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Unilateral ureteral obstruction (UUO) induces hydronephrosis in the affected
kidney, with compensatory damages in the contralateral kidney. This study aimed to
evaluate the renoprotective effects of fermented Crescentia cujete (FCC) on the
contralateral kidney in UUO-induced rats. Based on a preliminary study, 14 days
post-UUO-induction (dpi) was selected as the treatment baseline for initiating
treatments. For the main study, 24 six-month-old male rats (weighing
315.05+3.22g) were subjected to right UUO and randomly assigned to three groups:
G1 (sham-operated), G2 (untreated UUO), and G3 (UUO treated with 11.84mg/kg
FCC). From 15 to 28 dpi, group G3 rats received oral FCC twice daily, while those
of G1 and G2 remained untreated. On 29 dpi, rats were evaluated for lower limb
oedema, blood pressure, SDMA, cystatin C, creatinine clearance and renal
ultrasonography; and kidney macroscopy, histopathology for tubular injury,
inflammation and fibrosis, and immunohistochemical expression of claudin-1,
NGAL, SPP1, TNF-a following euthanasia. Results showed that right kidneys in
groups G2 and G3 exhibited higher hydronephrosis, tubular injury, inflammation,
and fibrosis scores compared to G1 (P<0.05), with no differences between G2 and
G3. In the contralateral kidney, FCC improved length, width, thickness, volume,
weight of kidney, hydronephrosis scores, and histopathological lesions compared to
G2 (P<0.05), with non-significant differences in these parameters between rats of
groups G1 and G3. Systemically, FCC reduced lower limb oedema, blood pressure,
SDMA, and elevated creatinine clearance compared to UUO-+FCC (P<0.05).
Moreover, FCC downregulated the immunoexpression of NGAL, SPP1, and TNF-a
in the contralateral kidney (P<0.05). FCC treatment also restored cystatin C level to
sham-treated control group. In conclusion, FCC demonstrated renoprotective effects
in the contralateral kidney of UUO rats by preserving renal morphology and
suppressing pro-inflammatory and pro-fibrotic markers.
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INTRODUCTION

The kidney is a vital body organ responsible for
eliminating waste products, filter blood and reabsorb
essential metabolites. Both the left and right kidneys work
together in a coordinated, harmonious manner, so

impairment of one kidney or ureter often leads to
compensatory changes in the contralateral normal kidney
or ureter. Ureteral obstruction is a common renal disorder,
which can arise from blood clots, mineral deposits,
tumours, or other abnormalities of the urinary tract (Ilgi et
al., 2020). This blockage causes urine to reflux, leading to
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the progressive development of hydronephrosis (Arifianto
et al., 2020).

Hydronephrosis caused due to unilateral ureteral
obstruction (UUO) is usually characterized by glomerular
atrophy, tubular-cystic transformation, inflammation, and
fibrosis (Damian et al., 2022). Rise in intrarenal pressure
has adverse effects on nephrons and impairs their
integrity, structure, and function (Hosny et al, 2024).
Unilateral ureteral obstruction can also induce various
compensatory changes in the contralateral normal kidney,
such as inflammation, necrosis, and mild to severe tubular
dilation (Isac and Ionescu, 2025).

In standard clinical practice, diuretics such as
furosemide are routinely administered to UUO patients for
reducing intraluminal pressure in the contralateral normal
kidney (Pokrovskaya et al., 2021). Furosemide can be
used to facilitate the diagnosis (Bombinski et al., 2018)
and management of mild hydronephrosis (Patel et al.,
2014). However, the efficacy of furosemide decreases in
severe hydronephrosis (Dilken et al., 2023). Hence, the
alternative therapies need to be developed for managing
the entire range of hydronephrosis severity. Fermented
Crescentia cujete (FCC)has been shown to be a
promising candidate for managing such problem (Prakoso
etal., 2025).

The FCC contains high levels of choline, which is
essential for neurology (Hidayah et al., 2023) and normal
kidney function (Kenny et al, 2025). Choline is a
fundamental compound related to the phospholipid group
and required to maintain nephron structure (Liu et al.,
2025). A recent study by Dias et al. (2023) has indicated
that natural  phosphatidylcholine  showed  high
bioavailability for kidney tissue repair. According to
Wijayanti et al. (2024), FCC enhances immune function
by elevating plasma antioxidant levels in animal models,
which potentially protects the kidney from oxidative
damage during hydronephrotic stress.

Due to its high choline level, the use of FCC is
expected to promote the nephron integrity in
hydronephrosis (Kenny et al, 2025). The FCC is also
postulated to prevent further compensatory impacts (Li et
al., 2024) and enhance diuresis which is crucial in
lowering intraluminal pressure (He et al, 2022).
Therefore, the present study was planned to evaluate the
renoprotective activity of fermented Crescentia cujete on
the contralateral normal kidney in rats subjected to
unilateral ureteral obstruction.

MATERIALS AND METHODS

Fermentation and choline standardization of
Crescentia cujete: Crescentia cujete fruit were collected
from the University of Wijaya Kusuma Surabaya,
Indonesia and fermented following the procedure
described by Wilujeng et al. (2023). Briefly, the fruit
was peeled, and 400g of pulp was diluted with 1000mL
of distilled water. The mixture was stirred and
homogenized. Moreover, 40mL of pectinase and 40g of
granulated white cane sugar (Gulaku®, Indonesia) were
added to the mixture. The mixture was stored at room
temperature for 30 days with daily stirring. On day 31,
the filtrate was collected and stored in a refrigerator until
use.
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The choline contents of FCC were standardized using
LC-MS/MS method described earlier (Prakoso et al,
2024). For this purpose, 10mg of FCC was mixed with
200uL of SOmM hydrochloric acid. The mixture was then
homogenized. The supernatant was diluted 100-fold using
a mobile phase containing 0.01% formic acid in 50%
methanol. The analysis was performed using a SCIEX
Triple Quad 5500+LC-MS/MS system. The monitored
choline transition was at a mass/charge ratio (m/z) of
104.2 to 60.2. Choline standard solutions were prepared in
the mobile phase at concentrations ranging from 0 to
24mg/kg. The calibration curve exhibited a linear
regression equation of y=3.15x10%x+2.0x10% where y is
the analyte peak area, x is the choline concentration in
mg/kg, with an R2 value of 0.998. This procedure was
performed in triplicate. The choline concentration in FCC
was found to be 115.25+4.33mg/mL.

Preliminary study: Induction of unilateral ureteral
obstruction: For preliminary study, four male Sprague
Dawley rats (aged six months and weighing
305.18+4.87g) were anesthetized using xylazine (4mg/kg
BW; Ilium, Australia) and Zoletil® (30mgkg BW;
Virbac, India), intramuscularly. The abdominal area was
disinfected with 70% isopropyl alcohol. The skin was
incised, and the intestines and mesentery were retracted.
Middle segment of the right ureter was ligated with a
simple interrupted 4-0 nylon suture (Ailee, Korea). The
intestines were repositioned and 20mg/kg BW
enrofloxacin was applied. The abdominal wall and skin
were closed with simple interrupted 2-0 catgut and 2-0
braided silk sutures, respectively.

At 14 days post-induction (dpi), ultrasonography
revealed remarkable swelling and hydronephrosis in the
right kidney (width, 16.52mm; length, 25.85mm)
compared to the left kidney (width, 8.60mm; length,
13.37mm; Fig. 1A). Macroscopic examination at
euthanasia confirmed that right kidney (width, 21.11mm,
length, 25.48mm, volume, 4.741mm?, and weight, 4.35g)
was enlarged compared to the left kidney (width,
11.05mm, length, 19.17mm, volume, 1.121mm3 and
weight, 0.89g; Fig. 1B). Serum creatinine level reached
1.23+£0.08mg/dL (exceeding the normal range of 0.4—
0.8mg/dL). Based on these results, 14 days post-UUO
induction was selected as the baseline for initiating FCC
treatment.

Research design: A total of 24 adult male Sprague
Dawley rats, aged 6 months with body weight of
315.05+£3.22g, were housed individually in metabolic
cages (50x30x40cm) and given feed and water ad libitum.
The room temperature was maintained at 25°C, with 65%
humidity, and rice husk was used as bedding. The rats
were randomly assigned to three groups, with 8 rats in
each group: G1 (sham-operated), G2 (UUO without FCC
treatment), G3 (UUO+11.84mg/kg FCC dose based on
Hidayah er al, 2023). Unilateral right-sided ureter
obstruction (UUO) was induced in rats of all three groups,
as described under preliminary study. Starting on 15 dpi,
rats in G3 group received FCC (11.84mg/kg) by oral
gavage twice daily for 14 days, while rats of groups Gl
and G2 received no treatment for 28 days after UUO
induction.
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Fig. I: Ultrasonographic and macroscopic appearance of rat kidneys 14
days after induction of UUO (preliminary study). (A): Ultrasonographic
images reveal dilation of the renal pelvis (width=16.52mm, length=25.85
mm) in the right kidney (R), appearing as a large anechoic area, while
the left kidney (L) shows a normal renal pelvis (width=8.60mm,
length=13.37mm). (B): Gross examination shows an enlarged right
kidney (R) with disrupted architecture, whereas the left kidney (L)
shows normal appearance.

Oedema scoring of the lower-limbs: Lower-limb
oedema was evaluated at 29 dpi in rats of all three
experimental groups. Oedema severity was scored on a
scale of 0 to 4 (Table 1), as described previously
(Gasparis et al., 2020).

Table I: Scoring system of the lower limb oedema of experimental rats

Parameters ~ Oedema score
0 | 2 3 4
Visual swelling No Mild Minimal ~ Moderate Severe swelling,
swelling swelling,  swelling,  swelling, possibly  with
barely easily significantly skin changes or
noticeable visible enlarged  ulceration
limb
Pitting oedema No The The The The indentation

pitting indentation indentation indentation rebounds
oedema immediately rebounds rebounds >30sec

rebounds  within within 16-
15sec 30sec

Mid tibia Direct measurement using gauge
circumference
(cm)
Ankle Direct measurement using gauge
circumference
(cm)
Swelling No Unilateral  Bilateral - -
position swelling

Source: Gasparis et al. (2020)
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Blood pressure analysis: Blood pressure was measured
using a tail-cuff system on 29 dpi. The systolic, diastolic,
and mean arterial pressures were recorded using a
ContecO8A-VET blood pressure monitor (Contec, China).

Renal ultrasonography: On day 29 post UUO induction,
the rats were sedated with xylazine (4mg/kg BW). Then
the rats were restrained, their backs were shaved, and both
kidneys were assessed for hydronephrosis using an
ultrasonography unit equipped with a linear-array
transducer and operating at 6.5-9.4MHz frequency (Edan
DUS60, China). In this way, renal length and cortical
thickness were measured.

Hydronephrosis scoring was performed on the
ipsilateral and contralateral kidneys. The scale was
defined as follows: 0=no hydronephrosis/normal kidney
appearance; 1=dilation of the renal pelvis with normal
cortex; 2=moderate renal pelvis dilation with minimal
cortical thinning; 3=marked renal pelvis dilation with
moderate cortical thinning; and 4=severe renal pelvis
dilation with pronounced cortical thinning, as described
previously (Vilskersts ef al., 2020).

Clinicopathological analysis: Rat blood was collected
via the retroorbital plexus under anaesthesia on day 29 of
UUO induction. The blood was collected in EDTA and
plain tubes. The samples were centrifuged to separate the
plasma and serum, respectively. Urine was also collected
on 29 dpi using cystocentesis. The plasma, serum and
urine samples were stored at 4°C prior to analysis. Serum
symmetric dimethylarginine (SDMA) and cystatin C were
determined by ELISA using the SDMA ELISA kit
(ab213973, Abcam, UK) and the cystatin C ELISA kit
(BMS2279, Invitrogen, USA), respectively. Plasma and
urine creatinine levels were measured with a creatinine
assay kit  (MAKOSO, Sigma-Aldrich, USA).
Measurements of SDMA, cystatin C and creatinine were
conducted following the instructions given with the
relevant kit. The creatinine clearance was calculated using
the equation: Creatinine clearance=(CU x UF)/ CP, where
CU is urine creatinine concentration, UF is urine flow rate
per hour and CP is plasma creatinine concentration (Chen
and Chiaramonte, 2019).

Renal macroscopy and histopathology: The rats from
all group were euthanized with 150 mg/kg BW ketamine
on day 29 of UUO induction. Kidneys were then
harvested and their length, width, thickness, volume, and
weight were measured. Kidney sections were fixed in
10% neutral buffered formalin (NBF), and processed for
routine histopathology using H&E staining (Ma et al,
2024). A pathologist scored histopathological changes
using a semi-quantitative scale 1 to 5: I=normal/no
change; 2=mild (>1-25% tissue changed); 3=minimal
(>25-50% tissue changed); 4=moderate (>50-75% tissue
changed); 5=severe (>75% tissue changed), as described
earlier (Vilskersts et al, 2020). Assessed parameters
included tubular injury, inflammation, and fibrosis.

Renal immunohistochemistry: The kidney tissue was also
processed for immunohistochemistry (IHC) against anti-
claudin-1 (sc-166338, Santa Cruz Biotechnology, USA),
anti-NGAL (ABS 043-29-2, Invitrogen, USA), anti-SPP1



1190

(CSB-RA261140A0HU, Cusabio Technology LLC, USA),
and anti-TNF-a (PA5-19810, Invitrogen, USA). Antibody
dilutions were 1:250 for claudin-1 and NGAL, 1:100 for
SPP1, and 1:150 for TNF-o. The incubation times were
60min for claudin-1, 30min for NGAL and SPPI1, and
overnight for TNF-a. The immunohistochemistry was
performed following the manufacturer’s instructions. The
IHC slides were analyzed using ImageJ to determine the
percentage of immunoreactive area.

Statistical analysis: Data of lower-limb oedema scores,
ultrasonography scores, and histopathological scores were
analyzed using Kruskal-Wallis and Mann—Whitney U
tests. The remaining data were subjected to one-way
ANOVA, followed by Duncan’s multiple range test. A
95% confidence level (P<0.05) was applied throughout
the analysis.

RESULTS

Oedema scoring of the lower-limbs: Oedema scoring
revealed that rats of group G2 (UUO treated) exhibited
significantly higher oedema scores than those of groups
G1 (control) and G3 (UUO+FCC treated) for visual
swelling, pitting oedema, mid-tibia and ankle
circumferences, and swelling location (P<0.05). However,
group G3 did not differ significantly from G1 in these
parameters (Table 2). Gross morphological changes in
hind limbs for rats of groups G1, G2 and G3 are shown in
Figs. 2A, 2B and 2C, respectively.

Blood pressure: The systolic (Fig. 2D), diastolic (Fig.
2E), and mean arterial blood pressures (Fig. 2F) in rats of
group G2 were significantly higher than rats in groups G1
and G3 (P<0.05). However, the differences in systolic and
mean arterial pressures between rats of groups G1 and G3

o
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150 a

Gl

Gl G2 G3

Experimental groups

Systolic blood pressure of rat
(mmHG)
N
o
Diastolic blood pressure of
rat (mmHG)

Pak Vet J, 2026, 46(5): 1187-1196.

were non-significant. Moreover, FCC treatment (group
G3) significantly reduced diastolic blood pressure
compared to group G2, although it remained higher than
that in group G1 (P<0.05).

Table 2: Lower-limb oedema scores and other related parameters in
rats of different experimental groups

Parameters Experimental groups
Gl G2 (UUO) G3
(Control) (UUO+FCC)
Visual swelling (score) 0.00+0.00°  3.75+0.50° 0.25+0.50°

2.75+0.50° 0.25+0.50°
10.80+0.65° 6.83%1.60°

0.00+0.00*
circumference 5.82+0.20*

Pitting oedema (score)
Mid  tibia
(cm)

Ankle circumference (cm) 3.65+0.25°  5.61+0.42° 3.80+0.32*
Swelling position 0.00+0.00°  1.75+0.50° 0.25+0.50°

Values with different superscripts in the same row show statistically
significant differences (P<0.05).

Renal echotexture: Ultrasonographic examination of
kidneys showed that rats in groups G2 and G3 exhibited
significantly higher hydronephrosis scores for the right
kidney than those in group G1 (P<0.05). Hydronephrosis
in the right kidney caused by UUO remained unresolved
after FCC treatment, as evidenced by non-significant
difference in ultrasonographic scores between groups G2
and G3 (Table 3). In contrast, ultrasonographic scores for
the left kidney showed that group G2 had significantly
higher values than groups G1 and G3 (P<0.05), while
non-significant difference was observed between groups
G1 and G3 (Table 3).

Table 3: Ultrasonographic hydronephrosis scores in rat kidneys of
different experimental groups

Side of the Kidney =~ Experimental groups

Gl (Control) G2 (UUO) _G3 (UUO+FCC)
Right kidney 0.00£0.00° 375050 3.50£057°
Left kidney 0.00:0.00° 1.25+0.50°  0.25+0.50°

Experimental groups

Values with different superscripts in the same row show statistically
significant differences (P<0.05).

200

=

150
5100

50

of rat (mmH

G2 G3

Gl G2 G3
Experimental groups

Mean arterial blood pressure

Fig. 2: Gross morphology of rat hind limbs and blood pressure of different experimental groups. (A): Sham-operated control rats (GI) displaying the left
hind limb with a normal (arrowhead) appearance. (B): Untreated UUO rats (G2) showing pronounced swelling and oedema in the left hind limb
(arrowhead). (C): FCC-treated UUO rats (G3) exhibiting minimal swelling in the left hind limb (arrowhead). (D): Systolic; (E): Diastolic; and (F): Mean arterial
blood pressure in UUO rats. Scale bar: |cm (A-C). Bars with different letters for each parameter denote statistically significant differences (P<0.05).
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Ultrasonographs showing the length and width of
right and left kidneys of rats from groups G1, G2 and G3
are shown in Figs. 3A, 3B and 3C, respectively.
Ultrasonographic assessment of renal length showed that
right kidney in groups G2 and G3 was significantly longer
than in group G1 (P<0.05). The difference in right kidney
length between rats of groups G2 and G3 was non-
significant. Furthermore, cortical thickness of the right
kidney in groups G2 and G3 could not be measured due to
marked cortical thinning (Fig. 3D). For the left kidney,
rats of G2 group exhibited significantly higher length
compared with Gl and G3 groups (P<0.05), the
differences in left kidney length between rats of latter two
groups were non-significant. The cortical thickness did
not differ among rats of three groups (Fig. 3D).

Serum biomarkers and creatinine clearance: In the
present study, UUO induced a significant increase in
SDMA and cystatin C levels compared to control group
(P<0.05), with SDMA increasing 1.5-fold (Table 4). After
FCC treatment, SDMA in G3 remained elevated
compared to Gl but was lower than in G2 (P<0.05).
Cystatin C levels in G3 differed non-significantly from
those in G1. Creatinine clearance dropped in G2 following
UUO compared with G1 (P<0.05). FCC administration in
G3 resulted in a partial recovery of creatinine clearance
relative to G2 (P<0.05), although values remained below
those of G1 (P<0.05; Table 4).

Renal macroscopy: Following euthanasia, gross
morphology of the right kidney in groups G2 and G3
revealed enlargement compared to G1 (P<0.05). Although
the right kidney was smaller in group G3 than in G2,

Pak Vet J, 2026, 46(5): 1187-1196.

particularly in length, width, volume, and weight
(P<0.05), its thickness did not differ between G2 and G3
groups. Furthermore, the right kidney in G3 remained
enlarged than that in Gl in terms of length, width,
thickness, volume and weight (P<0.05; Table 5).

Table 4: Symmetric dimethylarginine (SDMA), cystatin C and
creatinine clearance in rats of three experimental groups

Parameters Experimental groups

Gl (Control) G2 (UUO) G3
(UUO+FCC)
SDMA (ug/dL) 845£050°  12.84£108°  10.05:0.57
Cystatin C (ng/mL) 1440.47+60.82° 2186.35+331.79> 1390.1 | +132.85°
Creatinine 7461500  0.29:0.11° 2.54+0.90¢

clearance (mL/min)

Values with different superscripts in the same row show statistically
significant differences (P<0.05).

Table 5: Macroscopic evaluation of kidneys in rats of three
experimental groups following euthanasia

Parameters Experimental groups
Gl (Control) G2 (UUO) G3
(UUO+FCC)
Right Length (mm) 13.81+0.41° 26.87+1.92° 23.20£0.99¢
kidney Width (mm) 9.22+0.35*  20.87+3.31° 16.60+1.36°
Thickness 7.16+£021°  15.80+3.42° 14.15+0.86°
(mm)
Volume (mm?) 477.54+33.82° 4654.53+1346.66" 2875.30+514.55¢
Weight (g)  0.63+0.09°  4.53+0.78" 3.1940.34¢
Lefc Length (mm) 13.03+0.54 19.1741.66° 15.23+1.65
kidney Width (mm) 9.01£0.25*  10.59%1.71° 8.50+0.47°
Thickness 82310.31°  10.21+1.29° 8.25+0.16°
(mm)
Volume (mm?) 505.66+30.167 1,100.46+312.83" 558.86+67.86*
Weight (g)  0.65+0.07°  0.84+0.05° 0.58+0.04°

Values with different superscripts in the same row show statistically
significant differences (P<0.05).

L=29,45 mm

mGl =G2 G3

>

iz 75 T

5 20 b
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£: :

;g 10

£2 5 a diam
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ZE o C B0
g5 LR TR LL TL
£

Kidney parameters

Fig. 3: Ultrasonographic morphology of rat kidneys of different experimental groups. (A): Sham-operated control (Gl), displaying normal renal
morphology with comparable dimensions of the left (L) and right (R) kidneys. (B): UUO treated rats (G2), showing an enlarged anechoic area in the right
kidney (R) and suspected enlargement of the left kidney (L). (C): UUO+FCC-treated rats (G3), demonstrating similar feature of the right kidney (R) with
G2 group and clear visualization of the renal pelvis in the left kidney (L). (D): Quantitative ultrasonographic comparison of renal length and cortical
thickness across G, G2, and G3. LR=right kidney length; TR=cortical thickness of the right kidney; LL=left kidney length; TL=cortical thickness of the left
kidney; (-) =unmeasurable using USG. Bars with different letters for the same parameter denote statistically significant differences (P<0.05).
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Gross examination of the left kidney in UUO rats
without FCC treatment (G2) demonstrated a
compensatory increase in length, width, thickness,
volume, and weight compared to G1 (P<0.05). In
contrast, left kidney measurements in rats of G3 were
comparable to those of GI1, although these
measurements were significantly lower than those of G2
(P<0.05; Table 5).

Renal histopathology: Histopathological examination of
kidneys showed that tubular injury, inflammation, and
fibrosis scores of the right kidney were significantly higher
in groups G2 and G3 than in G1 (P<0.05). However, non-
significant differences were observed in these parameters of
the right kidney between the former two groups (Table 6).
The qualitative histopathological findings of the right
kidneys are shown in Fig. 4A-D. The right kidney in G1
group indicated intact glomeruli and tubules (Fig. 4A).
However, G2 group showed tubular atrophy and tubule-
cystic degeneration, accompanied by inflammation and
fibrosis (Fig. 4B). Tubuloepithelial depletion and
transitioning from cuboid to squamous epithelium was also
observed in G2 rats (Fig. 4C). G3 group indicated severe
necrosis and extensive fibrosis (Fig. 4D).

Histopathological analysis of the left kidney revealed
no histopathological changes in G1 group (Fig. 4E). In
contrast, the UUO untreated G2 group exhibited tubular
vacuolization, interstitial fibrosis, inflammation and
severe tubular necrosis (Fig. 4F-H). The UUO+FCC-
treated G3 group exhibited mild inflammation and tubular
vacuolization  (Fig. 41 &  4J).  Statistically,
histopathological scores for rats of group G2 were
significantly higher compared to those of Gl and G3
(P<0.05). Interestingly, the UUO+FCC-treated G3 group
did not differ from the sham-operated G1 group in terms
of tubular injury, inflammation, or fibrosis (Table 6).

Table 6: Histopathological scores of kidneys in rats of three
experimental groups following euthanasia

Parameters Experimental groups
Gl (Control) G2 (UUO) G3 (UUO+FCC)

Right kidney Tubular injury 1.00+0.00*  4.50+0.57° 4.50+0.57°
Inflammation 1.00+0.00°  3.75+0.95° 4.00+0.81°
Fibrosis 1.00£0.00°  3.75+0.95" 3.25+0.50°
Tubular injury 1.00£0.00*°  4.50+0.57° 1.50+0.57°
Left kidney Inflammation 1.00+0.00°  3.25+0.50° 1.50+0.57*
Fibrosis 1.00£0.00*°  3.25+0.50° 1.25+0.50°

Values with different superscripts in the same row show statistically
significant differences (P<0.05)

Renal immunohistochemistry: Renal
immunohistochemistry of the left kidney showed that
claudin-1 was localized in the Bowman’s capsule and
along the distal convoluted tubules (Fig. SA). The NGAL
was detected in the renal tubular epithelium and
infiltrating inflammatory cells (Fig. 5B).
Immunoreactivity for SPP1 (Fig. 5C) and TNF-a (Fig.
5D) also appeared in the renal tubules.

For the left kidney of UUO treated rats, groups G2 and G3
exhibited higher immuno-expression levels of claudin-1
than that of group G1 (P<0.05); the difference between
the former two groups was non-significant (Fig. 5E).
Significantly elevated immuno-expression levels of
NGAL (Fig. 5F), SPP1 (Fig. 5G), and TNF-o (Fig. 5H)
were recorded in group G2 compared to groups G1 and
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G3 (P<0.05). Moreover, G3 displayed significantly
reduced immunoreactivity for NGAL, SPP1, and TNF-a
relative to G2 (P<0.05), although levels of claudin-1,
NGAL, SPPI1, and TNF-a remained significantly higher
than those in G1 (P<0.05).

Fig. 4: Histopathological examination of right (A-D) and left (E-J)
kidneys in rats of three groups. Right kidneys: (A): Sham-operated
control group (GI) shows normal renal architecture with intact
glomeruli (arrow) and tubules (arrowhead). (B): Untreated UUO rats
(G2) exhibiting pronounced tubulo-cystic degeneration, tubular
atrophy (arrowhead), lymphocytic interstitial inflammation (boxed),
and interstitial fibrosis (arrow). (C): G2 group also exhibiting
tubuloepithelial depletion (arrowhead) and widening of renal tubules
(td) with cuboidal epithelium transitioning to squamous epithelium.
(D): UUO+FCC-treated rats (G3) showing severe glomerular
necrosis (boxed) replaced by fibroblasts (arrow) and tubular necrosis
with epithelial disruption (arrowhead). Left kidneys: (E): Sham-
operated control (Gl) shows normal renal architecture with intact
glomeruli (arrow) and tubules (arrowhead). (F, G): Untreated UUO
rats (G2) showing interstitial fibrosis (arrow), inflammatory cell
infiltration (if), tubular vacuolization (arrowhead), dilatation (td). (H):
G2 group also indicating moderate tubular necrosis (arrowhead) with
intratubular eosinophilic masses suspected to be protein casts (pc).
(I): FCC-treated UUO rats (G3) show mild tubular epithelial
vacuolization (arrowhead). (J): G3 kidney further exhibits focal
interstitial inflammation (if). H&E staining; magnifications: 100% (B, H),
400% (A, C, D-G, |, )).
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Fig. 5: Immunohistochemical examination of claudin-1, NGAL, SPPI, and TNF-a in the left kidney of rats of different groups (A): Claudin-I|
immunoreactivity is localized in the renal tubules and Bowman’s capsule (arrow). (B): NGAL staining is detected in infiltrating inflammatory cells and
tubular epithelium (arrow). (C): SPPI expression is confined to the thick ascending limb and distal convoluted tubules (arrow). (D): TNF-a
immunoreactivity is observed in tubular cells (arrow). (E-H): Quantification of the percentage of immunoreactivity area for claudin-1 (E), NGAL (F),
SPPI (G), and TNF-a (H) in rat kidneys. IHC staining; antibody anti-claudin-1 (A), anti-NGAL (B), anti-SPPI (C), and anti-TNF-a (D); magnifications:

400x% (A-D); DAB chromogen.
DISCUSSION

Unilateral ureteral obstruction (UUO) is a common
cause of hydronephrosis, leading to progressive dilation of
the renal pelvis and calyces on the affected side. As
intraluminal pressure rises, tubular epithelial cells are
damaged due to necrosis, and glomeruli undergo atrophy
(Napitupulu e al, 2023). Prostaglandin-mediated
signaling is one of the first ways the body tries to
overcome this increased intraluminal pressure. In the first
mechanism, the thromboxane A: and angiotensin II cause
narrowing of the afferent arteriole and the efferent
arteriole concomitantly (Kobori et al, 2013). These
hemodynamic changes work synergistically to reduce the
glomerular filtration rate (GFR; Pérez-Aizpurua et al.,
2024).

Histopathologically, prolonged ischemia stimulates
the release of danger-associated molecular patterns
(DAMPs) from necrotic nephron cells. These DAMPs
increase the level of SPP1, which then stimulates the
macrophages and neutrophils to release NGAL and TNF-
o (Shi and Zhu, 2023). Excessive expression of these
mediators further worsens tubular atrophy and apoptosis
and stimulates claudin-1 expression (lida et al., 2022).
Abnormal distribution of Claudin-1 disrupts the structure
and function of blood vessels and tubules. In advanced
stages, increased macrophage infiltration stimulates
myofibroblasts, leading to extracellular matrix deposition
in the interstitium and resulting in fibrosis (Jo et al.,
2022). These alterations on the ipsilateral side of UUO
decrease GFR, lower the creatinine clearance, and
gradually increase SDMA and cystatin C levels (Benoit et
al., 2020).

The histopathological alterations in the UUO affected
kidney cannot be reversed due to sustained high
intraluminal pressure, unless the underlying obstruction is
resolved (Yaxley and Yaxley, 2023). Results of the
present study consistently showed non-significant changes
between the UUO-affected right kidneys with FCC
treatment (group G3) or without FCC treatment (group

G2), regarding tubular injury, inflammation and fibrosis.
Ipsilateral kidney of rats of these both groups (G2 and G3)
also showed similar macroscopic enlargement,
hydronephrosis scores and changes in the histopathology
of the tissue. These findings reflect the unresolved
etiology of hydronephrosis in the ipsilateral kidney
despite FCC treatment.

However, the primary focus of the present study was
to evaluate the ability of FCC to preserve the function of
the contralateral kidney not subjected to UUO treatment.
Following UUO treatment, the contralateral normal
kidney gradually loses function as its filtration workload
is increased to compensate for the obstructed side. This
compensatory hyperfiltration initially preserves waste
clearance but eventually induces glomerular hypertension
and nephron injury (Zhang et al., 2024), driven by
elevated renal perfusion pressure and associated
biochemical and cellular changes (Gadelkareem et al.,
2022).

Results of the present study revealed that for the
contralateral left kidney, the macroscopic size, tubular
injury, inflammation, fibrosis and hydronephrosis
scores were significantly reduced following FCC
treatment (group G3) compared to UUO group without
FCC treatment (group G2) and were comparable to
those of the control group G1. Moreover, for the left
kidney, the immuno-expression levels in the untreated
UUO group G2 were higher compared with sham-
operated control (G1) and the UUO+FCC-treated group
(G3), specifically exhibiting increased immuno-
expression of NGAL, SPP1 and TNF-a. These results
are supported by those of the previous studies by
Wasilewska et al. (2011) and Yang et al. (2024), who
found a significant increase of NGAL in hydronephrosis
patients, and suggested that NGAL can be used as a new
biomarker for obstructive nephropathy. Furthermore,
levels of NGAL, SPP1 and TNF-o biomarkers
decreased in UUO+FCC-treated group compared to
untreated UUO group, but were still higher compared to
the Sham-operated control group.
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For the left kidney, increased claudin-1 expression in
UUO induced rats of group G2 indicated an early failure
of the glomerular filtration barrier and showed a strong
link to a decrease in GFR. The simultaneous elevation of
claudin-1 and TNF-a indicated persistent inflammatory
and fibrotic processes, aligning with the pathological
characteristics associated with Alport-like nephropathy
(lida et al., 2022). Elevated immunoreactivity of SPP1
and NGAL corroborated the existence of active
inflammation and fibrosis, which were histologically
manifested by interstitial matrix enlargement and
significant renal hypertrophy (Jayne et al., 2025). These
pathological alterations were associated with increases in
overall blood pressures, oedema of the lower limb,
elevated cystatin C and SDMA levels, and decreased
creatinine clearance (Xie et al., 2022).

Conversely, FCC-treated rats undergoing UUO
(group G3) displayed contralateral (left) renal morphology
(length, width, thickness, volume and weight) similar to
that of the sham group (G1). The ultrasonographic
observations (length and hydronephrosis score) and
histological scores (injury, inflammation and fibrosis) for
the left kidney in group G3 closely resembled those in rats
of control group G1, demonstrating that FCC efficiently
maintained contralateral renal structure and function
despite the stress generated by UUO. This renoprotective
effect of FCC for the contralateral kidney is supported by
the findings of Baris et al. (2023), who showed that
choline and citicoline mitigate kidney injury while
preserving renal architecture.

Renoprotective  effects of FCC were further
evidenced by suppression of NGAL, SPP1, and TNF-a
immunoreactivity in UUO+FCC group G3 compared to
UUO group G2. A previous study by Hasson et al. (2022)
indicated that lower NGAL levels suggest interruption of
the inflammation—fibrosis cycle, which is essential to be
used as a novel hydronephrosis therapy. Reducing SPP1
and TNF-a expression levels are likely involved in
curtailing fibroblast activation and extracellular matrix
synthesis (Bonnard er al, 2021), while anti-apoptotic
action of SPP1 promoted tubular cell survival (Ding ef al.,

2024).
Regarding mechanism, FCC serves as an antioxidant,
attenuating  TNF-o—driven  inflammation. ~ However,

claudin-1 expression remained unchanged in group G3
(UUO+FCC) compared to G2 (UUO), which is consistent
with the findings of Rowley et al. (2010) that choline does
not directly inhibit claudin-1. Rather, it modulates claudin-1
indirectly through TGF-§ suppression (Wang et al., 2020).
Unfortunately, the TGF-B and its correlation to claudin-1
levels could not be investigated in the present study.

Treatment success in rats of group G3 was
corroborated by clinical markers, reduced SDMA,
improved creatinine clearance (though still above control
group G1), reduced cystatin C, and diminished peripheral
oedema compared to rats of UUO group G2. Enhanced
GFR likely prevented fluid accumulation, hinting at an
osmotic diuretic effect of FCC. Mendoza-Martinez et al.
(2022) reported that high choline promoted diuresis in
dogs with urinary retention. According to Burri et al
(2019), dietary choline in dogs increased plasma choline
concentrations, exhibited its beneficial effects on immune
system and alleviated kidney disease.

Pak Vet J, 2026, 46(5): 1187-1196.

Choline in FCC is oxidized and converted to betaine
in renal cells, safeguarding cells from oxidative stress,
aids in osmotic management and promotes water
reabsorption. High choline intake may lower chronic
kidney disease (CKD) risk by supporting osmoregulation,
reducing oxidative damage, maintaining membrane
integrity, lowering uric acid (Li et al., 2024), and exerting
anti-inflammatory effects (Kusuda et al, 2020).
According to Prakoso et al. (2025), choline present in
FCC decreased COX-2 activity, resulting in reduced
oxidative stress and enhanced endogenous antioxidant
capacity in rats. Concurrently, Wang et al (2023)
underscored the significance of choline as a precursor to
phosphatidylcholine, essential for preserving cellular
membrane integrity. Herbal choline supplementation has
been shown to enhance glomerular filtration rate and
decrease hyperuricemia (Lin et al., 2024), with an inverse
relationship between dietary choline intake and the risk of
chronic kidney disease (Jieru et al., 2024), whereas
inadequate choline intake worsened diabetic nephropathy
(Al-Humadi et al., 2025).

Despite these beneficial effects, choline can be
metabolized by gut microbiota and the liver into
trimethylamine-N-oxide (TMAO), a compound that
increases cardiovascular risk in CKD patients (Zhou et al.,
2023). Taken together, these findings suggest that choline
from FCC may have both beneficial (renal protection) and
potentially harmful (TMAO-mediated cardiovascular risk)
effects. One appears to support renal repair during UUO,
while the other reflects systemic consequences arising
from TMAO formation. Given this possibility, targeted
preclinical studies are needed to determine the duration of
FCC exposure than may influence both the likelihood of
TMAO production and the pathways by which it is
generated. Moreover, future studies should evaluate FCC
in additional animal models combining renal and cardiac
dysfunction, measure plasma and urinary TMAO levels to
gauge cardiovascular implications, quantify TGF-f
signalling to clarify its role in claudin-1 regulation and
barrier integrity, and conduct dose—response experiments
to identify the optimal therapeutic window that maximizes
renal protection while minimizing adverse effects of FCC.

Conclusions: In conclusion, FCC treatment demonstrated
robust renoprotective effects on the contralateral normal
kidney in UUO rat models by preserving renal
morphology and suppressing pro-inflammatory and pro-
fibrotic markers (NGAL, SPP1, TNF-a). Systemic
evaluation also indicated that FCC treatment improved
renal function by decreased level of SDMA, stabilized
cystatin  C, and elevated creatinine clearance.
Nevertheless, because choline can be metabolized into

TMAO, the comprehensive safety and toxicity
assessments are needed to be evaluated.
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