemia in the liver, mild steatosis in hepatocytes, and inflammatory cell infiltration, particularly in
the portal tract, were observed (Fig. 5c). In the treatment group, it was noted that tyrosol only reduced inflamma-
tory cell infiltration in a statistically significant manner (Fig. 5d). Although it reduced hyperemia and steatosis,
these reductions were not statistically significant (Table 1).

The kidney also exhibited a normal histological appearance in the control and tyrosol groups (Fig. 6a and b). In
the Urografin group, however, mild hyperemia, hemorrhage, inflammatory cell infiltration, and hydropic degen-
eration in the tubular epithelium were present in the kidneys (Fig. 6¢c—e). In the treatment group, it was observed
that hemorrhage, mononuclear cell infiltration, and hydropic degeneration decreased to a statistically significant
degree (Fig. 6f; Table 2).

Discussion
The clinical use of iodinated radiocontrast agents (RCAs), particularly ionic and high-osmolar agents such as

Urografin, disrupts cellular membrane integrity and induces intrarenal vasoconstriction, thereby leading to con-
trast-induced nephropathy (CIN) and secondary hepatotoxicity>*>*+**, Indeed, a recent study by Okonkwo et
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Fig. 3 Analyses of IL-1p, IL-6, and TNF-a cytokines (*p<0.05, **p<0.01, ***p<0.001).
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al.’ confirmed that exposure to ionic contrast agents specifically impairs hepato-renal functions and dramatically
elevates systemic toxicity markers. In our study, the increase in serum urea, creatinine, and AST levels in the
Urografin-administered group indicates a decline in renal filtration capacity and hepatocyte membrane damage.
In the treatment group, the restoration of these biochemical parameters to control values by Tyrosol one of the
major phenolic compounds in extra virgin olive oil indicates the potent efficacy of this bioactive molecule in
preventing cellular shock and preserving organ functions.

The most destructive factor of radiocontrast toxicity at the cellular level is the severe oxidative stress caused by
reactive oxygen species (ROS)*. Hassem'! reported that intravenous contrast media administration immediately
triggers systemic oxidative stress in rats. In our findings, while Urografin increased MDA a degradation product
of the cell membrane in the liver and kidney, it completely depleted the reserves of GSH and GPx, which serve
as the cellular defense shield. A study at the light and electron microscopic level by Amer and Elabd'® clearly
demonstrated that synthetic antioxidants such as N-acetylcysteine (NAC) provide cellular protection against
Urografin-induced renal tubular damage. In our study, Tyrosol administration, similar to synthetic agents, sub-
stantially reversed oxidative stress in the kidney and liver through its robust antioxidant capacity.

However, it is noteworthy that Tyrosol didn’t completely reduce MDA levels to the control baseline in the liver
and didn’t fully restore GPx values in the kidney. Because the liver is the primary detoxification center, its sub-
jection to high metabolic stress under an acute toxic load may have delayed the repair process. As demonstrated
by Okonkwo et al.’, in their hepato-renal oxidative stress models, the complete restoration of primary enzymatic
activity (such as GPx) requires more time than the replenishment of the cellular GSH pool.

Oxidative stress triggers the pro-inflammatory cascade by activating the NF-«kB pathway in tissues*. The
elevated levels of TNF-a, IL-1p, and IL-6 in the Urografin group indicate a necrotizing, systemic inflammatory
response. Tyrosol treatment markedly suppressed inflammatory mediators (particularly TNF-a and IL-1PB) by
antagonizing the TLR4/NF-xB signaling pathway*°. The inability of Tyrosol to completely normalize IL-6 can
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Fig.5 Histopathological findings in the liver, H&E staining. (a) Normal histological structure of the liver, Control group. (b)
Normal histological structure of the liver, Tyrosol group. (¢) Lipid vacuoles in hepatocytes (arrows) and inflammatory cell
infiltration (asterisk) in the liver, Urografin group. (d) Normal histological structure of the liver, Treatment group.

Table 1 Scoring statistics of
histopathological findings
observed in the liver.

& bepifferent letters in the rows
in the “Mean” column indicate
statistical significance between
groups. (P<0.05).

Parameters Group Mean Standard deviation P value
Hyperemia Control 0.2500 0.46291 <0.142
Urografin 0.7500 0.46291
Tyrosol 0.3750 0.51755
Uro+Tyr 0.2500 0.46291
Liposis Control 0.0000* 0.00000 <0.096
Urografin 0.5000° 0.03452
Tyrosol 0.1250% 0.15355
Uro+Tyr 0.2500% 0.06291
Inflammatory cell infiltration Control 0.0000? 0.00000 <0.001***
Urografin 0.8750° 0.35355
Tyrosol 0.0000* 0.00000
Uro+Tyr 0.2500* 0.12598

be explained by the fact that this cytokine is a pleiotropic molecule also involved in tissue repair processes (e.g.,

hepatocyte regeneration

)47.

The molecular findings of our study place the multi-organ protective Nrf-2/HO-1 pathway*® at the center
of Tyrosol’s cellular protection mechanism. While the suppression of Nrf-2 by Urografin paralyzes the cellu-
lar defense, Tyrosol’s profound upregulation of Nrf-2 and HO-1 expression recharged the endogenous defense
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Fig. 6 Histopathological findings in the kidneys, H&E staining. (a) Normal histological structure of the kidney, Control
group. (b) Normal histological structure of the kidney, Tyrosol group. (¢) Hemorrhage (asterisks) and inflammatory cell
infiltration (arrow) in the kidneys, Urografin group. (d) Hydropic degeneration in the tubular epithelium (arrows) and inflam-
matory cell infiltration (asterisk) in the kidneys, Urografin group. (e) Hemorrhage (asterisks) in the kidneys, Urografin group.
(f) Normal histological structure of the kidney, Treatment group.

system. It has been clearly demonstrated in the literature that, in acute organ injury models, endogenous antioxi-
dant defense can be restored only when the Nrf-2/HO-1 system is triggered by a potent inducer®.

Our biochemical and molecular findings are in perfect alignment with the histopathological tissue analyses
demonstrating the microvascular endothelial dysfunction caused by Urografin. Emad et al.’’, and Hassem et
al.!, extensively reported that Urografin administration leads to severe degeneration, hemorrhage, and ultra-

structural destruction in rat renal tubules'’. It is known that pharmacological agents such as nebivolol’®’!,
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Table 2 Scoring statistics of  Parameters Group Mean Standard deviation P value
histopathological findings Hyperemia Control 0.2500 0.46291 <0.142
observed in the kidney. Urografin 0.7500 0.46291
Tyrosol 0.3750 0.51755
Uro+Tyr 0.2500 0.46291
Hemorrhage Control 0.0000* 0.00000 <0.001%**
Urografin 0.8750° 0.83452
Tyrosol 0.0000? 0.00000
Uro+Tyr 0.1250? 0.35355
Hydropic degeneration Control 0.0000 0.00000 <0.096
Urografin 0.5000 0.53452
Tyrosol 0.1250 0.35355
Uro+Tyr 0.2500 0.46291
& b Dyifferent letters in the rows Inflammatory cell infiltration Control 0.0000? 0.00000 <0.001***
Urografin 0.8750° 0.35355

in the “Mean” column indicate

e o Tyrosol 0.0000% 0.00000
statistical significance between .
groups (P<0.05). Uro+Tyr 0.2500 0.46291

atorvastatin'' and tadalafil®> provide histological protection in preventing contrast-induced nephropathy. In our

study, the statistically significant amelioration of structural degeneration in the kidney (hemorrhage, mononuclear
cell infiltration, and hydropic degeneration) by Tyrosol, a natural compound, proves that it exhibits a potent
nephroprotective profile comparable to synthetic agents. The lack of complete recovery in hepatic hyperemia and
steatosis indicates that the repair process of the histological tissue architecture is still ongoing.

Conclusion

In conclusion, the present study indicates that Urografin can induce contrast-induced nephropathy and secondary
hepatotoxicity by triggering an oxidative stress cascade and compromising cellular antioxidant defenses. Tyrosol
intervention demonstrated a protective potential against this multi-organ toxicity. Specifically, it contributed to
the improvement of key kidney function markers by reducing peak urea levels (from approximately 60 mg/dL
in the Urografin group to ~45 mg/dL in the treatment group), attenuated the elevation of pro-inflammatory cyto-
kines by reducing peak TNF-a (from ~250 pg/mL to ~ 140 pg/mL) and IL-1B (from ~85 pg/mL to ~45 pg/mL),
and mitigated tissue hemorrhage in the renal tubules. Furthermore, our findings suggest that Tyrosol’s protective
effects may be mediated through the upregulation of the Nrf-2/HO-1 pathway, restoring Nrf-2 expression from
approximately 60% up to control levels (~100%) and elevating HO-1 levels to ~120%. While further studies
with optimized dosages or longer durations are necessary to fully elucidate its effect on hepatic oxidative dam-
age, Tyrosol shows promise as a supportive natural adjuvant to help alleviate radiocontrast-associated morbidity.
Future clinical trials will be essential to evaluate its therapeutic applicability.

Limitations

Although our findings provide robust evidence for the protective effects of Tyrosol against Urografin-induced
hepato-renal toxicity, our study has certain methodological and translational limitations:

e Animal Model and Clinical Translation: This study was conducted using an in vivo Wistar rat model. Al-

though the renal physiology and hepatic metabolism of rats exhibit significant similarities to those of humans,
the pharmacokinetics of radiocontrast agents and the exact clinical picture of Contrast-Induced Nephropathy

scientific reports Scientific Reports



https://doi.org/10.1038/541598-026-69817-4 Article in Press

(CIN) pathogenesis in humans may not fully align with animal models. Therefore, further reproducibility data
are required for the direct extrapolation of these findings to human clinical trials.

e [ack of a Dose-Response Relationship: In this study, Urografin and Tyrosol (20 mg/kg) were administered
following a specific, fixed regimen. The inability of the 20 mg/kg Tyrosol dose to fully restore hepatic MDA
levels and renal GPx activities to baseline control levels suggests that the “optimal protective dose” for these
parameters might be higher. Future studies establishing a reproducible dose-response curve involving varying
dosages of Tyrosol (e.g., 10, 20, and 40 mg/kg) will more clearly define the therapeutic window.

e Acute Phase Evaluation: The present study focused on the “acute” effects of contrast agent toxicity and short-
term cellular repair. The incomplete normalization of IL-6 levels and the failure to fully restore the histopatho-
logical architecture of the liver (hyperemia and steatosis) indicate that tissue repair processes are still ongoing.
Longer observation periods (e.g., 14 or 28 days) are necessary to elucidate the long-term tissue regenerative
capacity of the molecule in the chronic phase.

e Lack of Molecular Cross-talk Evaluation: Although the protective effect of Tyrosol was predominantly elu-
cidated via Nrf-2/HO-1 activation, the apoptosis cascade (Caspase-3, Bax/Bcl-2 ratio) and cell survival path-
ways (PI3K/Akt or MAPK) were not comprehensively investigated through specific protein expression analy-
ses in this study.

e Some New Advanced Biomarkers: While classical markers (urea and creatinine) combined with oxidative
stress parameters successfully demonstrated Urografin-induced nephrotoxicity in our model, future studies
should consider incorporating highly precise early biomarkers, such as Cystatin C and KIM-1, to further detail
the temporal dynamics of tubular injury.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1038/
s41598-026-69817-4.
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