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Abstract

significant extent.

Background: Testicular torsion is an important pediatric problem and ischemia/reperfusion injury (IRl) is involved in
its etiopathogenesis. Vanillic acid (VA) is a phenolic acid has strong antioxidant properties. To our knowledge, the abil-
ity of VA to reduce testicular IRl has not been previously investigated. It was therefore aimed to evaluate whether VA
had a beneficial effect against testicular IRl model in rats for the first time. Twenty-four rats were segregated into four
groups: sham control, torsion/detorsion (T/D), T/D+ VA (50 mg/kg and 100 mg/kg). The levels of testicular oxidative
stress, inflammation, endoplasmic reticulum (ER) stress and apoptosis markers were determined using colorimetric
methods. Hematoxylin—eosin staining method was used in the histopathological evaluation.

Results: Oxidative stress, inflammation, ER stress and apoptosis levels were significantly higher in testicular tissues
of rats with only IRl model (p < 0.05). VA applications improved these injuries in a dose-dependent manner (p < 0.05).
Moreover, it was found that the results of histological examinations supported the biochemical results to a statistically

Conclusions: It was revealed that VA application can remove testicular IRI for the first time. This testicular protective
efficacy of VA needs to be supported by more extensive preclinical studies.
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1 Background

Testicular torsion (TT) causes occlusion of blood vessels
and prevents perfusion of the testicles [1]. The annual
incidence of TT is approximately 3.8 per 100,000 men
younger than 18 years of age [2]. Mandatory treatment
of TT is detorsion [1]. Transient ischemia caused by TT
can permanently damage the testicles despite successful
detorsion, and testicular apoptosis/atrophy and impaired
spermatogenesis may develop [3]. Paradoxically, the pro-
duction of free oxygen radicals, lipid peroxidation and
intracellular calcium concentrations in the detorsioned
testicle are increased and this situation causes more

*Correspondence: selim-demir@hotmail.com

2 Department of Nutrition and Dietetics, Faculty of Health Sciences, Karadeniz
Technical University, 61080 Trabzon, Turkey
Full list of author information is available at the end of the article

@ Springer Open

damage and may even initiate a process leading to cell
death [1]. This is known as ischemia/reperfusion injury
(IRI) and accepted main pathophysiological mechanism
of torsion/detorsion (T/D)-induced testicular injury [2,
4].

Vanillic acid (VA) is one of the most scientifically
researched phenolic compounds [5]. Previous studies have
demonstrated the antioxidant, antimicrobial, anti-inflam-
matory, anti-apoptotic, anticancer, neuroprotective,
hepatoprotective, renoprotective and cardioprotective
properties of VA [6]. Although VA and its derivatives
have been shown to protect heart, brain and liver against
IRI in experimental models [7-9], there is no study
examining the protection of VA against testicular IRIL
This study therefore aimed to reveal protective efficacy
of VA against testicular IRI model biochemically and
histologically.
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2 Methods

2.1 Experimental design

The experimental design was approved by the Animal
Experiments Local Ethics Committee of Karadeniz Tech-
nical University (Protocol number: 2021/62). The 24 rats
were divided into four groups: sham control (Group A),
torsion/detorsion (T/D) (Group B), T/D+VA (50 and
100 mg/kg) (Group C and D). All drug and solvent appli-
cations were done by intraperitoneal route. The experi-
mental procedure was briefly summarized in Table 1. In
Group A rats, the left testicle was removed and placed
back into the scrotum to create surgical stress. In Group
B, C and D rats, the left testicle removed by incision
was rotated 720° clockwise using the method described
previously [10]. The suture was removed after 4 h, and
testicular reperfusion was achieved for 2 h based on pre-
viously described methods [11, 12]. VA was administered
30 min before detorsion to the groups. VA doses (50 and
100 mg/kg) were determined considering previous stud-
ies [8, 13]. At the end of 360 min, all rats underwent left
orchiectomy. The removed testicles were homogeneously
divided longitudinally in two pieces, and one portion was
frozen at — 80 °C for biochemical analysis and other parts
were used for histological evaluation.

2.2 Histological analysis

Routine histological tissue follow-up was performed for
testicular specimens fixed from Bouin’s solution. Pre-
pared preparations were stained with H&E and evalu-
ated under a light microscope [3]. Later, seminiferous
tubule architecture and the levels of spermatogenesis
were graded with the scoring system defined by Johnsen
[14]. Scoring and histological evaluation were performed
blindly by a histologist unaware of the groups.

2.3 Biochemical analysis

The tissue malondialdehyde (MDA) level was determined
using a colorimetric method [15], while total oxidant sta-
tus (TOS) (Cat No: RL0024) and total antioxidant status

Table 1 A summary of the procedures in the experimental groups
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(TAS) (Cat No: RL0017) levels were determined using
commercial colorimetric kits (Rel Assay Diagnostics,
Gaziantep, Turkey). The oxidative stress index (OSI) lev-
els were calculated with the following formula [12]:

OSI (arbitrary unit)

TOS(umoL hydrogen peroxide equivalent/L) 100
= X

TAS(pmoL trolox equivalent/L)

The 8-hydroxy-2'-deoxyguanosine (8-OHdG, Cat No:
EU2548), superoxide dismutase (SOD, Cat No: ER0332),
catalase (CAT, Cat No: ER0264), high-mobility group
box 1 (HMGB1, Cat No: ER0291), nuclear factor kappa
B protein 65 (NF-kB p65, Cat No: ER1187), tumor necro-
sis factor-alpha (TNF-a, Cat No: ER1393), interleukin-6
(IL-6, Cat No: ER0042), myeloperoxidase (MPO, Cat No:
ER0142), 78-kDa glucose-regulated protein (GRP78, Cat
No: ER0562), activating transcription factor 6 (ATF6,
Cat No: ER1645), C/EBP homologous protein (CHOP,
Cat No: ER0694) and caspase-3 (Cat No: ER0143) levels
in tissue samples were determined using enzyme-linked
immunosorbent assay (ELISA) kits (Finetest, Wuhan,
China) according to the manufacturer’s instructions.

2.4 Statistical analysis

All data were expressed as median and IQR. Statistical
differences between groups were assessed by Kruskal—
Wallis and followed by Mann—Whitney U test. p<0.05 is
considered statistically significant.

3 Results

3.1 Biochemical findings

All biochemical findings were presented in Table 2. The
MDA, TOS, OSI and 8-OHdG levels of Group B were sig-
nificantly elevated compared to Group A (all p=0.004).
The MDA, TOS, OSI and 8-OHdG levels of Group C
were lower than Group B (p=0.01, p=0.037, p=0.004
and p=0.037, respectively). Similarly, VA (100 mg/kg)
decreased levels of oxidative stress parameters compared
with Group B (all p=0.004).

Groups

Sham control T/D T/D+VA T/D+VA
Torsion 0 min - + + +
210 min after torsion 10% DMSO 10% DMSO 50 mg/kg 100 mg/kg
Detorsion (240 min after torsion) - + + +
Orchiectomy (360 min after torsion) + + + +

T/D, torsion/detorsion; VA, vanillic acid
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Table 2 Effect of VA on the levels of biochemical parameters and Johnsen scores in testicular tissues of control and experimental rats

Sham control T/D T/D+VA (50 mg/kg) T/D+VA (100 mg/kg)
MDA (nmol/mg protein) 9,65 (7.98-104) 296 (234-31.2) 4(9.18-20.1)° 9.90 (7.30-12.8)°
TOS (umol H,0, equivalent/L) 189 (14.2-27.6) 539 (50.7-57.9) 27.6 (17.2-40.1)° 20.2 (15.6-26.7)°¢
TAS (mmol trolox equivalent/L) 1.24 (1.19-1.29) 0.70 (0.67-0.75)° 00 (0.89-1.10)*° 7(1.07-1.19)°
OSl (arbitrary unit) 155 (1.11-2.22) 752 (705 833) 262(1 94— 378)ab 173 (142-231)°
8-OHdG (ng/mg protein) 487 (3.88-5.64) 11.7-15.1)° 8.36 (6.79-11.2)*P 4.79 (4.23-562)°¢
SOD (ng/mg protein) 149 (140-1.76) 0.54 (0.44-0.62) 0.83 (0.64-1.12)*° 1.00 (0.89-1.52)°
CAT (mlIU/mg protein) 7.20 (6.25-8.48) 3.0 (2.63-3.30) 3.75 (2.78-5. 20) 5 (5.85-8.53)>¢
HMGB1 (pg/mg protein) 46.0 (39.8-49.3) 207.1 (175.0-226.6)* 82.5 (47.1-129.9)%P 1 (50.6-58.5)°
NF-kB p65 (pg/mg protein) 105.5 (96.5-114.8) 307.9 (285.1-323.9)° 1947 (1454 314.3)° 8(106.9-139.9)°¢
TNF-a (pg/mg protein) 0.14 (0.12-0.15) 0.74 (0.66~ 098) 0.38(0.21-0.91)? 0(0.04-0.26)P<
IL-6 (pg/mg protein) 30.6 (26.2-35.9) 165.3 (156.0-189.6)° 91.1 (80.1-109.2)*° 9(285-383)°¢
MPO (ng/mg protein) 0.74 (0.65-0.80) 1.76 (1.58-1.93) 03 (0.60-1.54)° 0.73 (0.54-0.80)°
GRP78 (pg/mg protein) 345 (27.6-37.9) 197.6 (163.5-223.4)° 1202 (852 159.0)%P 1(21.0-36.5)P¢
ATF6 (pg/mg protein) 476 (33.4-58.7) 174.1 (162.8-181.7) 81.7 (60.1-120.6)*° 456 (38.5-51.8)°¢
CHOP (pg/mg protein) 1234 (1064-146.1) 3232 (257.2-343.8)° 1874(1361 281.0)2° 1455 (119.7-157.8)°
Caspase-3 (ng/mg protein) 0.16 (0.09-0.26) 0.99 (0.74-1.08) 0,67 (047-0.86) 0.26 (0.18-0.28)°¢
Johnsen scores 5(8-10) -8)° 5(7-8)° 8 (8-9)P<

T/D, torsion/detorsion; VA, vanillic acid; MDA, malondialdehyde; TOS, total oxidant status; TAS, total antioxidant status; OSI, oxidative stress index; 8-OHdG, 8-hydroxy-
2'-deoxyguanosine; SOD, superoxide dismutase; CAT, catalase; HMGB1, high-mobility group box 1; NF-kB, nuclear factor kappa B; TNF-a, tumor necrosis factor-alpha;
IL-6, interleukin-6; MPO, myeloperoxidase; GRP78, 78-kDa glucose-regulated protein; ATF6, activating transcription factor 6; CHOP, C/EBP homologous protein

P values according to Kruskal-Wallis variance analysis and followed by the Mann-Whitney U test

Data were expressed as median as medians with a 25th and 75th percentile interquartile range (IQR)

@ p<0.05 compared with control group
b p <0.05 compared with T/D group
€p<0.05 compared with T/D + VA (50 mg/kg) group

The TAS, SOD and CAT levels were lower in Group
B than Group A (all p=0.004). The TAS and SOD lev-
els were higher in Group C than Group B significantly
(p=0.004 and p=0.02, respectively). However, VA
(100 mg/kg) alleviated these levels significantly (all
p=0.004).

The HMGBI1, NF-kB p65, TNF-a, IL-6 and MPO
levels were higher in Group B than Group A signifi-
cantly (all p=0.004). The HMGBI, IL-6 and MPO lev-
els were significantly lower in Group C than Group B
(p=0.01, p=0.004 and p=0.01, respectively). However,
VA (100 mg/kg) alleviated these levels significantly (all
p=0.004).

The GRP78, ATF6, CHOP and caspase-3 levels
were higher in Group B than Group A significantly (all
p=0.004). The GRP78, ATF6 and CHOP levels were
lower in Group C than Group B (p=0.037, p=0.004 and
p=0.045, respectively). However, VA (100 mg/kg) allevi-
ated these levels significantly (all p=0.004). Interestingly,
no significant differences were between Group A and
Group D in terms of biochemical markers.

3.2 Histological findings

The Johnsen scores were lower in Group B than Group
A significantly (p=0.0001). Only VA (100 mg/kg) treat-
ment increased these scores significantly (all p=0.016)
(Table 2 and Fig. 1).

4 Discussion

The pathogenesis of IRI is associated with complex
molecular processes, including oxidative stress, ER stress
and mitochondrial dysfunction [3, 11]. The increase in
unbalanced reactive oxygen species (ROS) causes dam-
age to biomolecules [9]. Peroxidation of lipids leads to
the formation of aldehyde compounds, including MDA,
which are highly reactive for all biomolecules [7]. TOS,
TAS and OSI are cumulative oxidative stress indica-
tors that reveal the level of oxidative stress in biological
samples. 8-OHdG is an indicator of the extent of oxida-
tive DNA damage [16]. SOD and CAT are two important
components of the enzymatic antioxidant system that
remove superoxide and H,0,, respectively, to prevent the
formation of more reactive hydroxyl radicals. Therefore,
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Fig. 1 Histopathological images of testicular tissues of groups (x 200, H&E staining). Sham control group (A) SZ: spermatozoon, black star:
seminiferous tubule germinal epithelium, black arrow: intertubular area. T/D group (B) VC: vasocongestion in the intertubular area, arrowhead:
germinal epithelial cells, black star: seminiferous tubule germinal epithelium, black arrow: edema in the intertubular area. /D + 50 mg/kg VA (C)
SZ: spermatozoon, black star: seminiferous tubule germinal epithelium, arrowhead: germinal epithelial cells, black arrow: edema in the intertubular
area. T/D+ 100 mg/kg VA (D) SZ: spermatozoon, black star: seminiferous tubule germinal epithelium, black star: seminiferous tubule germinal
epithelium, arrowhead: germinal epithelial cells, black arrow: intertubular area

these two antioxidant enzymes form the first line of cellu-
lar defense against oxidative damage [12]. The increased
oxidative stress marker levels and decreased antioxidant
capacity parameters in T/D group showing that oxida-
tive stress mediates testicular IRI. VA treatments signifi-
cantly reduced these damage. Consistently, it has been
previously shown that VA and its derivatives can protect
heart, brain and liver tissues in IRI models by reducing
oxidative stress levels [7-9, 17].

It is known that inflammation is the another major
pathway that plays critical role in the pathophysiology
of T/D-induced testicular injury [18]. HMGBI is a non-
chromosomal nuclear protein that initiates the inflam-
matory process in pathological conditions, including
IRI [19]. After IRI, extracellular HMGBI1 operates as a
damage-associated molecular pattern (DAMP) through
two major signaling pathways. It interacts with TLR4
and RAGE receptors to activate NF-«kB, which raises the
levels of major cytokines, including TNF-a and IL-6 [19,
20]. The increased inflammatory marker levels in T/D
group show that inflammation mediates testicular IRI.
VA applications reduced the level of tissue inflammation.

Consistently, it has been previously shown that VA can
show protective activity against brain and cartilage IRI by
reducing the levels of inflammation [8, 20].

Recent studies highlight that ER stress comes to the
forefront as an important molecular mechanism in
IRI-induced tissue damage [21]. ATF6 is one of major
transmembrane proteins that initiate unfolded pro-
tein response (UPR) signaling in the ER stress response.
Under physiological states, GRP78 binds to this sensor
protein and keeps it in an inactive position [22]. ATF6
is activated by dissociation from GRP78 when ER stress
is triggered. After ATF6 dissociates with GRP78, it is
transported to Golgi in response to ER stress. ATF6 is
activated via cleavaging by proteases in the Golgi. Acti-
vated ATF6 then migrates to the nucleus, inducing sev-
eral proapoptotic genes, including CHOP [21]. CHOP
activates the mitochondrial apoptosis pathway [22]. The
results showed that increased ER stress and apoptosis
contribute to testicular IRL, and VA attenuates this dam-
age by ER stress inhibitory and anti-apoptotic effect.
Consistently, it has been previously shown that VA and
its derivatives exhibit tissue protective effect against
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various experimental IRI model through its ER stress
inhibitor and anti-apoptotic properties [5, 23].

There were also some limitations of our study. First,
only the two-stage doses of VA were evaluated based on
literature data within the scope of this study. Second, the
efficacy of VA at different times or in chronic T/D condi-
tions was not evaluated. Third, the effects of VA on sexual
behavior and fertility level of rats were not evaluated in
the study. We believe that demonstrating the protective
efficacy of VA against testicular IRI in long-term studies
together with physiological fertility behavior experiments
will shed light on clinical stages.

5 Conclusions

The results showed that VA reduced testicular IRI in an
experimental model for the first time. This beneficial
activity of VA is thought to be due to its antioxidant,
anti-inflammatory, anti-apoptotic and ER stress inhibitor
properties. The suitability of VA for clinical use needs to
be supported by more detailed studies.
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