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ABSTRACT

Phoenixin (PNX), identified in the rat hypothalamus in 2013, has two bioactive isoforms with 14 and 20 amino acids. Initially
studied for its role in reproductive regulation, research has since shown that PNX also prevents visceral pain, enhances memory,
and aids heart tissue recovery. However, its role in kidney tissue remains unclear. Due to its antioxidant properties, PNX may
help reduce oxidative stress and cellular damage in organs. This study was designed to determine the potential protective effects
of Phoenixin-14 (PNX-14) against renal ischemia/reperfusion (I/R)-induced injury in rats. 40 male Wistar Albino rats were
divided into four groups: Control, I/R, PNX-14 (50 pug/kg), and PNX-14 (100 ug/kg) (n = 10). All groups except the control group
underwent 45 min of bilateral ischemia followed by 24 h of reperfusion. PNX-14 (50 and 100 pg/kg, intraperitoneally) was
administered 1 h before induction of ischemia. Both doses of PNX-14 reduced the levels of acute kidney injury markers (blood
urea nitrogen and creatinine) in blood tissue (p < 0.05). PNX-14 increased the activity of antioxidant enzymes (superoxide
dismutase and catalase) and the levels of glutathione, while reducing malondialdehyde (p < 0.05). Histological evaluation of the
I/R group revealed significant histopathological findings, and it was found that PNX-14 administration improved these his-
tological damages (p < 0.05). These results suggest that PNX-14 provides protection against renal injury induced by I/R. After

further studies, PNX-14 may be a new therapeutic strategy to prevent renal I/R injury.

1 | Introduction

Acute kidney injury (AKI) is characterized by accumulation of
nitrogenous metabolic wastes, failure to maintain fluid-
electrolyte and acid-base balance, and a rapid decline in glo-
merular filtration rate (GFR) [1]. AKI is a clinical condition
with high mortality and morbidity globally, affecting a large
population. In addition to high mortality and morbidity, it also
has deleterious effects that can lead to the onset of chronic
kidney disease or the emergence of cardiovascular disorders.
There are multiple risk factors for AKI, and the underlying
pathophysiological mechanisms are complex [2, 3]. However,
most researchers agree that ischemic acute tubular injury leads

to loss of renal autoregulation, resulting in increased levels of
vasoconstrictors that cause hypoperfusion and ischemia/
reperfusion (I/R) injury and subsequent AKI [4]. Long-term
studies with various criteria for the diagnosis of AKI reveal a
significant increase in incidence. The increase in the elderly
population and the prevalence of chronic diseases are important
reasons for the increase in the diagnosis of AKI [5]. The prev-
alence of the disease is increasing globally, with around 13.3
million cases and 1.7 million deaths each year [6].

Tissue I/R injury occurs when the blood supply to a given organ
is suddenly and temporarily interrupted. In this context, I/R is
typically associated with inflammation, oxidative stress and
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Schematic representation of the experimental design of the study.

FIGURE1 |

cellular apoptosis resulting from hypoxia and reperfusion [7].
During the ischemic period, reduced blood flow to the tissue
leads to a decrease in ATP levels, resulting in decreased oxy-
genation and the onset of mitochondrial dysfunction that
impairs cellular metabolic activities [8]. In the absence of oxy-
gen, cellular aerobic metabolism is impaired and anaerobic
metabolism becomes dominant. The accumulation of lactate
due to anaerobic ATP production, combined with the inability
to eliminate other metabolic wastes, leads to cellular acidosis
and ultimately to a complete cessation of energy production [9].
The reperfusion phase after ischemia occurs with the genera-
tion of reactive oxygen species (ROS) and the migration and
activation of leukocytes to the affected area, resulting in a
cascade that ultimately exacerbates tissue damage [10]. ROS
serve a protective function against diseases such as cancer, fight
infections and facilitate phagocytosis, but excessive ROS pro-
duction can damage lipids, proteins and deoxyribonucleic acid
due to the formation of malondialdehyde (MDA) within the cell
[11, 12]. Enzymatic antioxidant defense mechanisms such as
glutathione (GSH), superoxide dismutase (SOD) and catalase
(CAT) reduce oxidative stress by neutralizing radical metabo-
lites, preventing their formation, repairing cellular damage,
stopping radical-producing chain reactions or increasing en-
dogenous antioxidant capacity [13]. Therapies aimed at in-
hibiting or neutralizing ROS formation have been widely
investigated in the prevention and treatment of AKI, which has
recently become increasingly common.
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Phoenixin (PNX) is a pleiotropic neuropeptide that was first dis-
covered in the rat hypothalamus by Yosten et al. in 2013 and plays
a role in the control of hormone release by the pituitary gland.
PNX is composed of peptides containing 14, 17, 20 and 36 amino
acids, but the bioactive forms are Phoenixin-14 (PNX-14) and
Phoenixin-20 (PNX-20) [14, 15]. The amino acid sequence of PNX-
14 is identical in humans, cattle, pigs, mice, rats and chickens,
while the amino acid sequence of PNX-20 differs in one amino
acid in humans and rodents [15, 16]. In addition to the brain, PNX
has been found in peripheral tissues such as the heart, thymus,
esophagus, stomach, spleen, pancreas, lung and kidney. Initial
studies of the peptide showed that PNX-14 primarily regulates
reproductive activities; however, subsequent studies have docu-
mented that the peptide also plays a role in insulin activity, anx-
iety, pain perception, memory and food consumption [15]. In
addition to psychological and physiological stress, research con-
firms the preventive effects of PNX on oxidative stress and
inflammatory pathways [17]. The antioxidant properties of PNX
clearly indicate that the peptide may also protect and suppress
inflammatory processes in other organs and may be positioned as
a promising therapeutic agent for certain disorders. Based on this,
we hypothesize that PNX-14, due to its antioxidant properties and
effects on inflammatory processes, may play a protective role by
reducing oxidative stress and cellular damage caused by I/R in
kidney tissue. In light of these data, the aim of our study was to
investigate the possible effects of PNX-14 on renal I/R-induced cell
death and oxidative stress in rats.
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FIGURE 2 | Effect of PNX-14 on serum (A) BUN and (B) creatinine levels in renal I/R injury. Values are expressed as mean =+ SD (*®°p < 0.05).
(I/R: ischemia/reperfusion group, PNX-14 (50 ug/kg): Phoenixin-14 50 pug/kg, PNX-14 (100 pg/kg): Phoenixin-14 100 pug/kg, BUN: blood urea
nitrogen).
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FIGURE 3 | (A) MDA, (B) GSH, (C) SOD and (D) CAT levels in kidney tissue. In general, antioxidant enzyme levels were decreased in the I/R
group (B-D). Furthermore, lipid peroxidation (MDA level) was increased in kidney tissue following ischemia (A). However, PNX-14 administration
ameliorated ischemia-induced oxidative damage. Values are expressed as mean =+ SD (**p < 0.05). (I/R: ischemia/reperfusion group, PNX-14 (50 ug/
kg): Phoenixin-14 50 ug/kg, PNX-14 (100 ug/kg): Phoenixin-14 100 pug/kg. MDA: Malondialdehyde. GSH: Glutathione; SOD: Superoxide dismutase;
CAT: Catalase).

2 | Material and Methods of Animal Experiments, Inonu University Faculty of Medicine
(Approval No: 2024/14-2). The study used 40 male Wistar Albino
21 | Animals rats, each weighing between 250 and 300g. The animals were

individually housed in stainless steel cages under controlled tem-
Ethical approval for all experimental procedures and testing pro- perature (22 +1°C) and a 12 h light/dark cycle. They had unlimited
tocols involving animals was obtained from the Ethics Committee access to commercial standard chow and drinking water.
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FIGURE 4 |
glomeruli (A: HE x20; B: HE x40).
2.2 | Experimental Design

Animals were randomly assigned to groups based on their body
weights using a computer algorithm and divided into 4 groups
(Control, I/R, PNX-14 (50 ug/kg), and PNX-14 (100 ug/kg)) with
10 animals per group (n = 10). Before surgery, all animals were
anesthetized intraperitoneally (ip) with 70 mg/kg ketamine
(Richter Pharma AG, Australia) and 8 mg/kg xylazine (Alfazyn,
Netherlands). The surgical area was shaved and disinfected
with povidone-iodine solution. No surgical procedure was per-
formed on the animals in the Control group. In the I/R group,
serum physiological solution (the solvent for PNX-14) was ad-
ministered ip 1h before ischemia. In the treatment groups, two
different doses of PNX-14 (Lot Number: MTFA30931-0118,
NovoPro), 50 and 100 ug/kg [18], were administered ip 1h
before [19] ischemia. Subsequently, animals in the I/R and
treatment groups underwent 45 min of ischemia followed by
24 h of reperfusion in both kidneys [20, 21]. After reperfusion,
the animals were decapitated, and blood and kidney tissue
samples were collected. Blood samples were centrifuged. Serum
and kidney tissue samples for biochemical analysis were stored
in a deep freezer at —80°C, while kidney tissue samples for
histological analysis were preserved in a solution containing
10% formalin. Experimental flow diagram is given in Figure 1.

2.3 | Biochemical Analyses

2.3.1 | Blood Urea Nitrogen and Creatinine

Blood urea nitrogen (BUN) and creatinine serum levels were
analyzed using an Olympus Autoanalyzer (Olympus Instru-
ments, Tokyo, Japan).

2.3.2 | Malondialdehyde

MDA concentrations in tissues were analyzed using the Mihara
and Uchiyama technique [22]. 0.5 ml of tissue homogenate was
combined with 3 ml of 1% H;PO, and 1 ml of 0.6% thiobarbi-
turic acid solution and incubated at 90°C for 45min. The
mixture was allowed to cool to room temperature, then 4 ml of

Histologic images of the control group. Kidney tissue from the control animal showed normal tubules as well as normal sized

n-butanol was added and shaken. The combination was cen-
trifuged, and the resulting n-butanol phase was read spectro-
photometrically at 535nm. MDA concentrations were
determined using 1,1,3,3,3-Tetraethoxypropane standard curve.
MDA concentrations of the samples were measured as nmol/g
tissue.

2.3.3 | Glutathione

GSH concentrations in kidney tissue samples were analyzed
using the Ellman technique [23]. Equal volumes of 10% tri-
chloroacetic acid solution were added to the homogenates and
then centrifuged. A solution of 5,5’-Dithiobis-2-nitrobenzoic
acid (DTNB) in 1% sodium citrate was read at 410 nm using a
spectrophotometer (Thermo, USA). Calculations were per-
formed based on standard graphs of the determined GSH
values.

2.3.4 | Superoxide Dismutase Enzyme Activity

The activity of SOD enzyme in the samples was analyzed using
the technique of Sun et al. [24]. The aim is to inhibit the
reduction of nitro blue tetrazolium (NBT) by the xanthine-
xanthine oxidase system, which acts as a superoxide generator.
One SOD unit is defined as the amount of enzyme that causes
50% inhibition of the NBT reduction rate. SOD activity was
calculated as U/g protein.

2.3.5 | Catalase Enzyme Activity

CAT enzyme activity was analyzed using the Aebi technique
[25]. Absorbance measurements were performed using a H,O0,
solution produced with pH 7.0 and 50 mM phosphate buffer. An
initial absorbance adjustment of 0.5 nm was made for the H,0,
solution. Phosphate buffer was used as a control. The H,0,
solution was diluted with 25ml of phosphate buffer, which
served as substrate. First, 2 uL of supernatant and then 10 pL of
H,0, were added to the wells. The absorbance decrease was
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FIGURE 5 |

Histologic images of the I/R group. Degeneration and hemorrhage in tubule and glomerulus structures (A; black star), dilatation in

tubules (B; black arrows), shedding of tubule epithelial cells, vacuolization in tubules (D; black arrows), fluid accumulation in tubule lumen (D;
white stars), degeneration of glomerular structures (E; black arrow), mononuclear cell infiltration (E; blue arrow), fluid accumulation and vascular
congestion in the tubule lumen (F; green arrow), hemorrhage (F; black star) (A, B, C, E, F: HE x20; D: HE x40).

recorded every 15s for a period of 5min. Measurements were
performed at a wavelength of 240 nm.

2.3.6 | Protein Concentration

The Lowry method was used for protein assay [26]. Bovine
serum albumin was used as a standard, and a calibration curve
was constructed. Analyses were then performed according to
the protocol. Results were presented in micrograms per milli-
liter (ug/mL).

2.4 | Kidney Histopathology

Kidney samples were preserved in 10% formalin for histo-
logical evaluation. The samples underwent standard tissue
processing procedures and were embedded in paraffin. The
paraffin-embedded samples were sectioned at a thickness
of 5um, mounted on slides, and then stained with
Hematoxylin-Eosin (HE). Tissue samples were analyzed
using a light microscope (Leica DFC280) and a Leica Q Win
Image Analysis System (Leica Micros Imaging Solutions
Ltd., Cambridge, UK).
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The histopathological analysis of tissue damage was based on
various parameters, including tubular lumen dilation, hemor-
rhage, inflammatory cell infiltration, hydropic degeneration,
hemorrhage between tubules and glomeruli, epithelial atrophy,
cell desquamation in tubules, vacuolization of tubular epithelial
cells, and the presence of debris in the tubular lumen. The
samples were analyzed semi-quantitatively by examining at
least five microscopic fields per slide. Each sample was eval-
uated using a scale from 0 to 3 for each criterion (0: none, 1:
mild, 2: moderate, 3: severe). The total scores were calculated
based on these characteristics [27]. Microscopic evaluation and
cell counting were performed blindly by the same histologist.

2.5 | Statistical Analyses

Analyses were performed using IBM SPSS Statistics 22.0 soft-
ware for Windows. Quantitative data were summarized using
mean =+ standard deviation (SD). The Shapiro-Wilk test was
used to assess the normality of distribution. The Kruskal-Wallis
H test was used to compare quantitative variables between
groups, and when a significant difference was detected, pair-
wise comparisons were performed using the Bonferroni-
corrected Mann-Whitney U test. p <0.05 was considered sta-
tistically significant.

3 | Results

31 |
Levels

Serum Blood Urea Nitrogen and Creatinine

The serum BUN and creatinine levels of the groups are shown
in Figure 2(A, B). In the I/R group, there was a significant
increase in serum BUN and creatinine levels compared to the
control group (p < 0.05). In the PNX-14 treated groups (50 and
100 pg/kg), however, there was a significant decrease in serum
BUN and creatinine levels (p < 0.05).

3.2 | Biochemistry Results

Biochemistry results for all groups are presented as follows:
MDA level in kidney tissue was increased in the I/R group
compared to the other groups (p <0.05). However, MDA
levels decreased in PNX-14 treated animals compared to the
I/R group (Figure 3(A); p <0.05). Figure 3 GSH, SOD and
CAT levels in kidney tissue were significantly increased in
PNX-14 treated groups compared to I/R group (Figure 3(B-C-
D); p <0.05). In addition, SOD and CAT levels in PNX-14
treated animals were similar to those in the control group
(Figure 3(C-D); p > 0.05).

PNX-14 (50pg/kg)

FIGURE 6 |

Histologic images of PNX-14 (50 ug/kg) group. Small amount of tubule epithelial cell shedding, small amount of fluid accumulation

in tubule lumen, small amount of tubule lumen enlargement (A), small amount of tubule epithelial cell shedding, small amount of fluid accu-
mulation in tubule lumen (B), small amount of hemorrhage between tubules compared to I/R group (C). A, C: HE x20; B: HE x40).
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3.3 | Histopathologic Findings

The control group showed normal histologic appearance
(Figure 4(A, B)). In the I/R group, heterogeneous changes and
significant pathologic damages were observed in the kidney sections
(Figure 5). Degeneration and hemorrhage in tubules and
glomerular structures (Figure 5(A)), dilatation in tubules
(Figure 5(B)), fluid accumulation and hemorrhage in tubule lumen
(Figure 5(C), shedding of tubule epithelial cells, vacuolization in
tubules, fluid accumulation and hemorrhage in tubule lumen
(Figure 5(D), degeneration of glomerular structures, mononuclear
cell infiltration, shedding of tubule epithelial cells, fluid accumula-
tion and hemorrhage in the tubule lumen (Figure 5(E), fluid
accumulation and vascular congestion in the tubule lumen
(Figure 5(F)) were histopathological lesions observed in the I/R
group. All treatment groups showed reduced renal injury compared
to the I/R group. As shown in Figure 6 and Figure 7, we observed
improvement in the histologic appearance of renal tubules and
glomeruli in the treatment groups. Renal scores of the groups are
presented in Table 1.

4 | Discussion

AKI can be defined as a decrease in GFR over a period of time
ranging from hours to days [28]. Decreased GFR leads to accu-
mulation of nitrogenous wastes in the bloodstream, especially

serum BUN and creatinine [29]. Under normal conditions, the
kidneys respond to reduced blood flow by autoregulatory mecha-
nisms and can regulate GFR accordingly. However, in severe
ischemic conditions, the supply of oxygen and metabolic substrates
to the kidneys becomes inadequate [30]. During I/R injury, renal
tissue produces excess ROS that exceeds the body's elimination
capacity. ROS interact with cellular structural components, causing
oxidative cellular damage [31]. This disrupts the structural and
functional integrity of the cell membrane through lipid peroxidation
in mitochondria, lysosomes and plasma membranes. MDA and
thiobarbituric acid reactive compounds resulting from lipid perox-
idation are defined as the most important biomarkers of oxidative
stress [32]. CAT, SOD, and GSH are endogenous enzymes that
metabolize free radicals and are required to scavenge ROS [33].

PNX-14, whose effect against renal I/R injury was investigated
in our study, was first identified in rat hypothalamus in 2013.
Initially thought to be a regulator of the reproductive system
[15], ongoing studies on PNX-14 have reported that the peptide
has significant anti-inflammatory and antioxidant effects [34].
In fact, in a study conducted by Yilmaz et al., it was emphasized
that PNX-14 decreased MDA level and increased SOD enzyme
activity in the I/R injury model created in testicular tissue [35].
In another study investigating the relationship between PNX-14
and oxidative damage, it was reported that PNX-14 showed an
antioxidative stress effect against LPS-induced damage in as-
trocytes by suppressing lipopolysaccharide (LPS)-induced ex-

PNX-14 (100pg/kg

2 WA
>

«

FIGURE 7 |
and very little hemorrhage (B, C). A: HE x20; B, C: HE x40.

Histological images of PNX-14 (100 pg/kg) group, significant decrease in all findings compared to I/R group (A), very little edema
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TABLE 1 | Histologic scores of the groups.
Groups Histopathologic kidney damage (Mean + SD)
Control 0.58 +0.07*
I/R 2.27 £0.09°
PNX-14 (50 ug/kg) 1.70 +0.09°
PNX-14 (100 pg/kg) 1.33 +£0.10°

Note: Mean differences between values with different superscript letters in the same column are statistically significant (**“p < 0.0001).

cessive ROS production and decrease in SOD level [17]. In
another study, PNX-20, another isoform of PNX, was observed
to reduce MDA levels and suppress oxidative stress by
increasing SOD enzyme activity in rats modeled with pulmo-
nary arterial hypertension [36]. In a study in which non-
alcoholic fatty liver disease model was established in rats, it was
reported that PNX-14 decreased MDA level, increased SOD and
GSH enzyme levels and reduced oxidative stress as a result [19].
Zandeh-Rahimi et al. emphasized that PNX-14 showed signifi-
cant antioxidant effects against indomethacin-induced duode-
nal ulcer by increasing CAT and SOD levels [18].

In our study, serum BUN and creatinine levels of PNX-14
treated rats were found to be lower compared to the I/R group.
We also observed that GSH, SOD and CAT levels in the kidney
tissues of PNX-14-treated animals increased compared to the
I/R group, while MDA level, an important indicator of oxidative
stress, decreased compared to the I/R group. The data we
obtained indicate that PNX-14 may be effective in preventing
AKI in the I/R process. These results were consistent with the
results of previous experimental studies with PNX-14.

Studies have shown that renal I/R reduces renal blood flow as a
result of reduced renal vascular sensitivity and microvascular
damage. This leads to inflammatory cell infiltration, glomerular
damage, tubular epithelial cell destruction, apoptosis and fibrosis
[37]. Previous studies in the literature have shown that PNX-14
significantly reduces intracranial intima damage and inflammatory
cell infiltration by histopathological analysis [38]. In our study,
heterogeneous changes and significant pathological damages were
observed in the kidney sections in the I/R group. Degeneration and
hemorrhage in tubules and glomerular structures, vacuolization
and dilatation in tubules, vascular congestion, fluid accumulation
and hemorrhage in tubule lumen, shedding of tubule epithelial
cells, degeneration in glomerular structures and mononuclear cell
infiltration were detected. In the PNX-14-treated groups, renal
damage was significantly reduced compared to the I/R group. The
results of the present study were in support of the existing studies in
the literature. Based on our biochemical and histopathological
findings, we can conclude that PNX-14, a newly discovered peptide,
plays a protective role by activating antioxidant systems against AKI
induced by I/R injury.

5 | Conclusion

In conclusion, biochemical and histological analyses revealed
that PNX-14 played a protective role in renal I/R injury ex-
perimentally induced in rats. Although these protective effects
of PNX-14 on renal tissue are not reported in the existing

literature, our findings are the first in this field. Although ex-
perimental studies have been conducted with many promising
pharmacologic agents to prevent I/R injury, there is a need to
investigate the effects of these new protective peptides on other
tissues and organs to find a clinical application.
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