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Gallic Acid Alleviates Methotrexate-Induced Oxidative Ovarian Damage in Rats
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Selim Demir*®", Nihal Turkmen-Alemdar?3®, Elif Ayazoglu-Demir*¢, Anmet Mentese>d, Yuksel Aliyazicioglu®®

Karadeniz Technical University, Faculty of Health Sciences, Department of Nutrition and Dietetics, 61080 Trabzon, Tiirkiye.

2Karadeniz Technical University, Graduate School of Health Sciences, Department of Medical Biochemistry, 61080 Trabzon, Tiirkiye.

®Recep Tayyip Erdogan University, Vocational School of Health Services, Department of Medical Services and Techniques, 53100 Rize, Tiirkiye.

“Karadeniz Technical University, Macka Vocational School, Department of Chemistry and Chemical Processing Technologies, 61750 Trabzon, Tiirkiye.

SKaradeniz Technical University, Vocational School of Health Services, Department of Medical Services and Techniques, 61080 Trabzon, Tiirkiye.

SKaradeniz Technical University, Faculty of Medicine, Department of Medical Biochemistry, 61080 Trabzon, Tiirkiye.

*Corresponding author e-mail: selim-demir@hotmail.com

2https://orcid.org/0000-0002-1863-6280
®https://orcid.org/0000-0002-8913-8692
°https://orcid.org/0000-0001-7188-2176
dhttps://orcid.org/0000-0003-2036-5317
®https://orcid.org/0000-0001-9474-4307

ABSTRACT

Although methotrexate (MTX) is an effective chemotherapeutic
agent in the treatment of cancer, its use is limited due to the
occurrence of systemic tissue toxicity, including those affecting the
reproductive system. Gallic acid (GAL) is a phenolic compound that
has been demonstrated to exert beneficial effects in a number of
pathological conditions associated with oxidative stress (OS) in
recent years. This study was designed to investigate the potential
therapeutic benefits of GAL in the treatment of MTX-induced
ovarian damage, for the first time. Adult female rats (n=30) were
randomly allocated to five groups: control, MTX, MTX+GAL (2.5
and 5 mg/kg) and high-dose GAL only (5 mg/kg). A single
intraperitoneal injection of MTX (20 mg/kg) was administered to
induce ovarian toxicity. The treatment groups were administered 2.5
and 5 mg/kg of GAL intraperitoneally for a period of three
consecutive days. The levels of OS, inflammation and apoptosis
were determined in ovarian tissue samples collected on the fifth day
of the study using spectrophotometric methods. The results showed
that GAL treatment reduced the level of ovarian lipid peroxidation,
inflammation, and apoptosis and promoted the ovarian antioxidant
system in rats subjected to MTX. The results of this study indicate
that GAL may have the potential to ameliorate MTX-associated
oxidative and inflammatory ovarian damage. The ovarian protective
effect of GAL requires further confirmation through more extensive
preclinical studies.

Keywords: Apoptosis, Gallic acid, Inflammation, Methotrexate,
Ovarian damage, Oxidative stress, Rat model

OZET

Metotreksat (MTX) kanser tedavisinde etkili bir kemoterapétik ajan
olmasina ragmen, iireme sistemi de dahil olmak iizere sistemik doku
toksisitesinin ortaya ¢ikmasi nedeniyle kullanimi sinirlanmaktadir.
Gallik asit (GAL), son yillarda oksidatif stres (OS) ile iligkili ¢esitli
patolojik durumlara kars1 faydali etkiler gosterdigi kanitlanmig bir
fenolik bilesiktir. Bu ¢alisma, MTX'in neden oldugu yumurtalik
hasarinin tedavisinde GAL''In terapétik potansiyelini ilk kez
aragtirmak i¢in tasarlandi. Yetigkin disi siganlar (n=30) rastgele bes
gruba ayrildi: kontrol, MTX, MTX+GAL (2,5 ve 5 mg/kg) ve
yalnizca yiiksek doz GAL (5 mg/kg). Yumurtalik toksisitesi tek doz
intraperitoneal MTX (20 mg/kg) enjeksiyonu ile olusturuldu. Tedavi
gruplarma ise 2,5 ve 5 mg/kg dozundaki GAL ardisik ii¢ giin
boyunca intraperitoneal yoldan uygulandi. Calismanin beginci
giiniinde toplanan yumurtalik doku 6rneklerinde OS, inflamasyon ve
apoptoz seviyeleri spektrofotometrik yontemler kullanilarak
belirlendi. Bulgular, GAL tedavisinin, MTX'e maruz birakilan
sicanlarda yumurtalik lipid peroksidasyon, inflamasyon ve apoptoz
seviyesini azalttigimi ve yumurtalik antioksidan sistemini
destekledigini gosterdi. Bu ¢alismanin sonuglari, GAL''n MTX ile
iligkili oksidatif ve inflamatuar yumurtalik hasarini iyilestirme
potansiyeline sahip olabilecegini gostermektedir. GAL'n bu
yumurtalik koruyucu etkisinin daha kapsamli klinik &ncesi
caligmalarla dogrulanmasi gerekmektedir.

Anahtar Kelimeler: Apoptoz, Gallik asit, Inflamasyon,
Metotreksat, Oksidatif stres, Rat modeli, Yumurtalik hasar1
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INTRODUCTION

Methotrexate (MTX) is an anti-folic acid compound

employed for the treatment of ectopic pregnancy,
autoimmune and malignant diseases, due to its
inhibitory activity against dihydrofolate reductase.?
This inhibitory feature affects one-carbon metabolism,
which in turn disrupts nucleotide acid synthesis and
amino acid metabolism, thereby exerting an anticancer
effect.®* MTX is employed in high doses in the
treatment of cancer, and has the capacity to negatively
affect rapidly dividing cells, including trophoblast and
gonadal cells.> The toxicity of systemic MTX
administration to healthy tissues, including ovaries,
represents a significant limitation to its use and a source
of concern in young female patients.>® MTX has been
documented to exert gonadotoxic effects on ovarian
tissue, resulting in a reduction in the number of ovarian
follicles.”® It is well documented that high doses of
MTX wused in cancer treatment can cause early
menopause'®, and one study of breast cancer patients
undergoing chemotherapy even found that 68% of those
treated with MTX experienced menopause.’* It is
proposed that the elevation in reactive oxygen species
(ROS) and pro-inflammatory molecules may be a
significant contributing factor in the development of
MTX-induced tissue toxicity.#'>%> Nicotinamide
adenine dinucleotide phosphate (NADPH), produced by
the pentose phosphate pathway (PPP) and malic
enzyme, plays a pivotal role in anabolic reactions and
the regeneration of oxidized glutathione (GSSG) back
to reduced glutathione (GSH).2 It is well established
that MTX inhibits glucose-6-phosphate dehydrogenase
(G6PD), the control enzyme of the PPP. This results in
a reduction in the quantity of NADPH, which possesses
reducing power, and thus a depletion of GSH, the most
significant endogenous antioxidant molecule.”t"8
MTX induces oxidative stress (OS) in cells by two
mechanisms: firstly by depleting the GSH pool, and
secondly by directly increasing the amount of ROS.%
Consequently, OS results in the damage of lipids,
proteins and DNA.?° In general, tumor necrosis factor-
alpha (TNF-a) is considered to be one of the pro-
inflammatory cytokines that regulate inflammatory
responses.? MTX is a known cause of inflammation,
with a particular effect of increasing TNF-a
concentration.’*** Chronic inflammation has been
shown to further exacerbate OS and apoptosis over
time.?? Consequently, it is a reasonable approach to
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assess the efficacy of antioxidant molecules in
counteracting the toxicity of MTX, which is exacerbated
by elevated OS and inflammation.5*

Gallic acid (GAL) is a trihydroxybenzoic acid with
hydroxy groups in the 3, 4 and 5 positions. It is currently
employed to a significant extent in the cosmetic, food
and dyeing industries.? It can be found in a multitude of
commonly consumed plants and fruits.?* A series of
experimental and clinical investigations have revealed
that GAL can exert advantageous biological effects on
a number of disparate physiological systems, including
the cardiovascular, central nervous, gastrointestinal and
reproductive systems.?*2* Previous research has shown
that GAL has therapeutic and/or protective effects
against ovarian damage caused by exposure to cisplatin,
letrozole and doxorubicin.?>%526 However, to date, there
have been no reports that have evaluated the potential
beneficial effects of GAL in the context of MTX-
associated ovarian damage. This experimental study
aimed to elucidate the effects of GAL treatment on
MTX-induced ovarian OS, inflammation and apoptosis,
for the first time.

METHODS

Animals

A total of 30 healthy adult female Sprague-Dawley rats
(weighing approximately 195+5 g) were utilised in this
study. The animals were housed under standard
laboratory conditions (12 h light/dark cycle and
22+2°C) with ad libitum access to pellet feed and tap
water.

Experimental protocol

The protocol was approved by the Local Animal Ethics
Committee of Karadeniz Technical University (Protocol
Number: 2023/07). Vaginal smears were conducted on
a daily basis, and following three consecutive cycles,
rats exhibiting normal estrous cycles of 4-5 days were
included in the experiments.” The 30 animals were
divided into five groups (six subjects in each group):
Control, MTX, MTX+GAL (2.5 and 5 mg/kg) and GAL
only (5 mg/kg). The control group was administered an
intraperitoneal injection of physiological saline solution
for a period of four days. The MTX group was
administered an intraperitoneal MTX (20 mg/kg)
injection on the first day, followed by an intraperitoneal
physiological saline solution injection for the
subsequent three days. The GAL treatment groups were
administered an intraperitoneal MTX injection at a dose
of 20 mg/kg on the first day. This was followed by two
different doses of GAL (25 and 5 mg/kg)



intraperitoneal injection over the subsequent three days.
The GAL per se group was administered an
intraperitoneal physiological saline solution injection on
the first day, followed by an intraperitoneal high-dose
GAL (5 mg/kg) injection for the subsequent three days.
GAL (Cat no: G7384, purity >98.5%) and MTX (Cat
no: 454126, purity >98%) were purchased from Sigma-
Aldrich Chemical Company (St Louis, MO, USA) and
dissolved in physiological saline solution and
administered to rats. The doses of GAL%?# and
MTX3615 \were determined based on previous
experimental studies. On the morning of the fifth day of
the study, cervical dislocation and subsequent
oophorectomy were performed on the rats under general
anesthesia. The excised tissues were subsequently
stored at -80°C for subsequent biochemical analyses.
Biochemical analysis

The ovary samples were homogenised in phosphate
buffer solution (1:10 w/v, pH 7.4) using a homogeniser
(IKA, T25 Ultra-Turrax, Staufen, Germany) with
cooled tubes within ice. The resulting homogenates
were then subjected to centrifugation at 1800xg for a
period of 15 min at a temperature of 4°C, after which
the supernatants were separated for further analysis. The
protein content of supernatants was quantified using the
bicinchoninic acid assay?®, and the supernatants were
subsequently employed in subsequent analyses. The
degree of tissue lipid peroxidation (LPO) was
determined by the previously described
spectrophotometric measurement of malondialdehyde
(MDA), a LPO end product.?® The absorbance of the
pink complex formed by MDA and thiobarbituric acid,
which is indicative of LPO, was measured at 532 nm.

The standard employed was 1,1,3,3-
tetramethoxypropane, with the results expressed in
nanomolar per milligram of protein.*

The total antioxidant status (TAS) and the total oxidant
status in ovarian tissue were quantified using
commercially available kits (Rel Assay Kit Diagnostics,
Gaziantep, Turkey) and the OS index (OSI) was
calculated.® In the supernatants, the levels of
superoxide dismutase (SOD) as an antioxidant
enzyme?!, TNF-o as an inflammatory cytokine®® and
caspase-3 (CASP3) as an apoptosis marker® were
determined using commercial assay kits (BT LAB,
Zhejiang, China). The measurements were conducted in
accordance with the manufacturer's instructions, and the
intra-assay CV% values were found to be less than 8%
in all three analyses.

Statistical analysis

The data are presented as the arithmetic mean + standard
error of the mean (SEM). The statistical analysis of the
data was conducted using ANOVA, with Tukey's test
employed for comparisons between groups. A p-value
of less than 0.05 was considered statistically significant.

RESULTS

Effects of GAL treatments on ovarian OS levels
induced by MTX

As illustrated in Table 1, treatment with MTX resulted
in a significant elevation of MDA, TOS and OSI levels
and a reduction of SOD and TAS levels in comparison
to the control group. Nevertheless, three-day treatments
with GAL following MTX demonstrated a dose-
dependent improvement in OS parameters, with a
concomitant strengthening of the antioxidant system.

Table 1. Effects of GAL on OS biomarkers in MTX-induced ovarian injury

Control MTX MTX+GAL MTX+GAL GAL
(20 mg/kg) (2.5 mg/kg) (5 mg/kg) (5 mg/kg)
MDA (nmol/mg protein) 47.50+7.63  95.044+6.28"" 64.11+6.29* 50.28+2.45%# 54.73+7.15
TOS (uM H;0; equivalent/L) 16.60+3.47 30.99+2.04™ 25.00+£2.83 19.54+1.68* 14.32+1.47
TAS (mM trolox equivalent/L)  2.52+0.09 0.71£0.12"" 1.69+0.16™"## 2.04+0.17%# 2.43+0.14
OSI (arbitrary unit) 0.66+0.13 5.75£1.81"" 1.59+0.28* 1.00+£0.15% 0.61+0.08
SOD (ng/mg protein) 1.82+0.38 0.84+0.05" 1.20£0.16 1.51+0.11* 2.11+0.31

MTX: methotrexate, GAL: gallic acid, MDA: malondialdehyde, TOS: total oxidant status, TAS: total antioxidant status, OSI: oxidative stress index,

SOD: superoxide dismutase.

P-values according to one-way ANOVA test, post-hoc Tukey test. Data were expressed as mean+SEM.

Hkk

Compared with control group "p<0.05, *p<0.01 and ***p<0.001.
Compared with MTX group #p<0.05, #p<0.01 and ##p<0.001.
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Figure 1. Effects of GAL on inflammatory and apoptosis biomarkers in MTX-induced ovarian injury
MTX: methotrexate, GAL: gallic acid, TNF-a: tumor necrosis factor-alpha, CASP3: caspase-3.
P-values according to one-way ANOVA test, post-hoc Tukey test. Data were expressed as mean+SEM.

Compared with control group ***p<0.001,
Compared with MTX group ##p<0.01 and ###p<0.001.

Effects of GAL treatments on ovarian inflammation
and apoptosis levels induced by MTX

As illustrated in Figure 1, MTX treatment led to a
notable elevation in TNF-a and CASP3 levels in ovarian
tissue in comparison to the control group. Nevertheless,
the administration of GAL following MTX
administration resulted in a significant reduction in
TNF-o and CASP3 levels in a dose-dependent manner.

DISCUSSION

Although MTX is one of several chemotherapeutics that
can be employed alone or in combination with other
drugs in clinical practice, the primary concern of young
female patients undergoing MTX therapy is the
potential impact of treatment on future fertility.®
Although low-dose MTX is not considered to be
relatively gonadotoxic in the context of autoimmune
disorders®233, experimental studies have demonstrated
that high-dose MTX used in chemotherapy harms
ovarian tissue.*"* This study was therefore conducted to
investigate the therapeutic effects of GAL on MTX-
induced ovarian damage for the first time. In order to
fulfill these objectives, a model was devised for the
study of ovarian toxicity. In it, MTX was administered
in a dose of 20 mg/kg>515, and the levels of biochemical
biomarkers were subsequently determined in tissue
samples taken three days after the commencement of the
GAL treatments.?’ The results of the study demonstrated
that the established hypothesis was indeed correct.
Specifically, the findings disclosed that MTX
administration led to an increase in OS, inflammation
and apoptosis levels. Furthermore, the findings also
disclosed that GAL treatments significantly alleviated
MTX toxicity.

Although the precise molecular mechanism of MTX-

induced toxicity remains unclear, OS and chronic
inflammation resulting from the depletion of the
antioxidant system are identified as the primary drivers
of tissue damage.*'?!41> The OS is defined as an
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imbalance between the amount of oxidants and the
antioxidant system capacity.’® Increased ROS attacks
membrane lipids, resulting in LPO. Consequently, the
level of reactive aldehyde derivatives, such as MDA, is
elevated as a consequence of the chain reactions of
LPO.3* MDA is a highly reactive molecule that not only
inhibits enzymes but also damages membrane
integrity.®® The TOS, TAS and OSI have been employed
with considerable frequency in recent years as
straightforward and useful parameters for evaluating the
overall OS degree in a biological sample.'* It has been
demonstrated that elevated OS can precipitate infertility
by inducing aberrations in oocyte development.* Our
study, which was in accordance with previous
experimental literature, demonstrated that MTX
application led to an increase in OS, which was
attributed to a depletion of the antioxidants, 612141536 |t
is established that MTX reduces the intracellular
concentration of NADPH by inhibiting G6PD and malic
enzyme.*’ As a consequence of the reduction in
intracellular NADPH, the regeneration of GSH is
impaired, thereby increasing the levels of OS within the
cells. It is highly probable that the elevated MDA, TOS
and OSI levels and the reduced TAS level observed in
the MTX-treated group were a consequence of GSH
depletion in the tissue.!*!® Nevertheless, the
administration of GAL treatments subsequent to MTX
was found to alleviate ovarian OS by supporting the
levels of TAS and SOD. The reduction in OS levels
following the administration of MTX and concurrent
treatment with GAL may be attributed to the in vivo
antioxidant activity of GAL. In accordance with our
findings, it has been demonstrated that GAL can exert
protective and/or therapeutic effects by supporting the



antioxidant system and quenching LPO in a range of
experimental models.384!

In addition to the previously discussed mechanisms,
inflammation and apoptosis have been proposed as
other potential mechanisms for MTX-induced tissue
damage.**1518 MTX stimulates neutrophils, resulting in
an increase in the amount of hydrogen peroxide, which
in turn leads to an elevation in the level of ROS. This
process ultimately culminates in the induction of
cellular damage.*? Furthermore, MTX also increases the
concentration of pro-inflammatory cytokines, including
TNF-a, by activating the nuclear factor kappa B (NF-
«B) pathway.’> TNF-o is a crucial pro-inflammatory
cytokine that plays a pivotal role in numerous
inflammatory processes.'* Although inflammation is an
acute adaptive response of the body to an invading
attack, in the process of chronic inflammation, the
sustained production of TNF-a increases tissue
destruction, resulting in the activation of CASP3.%% In
accordance with previous experimental literature, our
findings demonstrated that MTX application resulted in
elevated levels of inflammation and apoptosis in ovarian
tissue.51436:44 Conversely, the administrations of GAL
following MTX has been observed to suppress the
inflammation and apoptosis levels dose-dependently. In
accordance with our findings, it has been demonstrated
that GAL can exert protective and/or therapeutic effects
by inhibiting inflammation and apoptosis in a range of
experimental models.?%#547 The reduction in levels of
inflammation and inflammation-induced apoptosis
observed following the administration of MTX in
conjunction with GAL treatment may be attributed to
the in vivo anti-inflammatory activity of GAL. In
support of this hypothesis, the anti-inflammatory
activity of GAL is attributed to its capacity to inhibit the
synthesis of pro-inflammatory mediators and activation
of mitogen-activated protein kinase (MAPK) and NF-
kB signaling pathways.?*

It should be noted that the present study is not without
limitations. Firstly, no histopathological analysis was
conducted on the ovarian tissues. In future studies, the
therapeutic effect of GAL on MTX-induced ovarian
damage should be confirmed through histological
analysis. Secondly, the impact of three consecutive days
of GAL administration was assessed in an experimental
acute ovotoxicity model induced by a single dose of
MTX. In future studies, the efficacy of GAL can be
evaluated in a chronic toxicity model induced by
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repeated doses of MTX. Thirdly, the therapeutic
efficacy of GAL was demonstrated using basic OS,
inflammation, and apoptosis biomarkers. In future
studies, the ovoprotective efficacy of GAL should also
be evaluated in terms of cell signalling.

CONCLUSION

The findings of this study corroborate previous reports
indicating that MTX can induce OS, inflammation, and
apoptosis in ovarian tissue. GAL treatments (in
particular at a dose of 5 mg/kg) administered after MTX
were found to be highly effective in eliminating the
damage caused by MTX, due to their antioxidant and
anti-inflammatory properties. These findings suggest
that GAL application may be a promising approach to
alleviating chemotherapy-induced reproductive
toxicity. Nevertheless, before clinical use, the
ovoprotective activity of GAL should be supported by
more comprehensive preclinical studies that elucidate
the underlying molecular mechanisms.
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ABSTRACT

Photodynamic therapy (PDT) is known as a method in which
photosensitizers produce reactive oxygen species in the presence of
light and oxygen, leading to cell death. In this paper, DNA
interaction properties of bis[4-({8)-[3-
(trimethylamino)phenoxy]octyl}oxy)] substituted silicon (1V)
phthalocyanine  (GsB-SiPc) were examined using a UV-Vis
spectrophometer and agarose gel electrophoresis techniques.
Afterwards, cytotoxic/phototoxic effects of GsB-SiPc were
examined using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays on A549 cells. The
results showed that GsB-SiPc bound to ct-DNA via a groove binding
mode. In nuclease/photonuclease experiments, GsB-SiPc had low
nuclease activity in the dark but it showed high photonuclease
activity in the presence of light, depending on compound
concentration and light dose. In addition, GsB-SiPc demonstrated
remarkable phototoxicity toward human lung adenocarcinoma
(A549) cell line at 50 and 100 pM in the presence of light. The in
vitro data revealed the potential of GsB-SiPc as a photodynamic
therapy agent for the treatment of lung cancer. These findings need
to be supported by further studies.

Keywords: DNA Binding, DNA Nuclease,
Photodynamic Therapy, Silicon (V) Phthalocyanine

Lung Cancer,

OZET

Fotodinamik terapi (PDT), fotosensitizorlerin 151k ve oksijen
varliginda reaktif oksijen tiirleri tirettigi ve hiicre dliimiine yol agtig1
bilinen  bir  yontemdir. Bu  makalede,  bis[4-({8)-[3-
(trimetilamino)fenoksi]oktil} oksi)] yan grubu igeren silisyum (IV)
ftalosiyaninin (GsB-SiPc) DNA etkilesim 6zellikleri bir UV-Vis
spektrofotometresi ve agaroz jel elektroforezi teknikleri kullanilarak
incelenmistir. Daha sonra, GsB-SiPc'nin sitotoksik/fototoksik
etkileri AS549 hiicreleri iizerinde 3-(4,5-dimetiltiazol-2-il)-2,5-
difeniltetrazolium  bromiir ~(MTT) deneyleri  kullanilarak
incelenmistir. Sonuglar, GSB-SiPc'nin ct-DNA'ya bir oluk baglama
modu aracilifiyla baglandigimi gostermistir. Nilkleaz/fotoniikleaz
deneylerinde, GsB-SiPc karanlikta diisiik niikleaz aktivitesine
sahipti ancak bilesik konsantrasyonuna ve 151k dozuna bagl olarak
151k varliginda yiiksek fotoniikleaz aktivitesi gosterdi. Ek olarak,
GsB-SiPc 1sik varliginda 50 ve 100 pM'de insan akciger
adenokarsinomu (A549) hiicre hattina kars1 dikkate deger
fototoksisite gosterdi. In vitro veriler, GsB-SiPc'nin akciger
kanserinin tedavisi i¢in bir fotodinamik terapi ajani olarak
potansiyelini ortaya koydu. Bu bulgularin daha fazla ¢aligmayla
desteklenmesi gerekiyor.

Anahtar Kelimeler: Akciger Kanseri, DNA Baglama, DNA
Niikleaz, Fotodinamik Terapi, Silisyum (IV) Ftalosiyanin
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INTRODUCTION

According to the latest Global Cancer Observatory

(GLOBOCAN) (2022) data, 9.7 million women and
10.3 million men were diagnosed with cancer. 4.3
million women and 5.4 million men died from the
disease. In particular, lung cancer is the most common
type of cancer after breast cancer and ranks at the top
when the death/incidence rate is examined.! Although
conventional  therapeutic  methods  such  as
chemotherapy, radiotherapy, and surgery are used to
treat cancer and reduce mortality, they are inadequate
due to their undesirable side effects (e.g., morbidity,
damage to healthy cells, and drug resistance) and the
complex, progressively worsening nature of cancer.
Therefore, new treatment methods with high therapeutic
efficacy and low side effects are needed.?3

In recent years, photodynamic therapy (PDT), a light-
activated photosensitizer-based treatment method, has
attracted considerable attention in the treatment of
various types of cancers, including breast, brain, lung,
head and neck, and cervical cancers.*®> Compared to
other methods, PDT has no long-term side effects when
used correctly, is non-invasive, targets the vasculature
along with the tumor, can be applied repeatedly to the
same area, does not leave scars after application, and is
cost-effective.® As mentioned, the method has many
advantages but requires photosensitizers  that
accumulate in cancerous tissues, a wavelength of light
that activates the photosensitizer, and the presence of
molecular oxygen for the formation of reactive oxygen
species. These three factors are essential for the
effectiveness of PDT.’

The PDT process begins with the administration of a
photosensitizer to the patient. The photosensitizers that
accumulate in the target tissue are then excited by light
of an appropriate wavelength. A series of energy
transfer events occur, whereby the ground state
photosensitizer passes into the excited state and then
into the excited triplet state. At this point, a reaction
occurs, which is generally referred to as the Type Il
mechanism. This mechanism involves energy transfer
from the excited triplet state photosensitizer directly to
molecular oxygen, producing singlet oxygen. The
singlet oxygen formed is highly reactive and causes
death in cancer cells.®® Cell death after PDT is caused
by apoptosis, necrosis, and autophagy.1%!
Photosensitizers are molecules activated by light to
induce cancer cell death in PDT. A photosensitizer
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suitable for clinical use should be non-toxic until
activated by light, be mobile in body fluids, have high
water solubility, selectively accumulate in the tumor, be
rapidly excreted, have high absorption in the red and
near-infrared (NIR) spectral ranges, and not cause pain
during treatment.'213 Second-generation
photosensitizers, namely phthalocyanines, have
garnered significant interest in PDT due to their
numerous advantageous properties. These include low
in vitro toxicity, minimal or no absorption at 400-600
nm, high absorption within the therapeutic window
(650-800 nm), high extinction coefficients, rapid
excretion from the body, and minimal fluorescence
following topical application. Additionally, their
chemical structures can be readily modified by
introducing central metals and substituent groups such
as silicon (1V) phthalocyanines.'*

In line with this information, this study aimed to reveal
the potential of bis[4-({8-[3-
(trimethylamino)phenoxy]octyl}oxy)] substituted
silicon (IV) phthalocyanine (GsB-SiPc) as a PDT agent
by examining its in vitro DNA interactions and
phototoxicity using 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays on human
lung adenocarcinoma (A549) cells.

METHODS

Chemicals

Acetic acid (Sigma-Aldrich, A6283), agarose (Sigma-
Aldrich, A9539), bromophenol blue (Sigma-Aldrich,
B0126), calf thymus-DNA (ct-DNA) (Sigma-Aldrich,
D1501), Dulbecco’s modified eagle medium (DMEM)
(Gibco, 41966029), dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, 472301), (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Serva,
2039502), ethidium bromide (EB) (Sigma-Aldrich,
E7637), ethylenediaminetetraacetate (EDTA) (Sigma-
Aldrich, E5134), glycerol (Sigma-Aldrich, G5516),
hydrogen peroxide (H202) (Sigma-Aldrich, 216763),
methylene blue (MB) (Sigma-Aldrich, M9140),
supercoiled pBR322 plasmid DNA (Thermo Scientific,
SD0041), sodium dodecyl sulphate (SDS) (Sigma-
Aldrich, L3771), streptomycin/penicillin (Multicell,
420-201-EL), trizma-base (Tris) (Sigma-Aldrich,
93362), trypsinfEDTA (Multicell, 3R5-542-EL), and
xylene cyanol (Sigma-Aldrich, X4126) were purchased
from commercial companies. Bis[4-({8-[3-
(trimethylamino)phenoxy]octyl}oxy)] substituted
silicon (V) phthalocyanine (GsB-SiPc)  were
synthesized by our research group (Figure 1).



Figure 1. The molecular structure of GsB-SiPc

DNA binding experiments

Firstly, GsB-SiPc were dissolved in distilled water and
then diluted in a buffer containing 5 mM Tris-HCI and
50 mM NaCl (pH 7.2) (TBS). A solution of ct-DNA was
prepared in TBS, stirred for three days, and stored at 4
°C for up to a week. To assess the percentage
hypochromicity of GsB-SiPc, experiments were
conducted with fixed concentrations of the compound
(50 uM) while varying the concentrations of ct-DNA (0-
25 uM). The mixtures, containing increasing amounts
of ct-DNA and the compounds, were incubated for 10
minutes at room temperature, and the changes in
absorption spectra were recorded. The hypochromicity
percentage of GsB-SiPc was calculated using formula:
Hypochromicity (%)= ((A0-A1)/(A0))x100 AO:
Maximum absorbance of the compound; ALl
Absorbance of the compound:ct-DNA complex.*’
Competitive binding experiments of GsB-SiPc with
ethidium bromide (EB) were conducted using UV-Vis
spectroscopy. The EB-ct-DNA complex was formed by
mixing EB and ct-DNA at concentrations of 40 uM
each. The concentrations of GsB-SiPc were gradually
varied (5, 10, and 20 uM), and the changes in absorption
spectra were measured in the range of 425-550 nm.8
To confirm the interaction of the compounds with ct-
DNA, agarose gel electrophoresis was performed. A
fixed concentration of ct-DNA (100 uM) was used,
while the concentrations of GsB-SiPc were varied (0-
100 pM) and incubated at 37 °C for 60 min. The
mixtures were then loaded with buffer onto a 0.8%
agarose gel (1 mg/mL in TAE buffer: Tris-acetate-
EDTA), and electrophoresis was carried out for 30 min
at 100 V. The resulting gel was visualized using the
BioRad Gel Doc XR system.*®
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DNA nuclease/photonuclease experiments

The DNA nuclease/photonuclease properties of GsB-
SiPc were analyzed by agarose gel electrophoresis using
supercoiled pBR322 plasmid DNA, both with and
without irradiation. For the DNA-photonuclease
studies, the samples were exposed to light irradiation
(white light, 17.5 mW/cm?) for 15, 30, and 60 min.
Methylene blue (MB) was used as a positive control.
Supercoiled pBR322 plasmid DNA was treated with
increasing concentrations of GsB-SiPc (10 and 50 uM)
in a buffer containing 50 mM Tris-HCI (pH 7.0). All
samples were incubated at 37 °C for 60 min. After
incubation, loading buffer (containing bromophenol
blue, xylene cyanol, glycerol, EDTA, and SDS) was
added, and the mixtures were loaded onto a 0.8%
agarose gel with ethidium bromide staining in TAE
buffer (Tris-acetic acid-EDTA). Electrophoresis was
conducted at 100 V for 90 min, and the results were
visualized using the BioRad Gel Doc XR system and
analyzed with Image Lab Version 4.0.1 software.?
Cell culture studies

Human lung adenocarcinoma (A549) cells were
cultured in high-glucose DMEM supplemented with
10% fetal bovine serum, 1% penicillin (100 U/mL), and
1% streptomycin (100 pg/mL), and maintained at 37°C
in a 5% CO2 incubator. When the cells reached 90%
confluence, they were treated with 0.25% trypsin-
EDTA and sub-cultured into 96-well plates. Cells were
seeded at a density of 1x10* cells per well and incubated
for 24 h. A stock solution of GsB-SiPc (10 mM) was
prepared in water, and cells were treated with medium
containing GsB-SiPc (5-100 uM). MB and 0.1% water
were used as positive and negative controls,
respectively. After treatment, the medium was replaced
with 100 pL of serum-free medium containing 0.5
mg/mL MTT, and the cells were incubated at 37°C for
4 h. The MTT-containing medium was then removed,
and 150 pL of DMSO was added to each well to dissolve
the formazan crystals. The plates were shaken for 10
min, and absorbance was measured at 570 and 690 nm
using a microplate reader. For the dark group, the plates
were incubated at 37°C in 5% CO: without light
exposure.

For the irradiation group, after a 2-h incubation, the
plates were exposed to light irradiation (17.5 mW/cm?)
for 60 min, and then re-incubated under the same
conditions as the dark group.?



Statistical analysis

In this study, all data were analyzed using Microsoft
Excel for Windows and GraphPad Prism 5.0, and results
were expressed as meantstandard deviation (n=6).
Statistical analyses were conducted using two-way
ANOVA, followed by Bonferroni post-tests for multiple
comparisons (p<0.05).

RESULTS

DNA binding studies of GsB-SiPc

The binding interactions of GsB-SiPc with DNA were
first investigated by titration methods using a UV-Vis
spectrophotometer. The results are presented in Table 1.
In this study, different concentrations of ct-DNA were
added to the fixed concentration of GsB-SiPc and the
change in the spectrum was observed. The maximum
absorbance value of GsB-SiPc was recorded at 622 nm.
Then, with the addition of different concentrations of ct-
DNA, a decrease in absorbance was observed. The
hypochromism rate was calculated as 16.45+2.20%. In
addition, no shift in the wavelength of maximum
absorbance was observed when ct-DNA was added.

Table 1. DNA binding parameters of GsB-SiPc

Compound A Change in Shift H%
(nm) Absorbance (nm)
GsB-SiPc 622 Hypochromism 0 16.45+2.20

Secondly, the competitive ethidium bromide (EB)
experiment of GsB-SiPc was also carried out using a
UV-Vis spectrophotometer. The results are presented in
Figure 2. In this study, after first recording the spectrum
of EB, ct-DNA is added to the mixture at a ratio of 1:1.
The absorbance value of the complex formed
dramatically decreased. Then, the change of low
absorbance was observed with the addition of different
concentrations of compounds. Despite the addition of
GsB-SiPc (5 and 10 uM), no significant changes in
absorbance change were observed.

The results of another binding experiment, agarose gel
electrophoresis DNA binding studies, are presented in
Figure 3. In this study, different concentrations of GsB-
SiPc were added to the fixed ct-DNA concentration.
When the intensity of the lanes in Figure 3 was
analyzed, it was observed that the intensities did not
change significantly in lanes 2-6.

DNA nuclease/photonuclease studies of GsB-SiPc
Plasmid DNA is found in three forms on agarose gel
electrophoresis. Form | is defined as the supercoiled
form and migrates the fastest on the gel. Form Il is
formed when one strand of the supercoiled form is
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damaged and is the slowest moving form on the gel.
Form 111 is formed by the breakage of two strands and
is seen between Form | and Form Il. The DNA
nuclease/photonuclease activities of GsB-SiPc were
investigated using agarose gel electrophoresis method.
The results are presented in Figure 4. MB was used as a
positive control in this study. In this study, light dose
was 17.5 mW/cmz2, white light was used for 15, 30, and
60 min. The results showed that GsB-SiPc did not show
any nuclease activity compared to negative control in
the dark (Figure 4a). In the presence of light, it was
determined that nuclease activities enhanced with the
decrease in Form | percentage at the concentrations used
depending on the increase in light dose. While the Form
| percentage was found to be 79.60% after 15 min of
light stimulation in the presence of GsB-SiPc (50 uM)
(Figure 4b), it decreased to 59.00% and 43.50% after 30
and 60 min of stimulation (Figure 4c and 4d).
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Figure 2. Competitive EB binding assay studies of GsB-SiPc.
EB:40 uM; ct-DNA: 40 uM

1 2 3 4 5 6

Figure 3. Electrophoresis binding study of GsB-SiPc (lane 1:
100 uM ct-DNA; lane 2: 100 uM ct-DNA + 10 uM GsB-
SiPc; lane 3: 100 uM ct-DNA + 20 uM GsB-SiPc; lane 4:
100 uM ct-DNA + 50 uM GsB-SiPc; lane 5: 100 uM ct-DNA
+ 100 uM GsB-SiPc; lane 6: 100 uM ct-DNA + 200 uM GsB-
SiPc
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Figure 4. DNA nuclease/photonuclease effects of GsB-SiPc
on plasmid pBR322 DNA. Lane 1. DNA control; lane 2:
DNA+GsB-SiPc (10 pM); lane 3: DNA+GsB-SiPc 1 (50
pM); lane 4: DNA+MB (10 pM); lane 5: DNA+MB (50 uM)
a) dark; b) 15 min light; ¢) 30 min light; d) 60 min light (Light:
white light, 17.5 mW/cm?)

Cytotoxic/phototoxic effects of GsB-SiPc

The cytotoxic and phototoxic activities of GsB-SiPc
were investigated using MTT cell viability test on A549
cells. MB was used as a positive control. In this study,
5, 25, 50, and 100 uM were used to investigate the
toxicity profiles of the compounds. The results are
showed in Figure 5. When the cytotoxic activity of GsB-
SiPc was examined, 99.00+£3.00% and 90.00+4.20%
cell viability was observed at 5 and 10 uM of GsB-SiPc,
while these values were found to be 83.02+3.33% and
54.1244.46% at 50 and 100 pM. As a result of 60 min
of light stimulation, no statistically significant change
was observed at 5 and 10 uM, while cell viability was
determined as 57.004+2.70% and 20.22+2.05% at 50 and
100 uM on AS549 cells. This situation revealed a
statistically significant difference between darkness and
light (p<0.001). In the presence of MB, the cell
viabilities were 4.44 = 0.88% (light) and 35.04 + 2.09%
(dark) at 100 uM on A549 cells.
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Figure 5. Cell viabilities of A549 in the presence of GsB-
SiPc w/o light irradiation (17.5 mW/cm?, 60 min, white).
***p < 0.001 irradiation vs dark at same concentrations on
A549 cells. Two-way analysis of variance Bonferroni
posttests. Positive control: Methylene blue (4.44 + 0.88%
(light) and 35.04 + 2.09% (dark) at 100 uM).
DISCUSSION

Since most anticancer drugs target DNA, which plays a
crucial role in uncontrolled cell growth, the study of
compound interactions with DNA has become a topic of
great interest in recent years.?? In this study, UV-Vis
spectrophotometric  methods and agarose gel
electrophoresis were used to study the DNA binding of
Compound 1 and to provide insight into the binding
mode of the compound with DNA. Hypochromism
percentages and changes in wavelengths showing
maximum absorbance play an important role in
determining the binding modes of compounds with
DNA.Z High hypochromic values and shifts in
wavelengths reveal an intercalative interaction between
the compound and DNA. Otherwise, it is stated that the
compounds interact in the direction of binding to the
groove. In this work, when ct-DNA was added to
Compound 1 at different concentrations, the
hypochromism rate was determined as 16.45+2.20%,
while no shift in wavelength was observed. This
situation suggested that the compound interacted with
DNA by binding to the groove.

A competitive EB experiment was performed to support
this data. In this experiment, when EB and ct-DNA were
treated at a 1:1 ratio, a high hypochromism in
absorbance was observed due to intercalative
interaction. If the compounds show an intercalative
interaction, a rapid increase in absorbance value is
expected when they are added.?® In the study, no
effective increase was observed when different
concentrations of the compound were added to the



EB: ct-DNA complex. This situation can be accepted as
supporting data for the groove binding interaction. In the
binding experiment with the agarose gel method, which
is one of the most preferred methods in recent years, it
is stated that there is a correlation between the decrease
in the band intensity of DNA and the binding of the
compound to DNA when increasing concentrations of
compounds are added to DNA at constant
concentrations.?® In other words, it was revealed that the
compound binds strongly to DNA at concentrations
where the band intensity of DNA decreases. The
decrease in band intensity at low concentrations is
presented as a sign that the compound is a strong
intercalator. However, in this study, it was observed that
the band intensity did not change in all well contents.
Thus, it reveals that the compound interacts by binding
to the groove of DNA in the three experiments
performed. The reason for this interaction is thought to
be the long chain side group of GsB-SiPc.

In the DNA nuclease/photonuclease activities of the
compounds, it is realized with the assumption that the
damage caused by the compounds on DNA may cause
cell death.? It is known that the properties of ideal
photosensitizers are low toxicity in the dark and high
toxicity in the presence of light.* In this area, the
damage activities of the compounds on DNA are
examined by agarose gel electrophoresis method to
obtain preliminary data before examining the
compounds on cell lines. In this study, it was examined
whether GsB-SiPc causes damage on DNA both in the
dark and using different light doses. The results showed
that GsB-SiPc did not cause any DNA damage in the
dark, whereas in the presence of light, it caused DNA
damage depending on the compound concentration and
light dose. This is expected considering that
phthalocyanines generate reactive oxygen species in the
presence of light. Although many studies examining the
DNA binding and nuclease activities of silicon (V)
phthalocyanines containing different side groups are
available in the literature, there has been no DNA
interaction study of GsB-SiPc synthesized by our
research group before.

PDT is known as a method in which photosensitizers
produce reactive oxygen species in the presence of light
and oxygen, leading to cell death.?” In recent years, it
has been applied against many types of cancer such as
breast, brain, lung, head and neck, and cervical.*® In
particular, lung cancer is the most common type of
cancer after breast cancer and ranks at the top when the
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death/incidence rate is examined.! Considering the side
effects of the current drugs used in treatment, the search
for many alternative treatments for the treatment of this
disease continues. The MTT cell viability test is a
common method that measures the metabolic activity of
cells and evaluates their viability. The test is based on
the conversion of a tetrazolium salt into insoluble
formazan crystals by mitochondrial enzymes of living
cells. As a result of the reduction, insoluble purple
formazan crystals are formed. This reaction only occurs
in metabolically active (living) cells; formazan is not
formed in dead or metabolically reduced cells. Purple
formazan crystals accumulated in the cells are dissolved
with a solvent that can dissolve the cell membrane (e.g.
DMSO, isopropanol). The solution turns purple. In this
way, cell viability is determined.? In the present study,
the cytotoxic and phototoxic activities of GsB-SiPc
against A549 cell line were investigated using MTT cell
viability assay. The results of the study revealed that
GsB-SiPc at 50 and 100 uM showed effective cell death
in the presence of light. There are studies in the
literature examining the effects of phthalocyanines
against lung cancer cell lines. Ma et al. investigated
phototoxic and photothermal effects of zinc(ll)
phthalocyanine encapsulated with boronate-linked
polydopamine polydopamine-poloxamers on Ab49
cells. These results claimed it shows synergistic effects
with PDT and photothermal activity.? In another study,
Onal et al. investigated the PDT efficacy on A549 cells
using metal free phthalocyanine  containing
triphenylphosphine groups The results claimed that the
IC50 values of the compound were approximately 3.3
uM and 2.4 pM with light irradiation on A549 cells for
24 and 48 h.®® The results reveal that different metals,
ligands, and concentrations affect the PDT results.

CONCLUSION

In this paper, DNA binding, nuclease/photonuclease
and cytotoxic/phototoxic properties of GsB-SiPc were
investigated using UV-Vis spectrophotometer and
agarose gel electrophoresis methods. The UV-Vis
titration, competitive EB, and electrophoresis binding
studies of GsB-SiPc revealed that it interacted with ct-
DNA via groove binding. GsB-SiPc was observed to
have low nuclease activity in the dark and high
photonuclease activity in the presence of light,
depending on compound concentration and light dose.
In addition, GsB-SiPc showed high phototoxic activity
against A549 cell line at 50 and 100 pM in the presence



of light. All findings in the study revealed the potential
of GsB-SiPc as a therapeutic agent for PDT.
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ABSTRACT

Paraoxonase-1 (PON1) is a high-density lipoprotein (HDL)-
associated enzyme that exhibits paraoxonase, arylesterase, and
lactonase activities. This multifunctional enzyme plays a crucial role
in preventing atherosclerosis by inhibiting low-density lipoprotein
(LDL) oxidation and reducing oxidized lipid levels. The present
study aimed to investigate the affinities of various lipid-lowering
drugs to PON1 and its polymorphic structures [(M/L)55 and
(Q/R)192] using advanced molecular docking methods. The
research utilized a comprehensive computational approach,
including homology modeling, molecular dynamics simulation, and
AutoDock 4 software to analyze the interactions between PON1 and
several classes of lipid-lowering agents. These included statins
(simvastatin, atorvastatin, lovastatin, mevastatin, fluvastatin,
rosuvastatin, pravastatin), fibrates (fenofibrate, gemfibrozil,
bezafibrate, ciprofibrate), niacin, ezetimibe, orlistat, sibutramine,
probucol, and phytosterols (brassicasterol, campesterol, B-sitosterol,
stigmasterol). The study revealed varying affinities of these drugs to
PON1 and its polymorphic structures. Notably, brassicasterol
showed the highest affinity for the normal PON1 structure, while
sibutramine and stigmasterol demonstrated the highest affinities for
the Q/R 192 and M/L 55 polymorphic structures, respectively.
Conversely, orlistat exhibited the lowest affinity for both normal
PONL1 and the M/L 55 polymorphic structure, while atorvastatin
showed the lowest affinity for the Q/R 192 polymorphic structure.
These findings provide valuable insights into the potential
interactions between lipid-lowering drugs and PON1, suggesting
that consideration of PON1 affinity might be important in the
selection of lipid-lowering therapies, particularly in individuals with
different PON1 polymorphisms. However, further in vitro and in
vivo studies are necessary to validate these computational results and
establish their clinical relevance.

Keywords: Cardiovascular disease, Lipid-lowering drugs,
Molecular docking, Paraoxonase-1 (PON1), PON1 polymorphisms

OZET

Paraoksonaz-1 (PON1), paraoksonaz, arilesteraz ve laktonaz
aktiviteleri gosteren, yiiksek yogunluklu lipoprotein (HDL) ile
iligkili bir enzimdir. Bu ¢ok fonksiyonlu enzim, diisiik yogunluklu
lipoprotein (LDL) oksidasyonunu &nleyerek ve oksitlenmis lipid
seviyelerini azaltarak aterosklerozun onlenmesinde 6nemli bir rol
oynamaktadir. Bu ¢alisma, cesitli lipid diisiiriicii ilaglarin PON1 ve
polimorfik yapilarina [(M/L)55 ve (Q/R)192] olan afinitelerini
gelismis molekiiler doking yontemleri kullanarak arastirmayi
amaclamigtir. Aragtirma, PON1 ile cesitli lipid diisiiriicii ajanlar
arasindaki etkilesimleri analiz etmek icin homoloji modellemesi,
molekiiler dinamik simiilasyonu ve AutoDock 4 yazilimini igeren
kapsamli bir hesaplamali yaklagim kullanmustir. Bu ajanlar arasinda
statinler ~ (simvastatin, atorvastatin, lovastatin, mevastatin,
fluvastatin, rosuvastatin, pravastatin), fibratlar (fenofibrat,
gemfibrozil, bezafibrat, siprofibrat), niasin, ezetimib, orlistat,
sibutramin, probukol ve fitosteroller (brasikasterol, kampesterol, 3-
sitosterol, stigmasterol) yeralmaktadir. Caligma, builaglarin PON1
ve polimorfik yapilarma degisen afiniteler gosterdigini ortaya
koymustur. Ozellikle, brasikasterol normal PON1 yapisina en
yiiksek afiniteyi gosterirken, sibutramin ve stigmasterol sirasiyla
Q/R 192 ve M/L 55 polimorfik yapilarina en yiiksek afiniteleri
gostermistir. Buna karsilik, orlistat hem normal PON1 hem de M/L
55 polimorfik yapisina en diigiik afiniteyi gosterirken, atorvastatin
Q/R 192 polimorfik yapisina en diisiik afiniteyi gostermistir. Bu
bulgular, lipid diisiiriicti ilaglar ile PON1 arasindaki potansiyel
etkilesimler hakkinda degerli bilgiler saglamakta ve PONI
afinitesinin, 6zellikle farklt PON1 polimorfizmleri olan bireylerde
lipid disiriicii tedavilerin seciminde Onemli olabilecegini
gostermektedir. Bununla birlikte, bu hesaplamali sonuglar
dogrulamak ve klinik 6nemini belirlemek i¢in daha fazla in vitro ve
in vivo caligma gereklidir.
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ilaglar, Molekiiler doking, Paraoksonaz-1 (PON1), PON1
polimorfizmleri
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INTRODUCTION

Paraoxonase-l (PON1) has emerged as a subject of

intense research interest in recent years, primarily due
to its pivotal role in lipid metabolism and cardiovascular
health. As an enzyme associated with high-density
lipoprotein (HDL), PONL1 exhibits a remarkable ability
to hydrolyze a wide range of substrates, including
oxidized lipids, homocysteine thiolactone, and various
toxic organophosphate compounds.? The enzyme's
capacity to prevent low-density lipoprotein (LDL)
oxidation and reduce oxidized lipid levels has
positioned it as a key player in the prevention of
atherosclerosis and, by extension, cardiovascular
diseases.!

The PONL1 gene, located on chromosome 7 in humans,
is known to have several polymorphisms that can affect
the enzyme's activity and concentration in the serum.
Two of the most studied polymorphisms are the
(M/L)55 and (Q/R)192 variants, which have been
associated with varying levels of enzymatic activity and
different susceptibilities to cardiovascular diseases.®
These genetic variations add a layer of complexity to the
study of PON1 and its interactions with various
compounds, including lipid-lowering drugs.
Lipid-lowering drugs represent a cornerstone in the
management of dyslipidemia and the prevention of
cardiovascular diseases. This diverse group of
pharmaceuticals includes several classes of compounds,
each with unique mechanisms of action.* While the
primary mechanisms of these drugs in lipid lowering are
well established, their potential interactions with other
physiological systems, including enzymes like PON1,
are not fully understood. The relationship between lipid-
lowering drugs and PON1 has been a subject of
investigation, with some studies reporting conflicting
results regarding the effects of these drugs on PON1
activity.>®

The advent of computational methods in drug discovery
and molecular biology has opened new avenues for
investigating such complex interactions. Molecular
docking, in particular, has emerged as a powerful tool
for predicting the binding affinities and orientations of
small molecules to their target proteins. This in silico
approach allows for the rapid screening of multiple
compounds and can provide valuable insights into
potential drug-enzyme interactions, guiding further
experimental studies and potentially informing clinical
decision-making.’
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The present study aims to leverage these computational
techniques to examine the affinities of various lipid-
lowering drugs to PON1 and its polymorphic forms by
utilizing  molecular  docking  methods.  This
comprehensive in silico analysis aims to contribute to
our understanding of the complex interplay between
lipid-lowering drugs and PON1, potentially shedding
light on the broader implications of these interactions in
the context of cardiovascular health and personalized
medicine.

METHODS

Ligands and paraoxonase protein

Lipid-lowering drugs such as ezetimibe, ciprofibrate,
clofibrate, fenofibrate, gemfibrozil, beta-sitosterol,
brassicasterol, campesterol, stigmasterol, bezafibrate,
niacin, orlistat, probucol, sibutramine, atorvastatin,
fluvastatin, lovastatin, mevastatin, pitavastatin,
pravastatin, rosuvastatin, and simvastatin have been
used. All ligands had hydrogen atoms added using
Marvin Sketch software before processing (Marvin
5.6.0.5, 2011, (ChemAxon). Each ligand underwent a
total of 100,000 steps of minimization using the mmff94
(Merck Molecular Force Field) force field and the
"steepest descent” optimization algorithm.® Ligands
were charged using the ADT (Autodock Tools) program
with Gasteiger, and all bonds except amide bonds were
set to be freely adjustable. All ligands were obtained
from the PubChem ligand database.®° The modeling,
simulation, and docking methodology of Paraoxonase
Protein was established based on the previous work
conducted by Duzgun et al.'!

Hardware

All docking and molecular dynamics simulations were
conducted on TUBITAK’s  high-performance
computing clusters, Trgrid TRUBA. Each of the
computer clusters used in Trgrid consists of nodes with
two 12-core “Opteron 6174” processors, making a total
of 24 cores. Molecular dynamics simulations were run
in parallel across multiple clusters using GROMACS
4.5.5 software.'? Docking processes were performed on
a computer with a 4-core Intel Core i3 processor using
"Autodock 4" and "Autodock Vina" software.'*4
Modeling of paraoxonase protein

The protein structure modeling process began with the
PONL1 protein structure (PDB code: 3SRE) obtained
from the Protein Data Bank.® The structure was
preprocessed using Chimera software to remove
existing ligands, preparing it for subsequent homology
modeling.* Homology modeling was performed using



MODELLER software, with the human serum
paraoxonase enzyme sequence from Uniprot (accession
code: P27169) serving as the template."8 The sequence
alignment showed 85% identity between the template
and target sequences, indicating a high probability of
accurate model generation. To study the polymorphic
variants, specific amino acid modifications were made
at positions 55 and 192 to create the Q/R192 and M/L55
variants. For each variant (wild-type, Q/R192, and
M/L55), MODELLER generated 20 distinct models.
The modeling process included the retention of Ca**
cofactors by enabling the 'include HETATM residues
other than water' option. The calcium ions were
maintained in their crystallographic positions due to
their critical role in structural stability and catalytic
function. The final model selection for each variant was
based on quality assessment using the Molprobity
server, with the highest-scoring model chosen for
further analysis.*®

Molecular dynamics simulation

All molecular dynamics calculations were conducted on
the computer clusters on Trgrid, each with 24 cores
(AMD Opteron) using GROMACS 4.5.5 software.?°
The parallel computing setup allowed for efficient
handling of the computationally intensive simulations.
The structures obtained in PDB file format from the
previously used "MODELLER" homology modeling
software were subjected to a series of stages according
to the following diagram. The simulation box was
constructed with periodic boundary conditions using a
dodecahedron geometry, with a minimum distance of
1.2 nm between the protein and box edges. The
"forcefield" used was AMBER99SB-ILDN, and SPC
(simple point charge) was chosen as the water
model.?*?2 Na* and Cl- ions were added for
neutralization of the system. The ionic strength was
adjusted to 0.15 M to mimic physiological conditions.
A total of 5000 steps of the "steepest descent"
minimization algorithm were performed. The
minimization was continued until the maximum force
was less than 1000 kJ/mol/nm. The equilibrium phase
occurred in two phases, NVT (for temperature and
volume stability) and NPT (for pressure and density
stability). Initially, a 100 ps NVT phase was initiated.
The other phase was a two-step NPT phase. The first
step was a 100 ps phase using position restraining
algorithms, while the second step was a 1 ns final
equilibrium  phase without position restraining
algorithms. A 10 ns simulation was applied in the
production phase. To ensure that the simulation was
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successfully conducted, several data analyses were
performed. One of these was structural stability, which
was evaluated using RMSD calculations. RMSF
analysis was conducted to show the mobility of each
residue in the protein. The radius of gyration (Rg) is a
measure of the compactness of a protein; if a protein is
stably folded, it will show a certain stable Rg value in
the corresponding graph.

Molecular docking

Docking was performed using two different
computational algorithms: Autodock4 and Autodock
Vina.** Both programs were chosen for their
complementary strengths in binding prediction and
scoring functions. The human PON1 model, obtained
from the rabbit PON1 enzyme through homology
modeling, underwent MD simulation with GROMACS
software to gain appropriate structure and behavior
under in vivo conditions. The final structure for docking
was selected from the MD trajectory based on clustering
analysis of conformations. The flexible missing residues
in the range of 72-81 in the 3SRE model were added in
this process. The Y71 and R292 residues were treated as
flexible in both docking processes. The docking
procedure used for AutoDock 4.2 was based on the
protocol established by Ben-David et al. In AutoDock
4.2, the active site of the PON1 enzyme was targeted
with an average grid volume of 39 A (Angstrom) for the
docking process. Grid maps were generated with 0.375
A spacing. In AutoDock Vina, the docking process was
similarly based on the active site of the PON1 enzyme,
with an average grid volume of 17 A (Angstrom).
Exhaustiveness was set to 4. Vina and AutoDock 4.2
considered all ligands as flexible except for the Y71 and
R292 residues. The electrostatic field was calculated on
a 1 A grid, and all other settings related to Vina were
left as default. The docking results were analyzed based
on binding energy scores and clustering of binding
poses. AutoDock 4 was preferred due to its ability to
calculate the Ca?* cofactor and electrostatic charge of
the protein. Since AutoDock Vina could not perform
these calculations, resulting in poor correlation and
incorrect conformations, only AutoDock 4 was used for
affinity calculations of the drugs. The final binding
poses were selected based on both energy scores and
visual inspection of the protein-ligand interactions.

RESULTS

Molecular dynamics simulation

A molecular dynamics study was conducted using
Gromacs software on PON1 protein and its polymorphic



structures. The protein systems, with an average
molecular weight of 39.75 kDa, each contained two
calcium atoms as cofactors. The analysis focused
primarily on RMSD, RMSF and Radius of gyration (Rg)
measurements. RMSD, measured using alpha carbon
positions, serves as an indicator of system stability and
structural integrity. A stable RMSD value suggests
system equilibration. The MD simulations revealed
distinct conformational patterns. All systems showed an
initial RMSD increase from 0.05 nm during the first 2
ns. The wild-type system stabilized between 0.15-0.17
nm after 6 ns. The M/L 55 variant showed lower RMSD
values (0.13-0.15 nm), indicating increased structural
rigidity. The Q/R 192 variant displayed the highest
RMSD values (0.16-0.19 nm) with greater fluctuations,
suggesting enhanced flexibility. All systems reached
equilibrium within 6-7 ns, with M/L 55 showing the
most stable trajectory. Protein flexibility was analyzed
using RMSF calculations, which measure residue-
specific mobility throughout the simulation. The
analysis identified key structural regions: loops (L1, L2,
L3) and helices (H1, H2). The N-terminal H1 region
showed maximum flexibility, followed by the L1 region
near the active site. Rg measurements provided insights
into protein compactness. The wild-type maintained an
Rg around 1.91 nm, while both variants showed slightly
higher values around 1.93 nm. The M/L 55 and Q/R 192
variants demonstrated similar Rg values but with

different fluctuation patterns. All systems maintained
stable Rg values within +0.01 nm after equilibration,
indicating that while mutations caused subtle structural
changes, they did not induce major conformational
alterations. The higher Rg values in mutant systems
suggest slightly less compact structures compared to the
wild type, potentially affecting their functional
dynamics.

Molecular docking

After 10 ns of molecular dynamics simulation, docking
was performed using Autodock 4.2 on a total of 22 lipid-
lowering drugs for each polymorphic structure of the
proteins at 0.1 ns intervals starting from the 9th ns. As
seen in figure 1, the best interaction was determined to
be brassicasterol with the Normal PON1 protein
structure, sibutramine with the Q/R 192 PON1
polymorphic structure, and stigmasterol with the M/L
55 PONL1 polymorphic structure. When examining the
interaction of brassicasterol with the Normal PON1
structure, no hydrogen bond formation was observed,
while electrostatic interactions were observed with
His285 and Leu267 (Figure 2A). When examining the
interaction of sibutramine with Q/R 192 PON1, only
Phe77 was observed to engage in electrostatic
interaction (Figure 2B). When examining the interaction
of stigmasterol with M/L 55 PON1, it was observed that
the hydroxyl group at the end of the compound's steroid
structure formed electrostatic interactions with Asn168
and Asn224. Additionally, His115, Glu53, and Asp269
were also observed to participate in electrostatic
interactions (Figure 2C).
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Figure 1. Affinity values of lipid-lowering drugs to PON1 and its polymorphic structures
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Figure 2. A- Conformation of brassicasterol shown in red structure in the active center of Normal PON1
B- Conformation of sibutramine shown in red structure in the active center of Q/R 192 PON1
C- Conformation of stigmasterol shown in red structure in the active center of M/L 55 PON1

DISCUSSION

In this study, the affinities of lipid-lowering drugs to affinities of PON1 enzyme substrates and lipid-
PON1 enzyme were evaluated by applying in silico lowering drugs were compared. Before proceeding to
(computer-aided) approaches, which have been widely the molecular docking method used in affinity
used in recent years to guide research before determination, the three-dimensional molecular
experimental studies and to save time and money. The structure of the PON1 enzyme was created by

considering its polymorphic structures. Since the X-

138



RAY crystallographic structure of human PONL1
enzyme was not revealed, 100% human PON1, M/L 55
and Q/R 192 polymorphic structures were obtained by
homology modeling from a human-rabbit hybrid X-
RAY crystal structure (PDB code: 3SRE) with 83.66%
similarity at the amino acid level with the same
enzymatic activity. These structures were subjected to
10 ns molecular dynamics simulation to give them their
natural conformation and behavior under laboratory
conditions. The characteristics of serum PON1 enzyme
and (M/L) 55, (Q/R) 192 polymorphic structures were
analyzed by molecular dynamics simulation.

Homology Modeling

In this study, 100% human serum PON1 protein
structure and (M/L) 55, (Q/R) 192 polymorphic
structures were obtained from rePON1-G2E6, a
recombinant PON1 variant with identical enzymatic
activity (83.66% similar to human serum paraoxonase)
using homology modeling.®® The normal and
polymorphic structures generated by MODELLER, a
homology modeling tool, and the experimentally
obtained rePON1-G2E6 variant were aligned using the
"matchmaker" tool with Chimera software. The
alignment resulted in RMSD values of 0.133 with the
PON1 normal construct, 0.155 RMSD with PON1
(M/L) 55 and 0.141 RMSD with PON1 (Q/R) 192. Very
low RMSD values indicate that the construct produced
has very high structural similarity with the experimental
G2E6 variant. A value close to O increases the
significance considerably.? The most deviation
occurred in the L1 knot region of the PON1 enzyme
close to the catalytic site. Since the knot in this region
of the protein is very flexible, it could not be shown in
the experimentally obtained rePON1-G2E6 variant and
remained as a missing residue.’® The MODELS tool
provides a great advantage by not only producing 100%
human serum PON protein and polymorphic structures,
but also complementing these missing residues.
MODELLER is one of the most widely used, reliable
and fully automated comparative homology modeling
programs. Its speed compared to other homology
modeling software has made it useful for whole genome
modeling studies.

In genetic, cell and molecular biology studies,
experimental methods are applied to reveal protein
structures. However, due to the lack of information on
the atomic structure of these proteins, their molecular
functions and mechanisms cannot be fully elucidated.
Current methods to obtain biomolecules at atomic
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resolution (X-ray crystallography and NMR
spectroscopy) require the preparation of high
concentrations of pure proteins under physiological
conditions. NMR spectroscopy can be applied for
proteins with a maximum size of 15 kDa. However,
many biologically important proteins have larger
structures. Homology modeling can reveal the
structures of proteins with different polymorphic and
mutated structures.?*

Molecular Dynamics Simulation

After homology modeling of the PON1 enzyme and its
polymorphic structures were established, molecular
dynamics simulations were performed. Molecular
dynamics simulations were performed for 10 ns each on
the normal, M/L 55 and Q/R 192 polymorphic structures
of PON enzyme. With these simulations,
conformational changes were examined by giving the
protein its unique dynamic character in the system and
molecular docking was performed with its substrates
and lipid-lowering drugs on protein conformations at
certain time intervals.

In this study, Parinello-Rahman’ method was used to
adjust the temperature, pressure and density values in
molecular dynamics simulation. One of the reliability
criteria of molecular dynamics simulation is the density
value of the system. The density of a system containing
water, ions and protein should be close to 1000 kg/m3
in accordance with laboratory conditions.? In our study,
the density of the system containing all three protein
structures was very close to the laboratory conditions.
Density differences of less than 1% between the systems
were predicted to be related to the different numbers and
types of atoms in the systems. In addition, small
temperature and pressure differences between the
systems also have an effect on the density.?®

Over a period of 10 ns, the positional changes of each
amino acid in the polymorphic structures are shown.
Amino acids in the range of 70-80% are very flexible
and located very close to the active site of the enzyme.
This raises the question of whether the position of this
region is effective in enzyme-substrate interactions. As
a matter of fact, a detailed study on the enzyme PON
suggested that this region may have a substrate-selective
character and especially the 71st tyrosine residue may
act as a cap in enzyme-substrate complexes.?

The choice of an appropriate energy function to describe
intramolecular and intermolecular interactions is critical
for a successful molecular dynamics simulation. Energy
functions are usually composed of many parametric



terms. These parameters are mainly obtained from
experimental and quantum mechanical studies of small
molecules or fragments. Groups of functions associated
with parameter settings are expressed by the term force
field.?” The force field parameters, which are vital for
molecular dynamics simulations, are now being
developed with the help of quantum mechanical
calculations and continue to be improved with higher
accuracy. AMBER (Energy Simplification Assisted
Model Building) is a family of force fields for molecular
dynamics simulations of biomolecules developed by the
Peter Kollman group at the University of California, San
Francisco. The correlation of various force fields of the
AMBER family with experimental data was shown by
Hornak et al.8 In this study, a high correlation between
the experimental NMR parameters and the parameters
generated by the ff99SB force field was shown with
0.83 for lysozyme and 0.95 for ubiquitin.?

Molecular Docking

The most widely used Autodock program was used to
determine the affinity of different polymorphic
structures of PON1 with drugs and its natural substrates.
While the interactions of PON1 with various substrates
have been studied in depth with the docking method,
there is no docking study on its affinity or interaction
with lipid-lowering drugs in the literature. Xin Hu et al.
used molecular docking, MD simulation and free energy
calculation methods to investigate the interactions
between the PON1 enzyme and its various substrates
such as esters, lactones and phosphotrioester.?® In their
study, they showed that tyrosine 71 residue may have an
important role in the binding of substrates and suggested
that it may have a gate function that facilitates substrate
identification. In our study, it was observed that tyrosine
71 residue has a gating function but has no direct
catalytic effect in the interaction with substrates. Ben-
David et al. and Harel et.al. showed that in the structure
at pH 4.5 (PDB:1V04), residue 71 was close to the
catalytic site, while at pH 6.5 (PDB:3SRE, 3SRG),
residue 71 was outside the active site.’>* In other
words, it has been shown that the 71st residue shows
open or closed conformation at different pH. Since we
used 3SRE-derived structures (operating at neutral pH)
in our study, it is possible that residue 71 showed mostly
open conformation.’® A study on the structure and
activity of PONL1 revealed that calcium is a vital co-
factor in catalytic activity.®! As a matter of fact, in the
conformations of the substrates obtained by molecular
docking method on different polymorphic structures of
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PONZ1, calcium has an important effect on the formation
of the enzyme-substrate complex by attracting the
oxygen in the lactone structure towards itself. The Q/R
192 polymorphic structure had a narrower active center
and the oxygens of its substrates were located closer to
the catalytic calcium than the other polymorphic
structures.

Lipid Lowering Drugs and Paraoxonase

The affinity of lipid-lowering drugs for PON1 itself and
its polymorphic structures was shown in figure 1. When
the comparison of the drugs between the PON structures
was made, it was observed that the affinity of the drugs
in the Q/R 192 polymorphism was generally lower than
the other PON structures. The Y71 residue, which is
located in the lid position of the active site, is open in
other structures of paraoxonase, while it is closed in the
Q/R 192 polymorphic structure. This may have resulted
in lower affinity of the drugs. In contrast to other drugs,
atorvastatin, probucol, orlistat, rosuvastatin and
betasterol showed positive AG in the Q/R 192
polymorphic structure. In other structures of
paraoxonase,  atorvastatin,  probucol,  orlistat,
rosuvastatin and pravastatin were found to have low
affinity for PONL1. Therefore, these drugs may not be
very effective on paraoxonase activity. This suggests
that drugs with high affinity may decrease paraoxonase
activity, whereas drugs without any affinity or with low
affinity may not affect paraoxonase activity much.

In this study, it was observed that atorvastatin could not
affect paraoxonase activity, while no study was found
that atorvastatin decreased or did not affect
paraoxonase. In fact, it has been reported to increase
PONL1 activity in many studies. Kural et al. found that
atorvastatin significantly increased serum paraoxonase
activity and HDL levels in a study with dyslipidemic
patients.®23 Similarly, Harangi et al. observed that
atorvastatin treatment increased paraoxonase activity.%*
According to Oranje et al. atorvastatin decreased LDL
oxidation in type 2 diabetic patients.®® These studies
pointed that atorvastatin has an important effect in
preventing  atherosclerotic  diseases.  However,
Bergheanu et al investigated the effect of rosuvastain
and atorvastatin on PON1 activity in men with
cardiovascular disease and showed that both drugs
increased PONL1 activity, but rosuvastatin, unlike
atorvastatin, increased PON1 activity in a dose-
dependent manner.*® In our study, it was observed that
rosuvastatin has a weak affinity for PON1, so it may not
be effective. We could not find any studies showing that



rosuvastatin reduces PON1 activity. Orlistat, another
drug used in this study, showed very little affinity for
PON1 in normal structure but not in polymorphic
structures. Audikovszky et al. expressed that orlistat
increased paraoxonase activity.*’

Among the statins, simvastatin, lovastatin and
mevastatin were found to have the highest affinity
values. The fact that these drugs have lactone structures
is the probable reason for this result. Due to this
similarity, it is expected that PON activities would
decrease by competitive inhibition. Consistent with our
study, Billecke et al. reported that these three statin
group drugs showed affinity for PON1 and were
metabolized by PON1.2® Another study also identified
that statins such as pravastatin, fluvastatin and
simvastatin reduced PON1 activity.*® On the other hand,
Tomas et al. stated that simvastatin increased
paraoxonase activity and therefore may have
actioxidant properties.’> In a meta-analysis study
conducted by Farretti et al., it was shown that statin
therapy provides cardiovascular benefits by increasing
PONL1 paraoxonase and arylesterase activities, and this
could be among the lipid-independent pleiotropic
effects.The fact that this effect is independent of statin
dose, treatment duration, or changes in LDL cholesterol
levels indicates additional mechanisms underlying the
cardiovascular protective effects of statins.** In our
study, while mevastatin and simvastatin were calculated
to have stronger interactions with PON1, atorvastatin
was observed to be unable to interact with PON1,
consistent with the study conducted by Farretti et al.**
Among all drug groups, the highest affinity was found
in  brassicasterol with PONZ1-normal structure,
stigmasterol with M/L 55 polymorphic structure and
sibutramine with Q/R 192 polymorphic structure.
Therefore, these drugs may be effective in decreasing
PONL1 activity. Phytosterols showed high affinity for
PON1 and M/L 55 polymorphic structure unlike fibrate
type drugs. In the Q/R 192 polymorphic structure, the
Y71 residue and the narrow structure of the active center
together with the relatively large molecules of
phytosterols may have caused them to show low
activity. No study was found on the effects of
phytosterols, which are similar to cholesterol in
chemical structure, on paraoxonase enzyme activity.
However, there are conflicting studies showing the
relationship between cholesterol and PON1 and studies
on HDL in which paraoxonase is involved. Consistent
with our study, Yi et al. showed the decreased serum
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PONL1 activity in mice on a high cholesterol diet.*? On
the other hand, Kim et al. expressed that cholesterol
increased PON1 activity.*® There are also studies on the
effect of phytosterol-rich foods on PON1 activity.While
Sutherland et al. found a positive correlation between
plasma phytosterol and HDL cholesterol levels, Zak et
al. showed that phytosterol consumption increased the
cholesterol level in HDL.#45

Clofibrate, gemfibrozil, ciprofibrate and bezafibrate
showed low affinity values. Fenofibrate showed above
average affinity in normal and M/L 55 structures and
below average affinity in Q/R 192 polymorphic
structures. Yesilbursa et al. observed that fenofibrate
increased PON1 activity.*® This result contradicts our
study in normal and M/L 55 constructs with above
average affinity values. Macan et al. found that
gemfibrozil significantly decreased PON1 activity.*’
Increased PONL1 activity by using bezafibrate was
reported by Durrington et al.*® As mentioned above, the
fact that fibrate-type drugs generally increase PON1
activity is consistent with the low affinity values found
in our study.

Ezetimibe was in the group of drugs with high affinity
for PONL. Niacin was found to have low affinity. A
study identified that niacin did not affect paraoxonase
and arylesterase activity, but ezetimibe decreased
paraoxonase and arylesterase activity.*® This result
support our view that ezetimibe with high affinity value
may have a negative effect on PONL1 activity.
Sibutramine was measured as the compound with the
highest affinity in the Q/R 192 polymorphic structure.
As far as we have researched, there is no study showing
a direct effect of sibutramine on PON1 activity.
However, James et al. observed that sibutramine
significantly increased plasma HDL levels. Since there
were no studies showing a direct effect of sibutramine
on PON1, a comparison with experimental studies could
not be made.*

Our study has several limitations. Molecular docking
analyses were performed on static protein structures and
may not fully reflect dynamic interactions under
physiological conditions. Additionally, computational
results need to be validated in the in vivo environment.
These in silico results found in this study need to be
supported by experimental studies. Although in silico
molecular docking method saves time and money, its
reliability is still a matter of debate. When the
correlation between the Autodock 4 software used in
this study and the affinity of PON1 with its substrates



and other experimental studies was evaluated, it was
observed that the Autodock software worked well for
lactone structures, but the error rate increased for
compounds such as phenylacetate and very high affinity
compounds. Although Autodock is one of the most
widely used programs, more reliable software such as
CDOCKER may be preferred in the future. Nowadays,
more reliable results can be obtained by conducting
molecular dynamics studies together.

In light of the findings of this study, it is evident that
paraoxonase-1 (PON1) polymorphisms play a critical
role in determining the interaction dynamics with lipid-
lowering drugs. This highlights the importance of
integrating genetic profiling into clinical practice to
tailor treatment strategies effectively. Personalized
medicine approaches could help optimize drug efficacy
and minimize adverse effects by selecting treatments
based on an individual's genetic predispositions.

Future studies should focus on validating these
computational findings through in vitro and in vivo
experiments to confirm their clinical relevance.
Additionally, investigating the molecular mechanisms
underlying PONL1 interactions with a broader range of
therapeutic agents could provide deeper insights into its
role in personalized treatment approaches. Expanding
on these findings, the development of advanced
molecular dynamics simulations and large-scale
genotype-phenotype correlation studies will be
instrumental in bridging the gap between computational
predictions and practical applications in clinical
settings.

CONCLUSION

This computational study investigated the interactions
between various lipid-lowering drugs and PONL,
including its polymorphic forms. Our findings revealed
significant variations in binding affinities, with
brassicasterol, sibutramine, and stigmasterol showing
the highest affinities for normal PON1, Q/R 192, and
M/L 55 polymorphic structures, respectively. These
results suggest that the efficacy of lipid-lowering drugs
may be influenced by their interactions with PON1 and
its polymorphisms, potentially impacting personalized
treatment approaches. However, further in vitro and in
vivo studies are necessary to validate these
computational findings and establish their clinical
relevance. This research demonstrates the value of in
silico methods in exploring drug-enzyme interactions
and opens new avenues for personalized medicine in
cardiovascular health management.
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ABSTRACT

The purpose of this case report is to present a case involving the
etiology, diagnosis, and treatment of Persistent Genital Arousal
Disorder (PGAD). The described patient meets the criteria for
PGAD. In this case, organic lesions in the nervous and urogenital
systems were excluded, and a psychogenic background of the
syndrome was assumed. Due to the patient’s refusal of
pharmacological treatment, psychoeducation regarding PGAD and
sexuality was provided within the framework of cognitive-
behavioral therapy, resulting in a moderate effect.

Keywords: Cognitive behavioral therapy, Persistent genital arousal
disorder, Sexual dysfunction

OZET

Bu olgu sunumunun amaci, Kalic1 Genital Uyarilma Bozuklugu'nun
(PGAD) etiyolojisi, tanisi ve tedavisini iceren bir vakayr sunmaktir.
Tanimlanan hasta PGAD kriterlerini  karsilamaktadir. Bu
vakada, sinir ve irogenital sistemlerdeki organik lezyonlar
diglanmis ve sendromun psikojenik bir temele dayandigi
varsayllmigtir. Farmakolojik tedaviyi reddetmesi nedeniyle,
hastaya bilissel davranisg: terapi gercevesinde PGAD ve cinsellik
konusunda psikoegitim verilmis ve orta diizeyde bir etki elde
edilmigtir.

Anahtar Kelimeler: Bilissel davranigc1 terapi, Cinsel
bozuklugu, Kalic1 genital uyarilma bozuklugu
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INTRODUCTION

Persistent Genital Arousal Disorder (PGAD) is a

diagnosis that has gained increased awareness in recent

years and is gradually being introduced into the

literature. It has not yet been included in the ICD-10 or

DSM-5 classifications. Since it was first defined by

Leiblum and Nathan in 2001, numerous case reports

describing individual cases or small groups of patients

with this disorder have been published.! In 2019, the

International Society for the Study of Women's Sexual

Health (ISSWSH) published the first expert consensus

on the diagnosis and treatment of PGAD.? These criteria

include:

1. Unwanted or intrusive genital arousal sensations that
persist for at least 3 months or longer, which may be
disturbing,

2. It may also include other types of genito-pelvic
dysesthesia, such as buzzing, tingling, burning,
throbbing, itching, and pain,

3. Additionally, frequent occurrences in the clitoris and
other genito-pelvic areas such as mons pubis, vulva,
vestibule, vagina, urethra, perineal area, bladder,
and/or rectum,

4. It may involve being on the brink of orgasm,
experiencing uncontrollable orgasms, and/or an
excessive number of orgasms,

5. Not associated with accompanying sexual desire,
thoughts, or fantasies.

Patients with PGAD commonly use terms like itching,

tightening, pain, or swelling to describe their symptoms.

These sensations can last for hours or throughout the

day, causing extreme discomfort for the patient. Due to

Drugs Stress
Autonomic
Menopause nervous system
Pudendal nerve
Polyneuropathy neuropathy
klitoridis
Pelvic Mechanical
vascular irritation
anomalies

feelings of shame and embarrassment, patients tend to
conceal their symptoms. Another challenging factor for
patients is the lack of experience among many
physicians regarding these symptoms and the absence
of a clear consensus on treatment.

The pathophysiology and etiology of PGAD are not
clearly understood. Central neurological changes (e.g.,
post-injury, specific brain lesion/anomaly), peripheral
neurological changes (e.g., pelvic nerve
hypersensitivity or compression), vascular changes
(e.g., pelvic obstruction), mechanical pressure on
genital structures, medication-related changes (such as
the use or discontinuation of antidepressants and other
mood stabilizers), psychological changes (stress), onset
of menopause, physical inactivity, and overactive
bladder are implicated in the etiology.*

The frequency of the disorder has not been determined
to date. Until recently, this disorder was only identified
in women; however, a few cases of PGAD have also
been reported in men.® Symptoms frequently occur in
women aged 25-51 and men aged 38-74.4

In more than 60% of PGAD cases, an overactive bladder
syndrome has been found, strongly associated with
Restless Leg Syndrome (RLS).! The relationship
between PGAD and RLS is uncertain. RLS is believed
to arise from iron deficiency in the central nervous
system, dysfunction of the nigrostriatal system, and
imbalances in dopaminergic and glutamatergic
neurotransmission involving opioids and hypocretin.®
The neuropathogenesis of RGS proposed by Waldinger
is presented in Figure 1.° In this case report, a female
patient diagnosed with Persistent Genital Arousal
Syndrome is being discussed in line with the literature.

Persistent genital
arousal syndrome

Restless legs
syndrome

Overactive
bladder

Figure 1. Diagram of the hypothetical neuropathogenesis of restless genital syndrome



CASE REPORT

A 24-year-old single woman applied to the hospital. She
complained of experiencing spontaneous orgasms
during daily activities lasting less than 20 minutes,
occurring 4-5 times a day, without feeling sexual desire
for the past 2 years. The patient mentioned
feeling pain in her right groin, followed by a pulsating
sensation in her vagina, along with vaginal discharge.
She stated that due to the need to shower after each
orgasm experience during the day, she had become
unable to leave home, experiencing significant social
and academic difficulties. There were no organic
disorders in the patient's medical history, and she did not
have a history of chronic illness, continuous medication
use, alcohol, or substance abuse.

Due to her symptoms, she first consulted a gynecologist.
During the urogynecological examination, it was
observed that her external genital structure was in line
with sex norms, her hormone levels were normal, and
there were no abnormalities in the thyroid function
test or biochemistry ~ values.  Her  neurological
examination was normal. No pathology was detected in
the  computerized brain ~ tomography  and
Electroencephalography (EEG).

In the mental status examination, her overall appearance
and physical development were in line with her
socioeconomic status. It was determined that not feeling
sexual desire and still being able to have an orgasm
caused psychological tension and dissatisfaction.

The psychological evaluation, based on the Minnesota
Multiphasic Personality Inventory (MMPI), indicated
that her responses were defensive, with no clinical
pathology detected.
During the period of sexual development, the patient re
membered that she had not received any
information about menstrual bleeding from her elders
or peers before, and did not react when it first occurred.
The patient stated that she had never been in a flirtatious
situation, engaged in sexual activity, or masturbation.
She recalled an incident at the age of 9 when she played
a sexually themed game with her 19-year-old cousin’s
son, during which he exposed his genitalia to her. When
she attempted to touch him, she felt extreme anxiety and
ran away upon hearing her sister calling them from
another room. The patient mentioned missing school for
a month after the incident due to daily abdominal pain,
and she had never shared this incident with anyone.

A followup interview was carried out with the patient a
bout her illness. Showing limited knowledge about
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sexuality, she received 2 sessions of psychoeducation.
Paroxetine 10 mg (often preferred for treating anxiety
and depression, regulating serotonin levels, managing
sexual desire, and controlling involuntary arousal with
sexual side effects) was prescribed to manage her
anxiety symptoms, such as fear, restlessness, irritability,
palpitations, sweating, muscle tension, and abdominal
discomfort due to genital stimulation at unwanted times.
A follow-up appointment was scheduled for 15 days
later.

During followup interviews, the patient expressed that
she did not want to use the recommended medical trea
tment and confirmed that she did not use it. Following
psychoeducation, the patient reported a decrease in the
frequency of pain in her right groin and expressed relief,
feeling that there was no reason to blame herself for her
complaint. The patient was advised to seek further help
if symptoms increased or if she experienced additional
complaints. Written informed consent was obtained
from the patient who participated in this case.

RESULTS

Persistent Genital Arousal Disorder (PGAD) is a highly
distressing and disgraceful condition for patients. Since
its first report in 2001, clinical treatment strategies for
PGAD have significantly expanded, providing a rational
basis for managing this condition in many patients.’
However, it should be emphasized that the care process
for PGAD/PGD is somewhat limited to expert opinion
due to a lack of awareness about the condition and its
impact, insufficient research, the absence of large-scale
studies on effective treatments, and inadequate research
support. The numerous and varied etiologies also hinder
the development of a single treatment strategy,
necessitating a personalized, biopsychosocial approach.
Increasing awareness of this condition, combined with
expanding clinical experience and efforts to improve
patient outcomes, may lead to affected individuals
achieving a better quality of life.

Benzodiazepines such as clonazepam and oxazepam are
often prescribed to alleviate PGAD symptoms. The
medication’s mechanism of action is likely based on the
'gating' phenomenon of the Central Nervous System.®
Tramadol, a medication that activates p-opioid
receptors and has a limited effect on serotonin and
noradrenaline reuptake, has also been documented as
beneficial for some patients.! The tricyclic
antidepressant amitriptyline has proven effective in
treating patients with depressive or compulsive
disorders. While researchers have explored the potential



use of dopamine receptor agonists (such as
pramipexole) as a treatment for Restless Leg Syndrome
(RLS) and Restless Genital Syndrome (RGS), the
results have been inconsistent. The effectiveness of
Botulinum toxin injections in treating pudendal
neuropathy has also been demonstrated.®

Family therapy and couples therapy may benefit
patients experiencing long-term stress due to family
conflicts.®

In our case, the patient’s psychological symptoms of
stress related to preparing for a central exam, along with
relief from non-pharmacological methods after
receiving psychoeducation, suggest that the complaints
could be psychologically driven. Some PGAD cases
have shown that psychotherapy, particularly cognitive-
behavioral therapy used in the treatment of genital pain
syndrome, may be effective.

CONCLUSION

As there is currently no standard treatment algorithm
for PGAD, a thorough psychiatric and physical medical
history, along with comprehensive examinations and
accompanying diagnoses, is essential in guiding
treatment selection. In our case,
psychotherapy was effective in reducing tension and
symptoms, supporting the psychosomatic nature of the
disorder. However, theetiology and treatment
options for PGAD remain under-researched. Detailed
assessment for PGAD symptoms is crucial,
and structured research is necessary to establish
effective long-term treatment approaches for this
condition.
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OZET

Trepanasyon veya bag delgi operasyonu, tarih boyunca kullanilan ve
kraniumun cerrahi olarak delinmesini igeren eski bir tibbi
prosediirdiir. MO 6500 yillarina kadar diinyanin cesitli bolgelerinde,
ozellikle Giiney Amerika, Avrupa ve Afrika'da yaygin olarak
kullanilan bu yontem genellikle hastalarin kafatasinda delikler
acarak beyin iizerindeki baskiyr azaltmayr hedeflemistir. Bugiin,
modern tipta yerini daha geligsmis cerrahi tekniklere birakan bu
tedavi yontemi sonucunda arkeolojik kalintilardan elde edilen
yorumlara dayanarak hastalarin yasamina devam ettigini gosteren
kanitlar mevcuttur. Bazi arkeolojik incelemelerde, daha oOnce
trepanasyon cerrahisinin uygulanmadigr diisiiniilen cografi
bolgelerden ve donemlerden olasi trepanasyon Ornekleri
kesfedilmeye devam edilmektedir. Bu ¢alismanin  amaci,
trepanasyonun tarihsel uygulama yontemleri ve arkeolojik
buluntularin sistematik bir 6zetini sunmaktir. Bu amagla, gegmisten
giiniimiize trepanasyon operasyonlarma iligkin bilgiler Pubmed,
Google Akademik gibi ¢esitli veri tabanlarindan sistematik olarak
derlenmistir. Gerek bulundugu cografi bolgeye gerek tespit edilen
tarihi doneme ait boyle operasyonlarin yapildigmma dair kanit
bulunamayan arkeolojik ¢alismalarda, elde edilen kafatasindaki
olasi bir trepanasyonu degerlendirirken, kapsamli bir ayirict tani
teshisi kolaylastirabilmektedir.

Anahtar Kelimeler: Kranium, Tedavi, Trepanasyon

ABSTRACT

Trepanation or head puncture operation, is an ancient medical
procedure that has been used throughout history and involves the
surgical puncture of the cranium. This method, which was widely
used in various parts of the world, especially in South America,
Europe and Africa, until 6500 BC, generally aimed to reduce the
pressure on the brain by opening holes in the skull of patients. Today,
asaresult of this treatment method, which has been replaced by more
advanced surgical techniques in modern medicine, there is evidence
that patients continue their lives based on the interpretations
obtained from archaeological remains. In some archaeological
investigations, possible examples of trepanation continue to be
discovered from geographical regions and periods previously
thought to be incurred for trepanation surgery. The aim of this study
is to present a systematic summary of the historical application
methods of trepanation and archaeological finds. For this purpose,
information regarding trepanation procedures from the past to the
present has been systematically collected from various databases
such as PubMed and Google Scholar. In archaeological studies
where there is no evidence that such operations were performed both
in the geographical region and in the historical period identified, a
comprehensive differential diagnosis can facilitate the diagnosis
when evaluating a possible trepanation in the skull obtained.

Keywords: Cranium, Treatment, Trepanation

Gelis Tarihi/Received Date: 17.09.2024

Kabul Tarihi/Accepted Date:  09.11.2024

149



GIRIS
Trepanasyon, beyne ulasmak amaciyla Kkranium

lizerine bir veya birden fazla delik agmak i¢in delme,
kazima veya testereyle kesme isleminden olusan primitif
bir norosiriitji prosediiriidiir. Trepanasyon isleminde
kafatas1 altinda bulunan yapilan aciga g¢ikarmak igin
kranium tizerinden bir par¢a kemigin beyin ile dura
mater encephali’ye vermeden ¢ikarilmasi
gereklidir.2 Yunanca “delici” anlamina gelen terebra ve
trepanon terimlerinden {iretilmistir ve zamanla bu terim
trepanasyon olarak kullanilmaya baslamigtir. 16.yy’da
kranium {iizerine agilacak delik i¢in kullanilan Fransiz
aleti tres fines olarak isimlendirilmistir (Sekil 1) ve bu
Latince'de "iic u¢" anlamma gelen bu terim
trepanasyon’un  olusumuna katkida bulunmustur.?
Beyinde yaralanma, kanama ve enfeksiyon gibi gesitli
riskler barindirmasina ragmen, arkeologlar Avrupa,
Afrika, Balkanlar ve Giiney Amerika'daki antik
uygarliklarda yaygin Olciide
uygulandigina dair kanitlar bulmusmus olup Romalilar,
Yunanlilar, Misirlilar ve Inkalar gibi antik kiiltiirlere ait

zarar

trepanasyonun

oldugu diisiiniilen ve Neolitik doneme ait binlerce
trepanasyon yapilmig Kraniumu ortaya c¢ikarmis ve
incelemislerdir.>* Bu derlemenin amaci, trepanasyonun
tarihsel gelisimi ve yontemleri iizerine edinilen bilgiler
ile trepanasyon vakalar1 olarak yanlis teshis edilebilecek
olast durumlarin sistematik bir dzetini sunmaktir.

Sekil 1. 18. yy’a ait trepanasyon aleti®

Trepanasyon uygulanan kisilerde norma superior
tizerinde kemik dokularda izlenen iyilesme belirtileri,
kaldiklarin
diistindiirmektedir. Antik c¢aglarda trepanasyonun
uygulanmasinin amagclart kiiltiirden kiiltiire farklilik

hastalarin  ameliyattan sonra hayatta

gostermekle birlikte siklikla terapotik ve dini inanislar
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geregi kotli ruhlardan armma ayini yer almaktadir.
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Sekil 2. Antik Yunan’da cerrahlarin kullandigr farklh
trepanasyon aletleri®
Terapotik nedenlerden dogumsal ve gelisimsel

anomalliler, kafa travmalari, enfeksiyon ve tliimdral
dokularm varlig1 iizerine tedavi amach uygulandigi
soylenmektedir.?®’ Edinilen bulgulara gore travmatik
lezyonlarn genellikle sag elini kullanan bir rakip
tarafindan verildigi diislinlilerek bircok ameliyat
kranium sol yarisinda yapilmis olmasi dikkat
¢ekmektedir. Antik Cin doneminden kalan tibbi ve tarihi
eserlerde, iinli hekim Hua Tuo gibi cerrahlarin
calismalari ve beyin patolojilerinin tedavisi igin
kullanilan cerrahi prosediirler de dahil olmak iizere
trepanasyon uygulamasina iligkin yer
almaktadir.’ Trepanasyon, farkli ¢alisma aletleri (Sekil

kanitlar

2) ve tekniklerle yapilmakla birlikte kullanimi en yaygin
oldugu diisiiniilen yontemler siralanmistir: (i) Scalp
katmanlar1 ve diploe’yi nazikce inceltme islemiyle i¢
katmanda yer alan beyin zarlarinin diseksiyonu ile beyne
ulagilan kazima yontemi, (ii) Kafa derisi ile altta yer alan
yumusak doku diseke edildikten sonra Kranium tizerinde
Ozel aletlerle delik agarak ortada kalan parganin kesilerek
cikarilmas1 yontemi, (iii) Kesigsen dogrusal ¢izgilerden
olusan bir dikdortgen sekilli kemik bolgenin ¢ikarilmasi
yontemi, (iv) Kii¢iik dairesel oluklardan bir oval sinir
olusturarak coklu delme islemiyle bir biiyiik kemik
parcanin ¢ikarilmasi yonteminden olustugu
bilinmektedir (Sekil 3).28 Diger yontemlerden biri olarak
kiiciik delik gruplar ile olusturulan "burr deligi" yer
almaktadir.? Kazima, tarih Oncesi kafataslarinda en
yaygin goriilen yontemdir ancak dogrusal kesme, delme
ve kesme ve matkapla delme daha nadir uygulamalardir.



Paleopatolojik ve arkeolojik ¢alismalarda yeni vakalar
sunulmakta olup, oOzellikle daha oOnce bu tir
uygulamalara dair kanit olmadigi diisiiniilen cografi
bolgelerde uygulandigi tespit edilen trepanasyon
caligmalar1 ve olgular dikkat ¢ekmektedir.®

Sekil 3. Cesitli trepanasyon teknikleri?

Kenarlarinda kemik reaksiyonu gosteren trepanasyonlar,
ameliyatin ~ yagsayan  bir  hastada  yapildigini
belirtmektedir. Kemik reaksiyonu belirtisi olmayan
agikliklar
ameliyattan kisa bir siire sonra yagamini yitirdigini veya
alternatif olarak acgikligin hastanin 6liimiinden sonra

icin hastanin ameliyat sirasinda yada

teshis calismalar adina yapilmis oldugu

varsayllmaktadir. Kemik dokuda iyilesme belirtileri,

ve

hayat kalim siiresini tahmin etmede énemli bir kanittir.
Erken iyilesme belirtilerinden kemik doku etrafinda
hiperemi ve osteoklastik aktivite varligi, trepanasyon
sonrasi sagkalim siiresi hakkinda bilgi sunmaktadir.*
Incelenen olgularda siklikla trepanasyon etrafinda,
periosteum’un ¢ikarilmasiyla olusan kanamalara bagl
nekrotik kemik dokulara rastlanilmaktadir. Nekrotik
alanin dis kenarlar1 osteoklastik ¢gukurlagsmayi belirtmek
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lizere "siirlama hatt1" olarak tanimlanan bir yontemle
isaretlenmistir (Sekil 4).8%1! Kii¢iik delme islemlerinden
olusan burr deligi agikliklarin kapanmasi oldukga nadir
olmakla birlikte diger yontemlerden olusan trepanasyon
acikliginin tamamen kapandigi olgularin varligi iizerine
kanitlar bulunmamaktadir.”®

Sekil 4. Sag os parietale trepanasyonu yapilan kraniumda
ortadaki biiyiik oklar acikligin kenarlarindaki osteoklastik
aktiviteyi ve alttaki ok trepanasyondan kalan kazint1 izlerinin
bir kismini belirtmektedir. Etraftaki daha kiigiik oklar nekrotik
kemigin dis kenarlarinda “simrlama hatti”m gostermektedir.®
Trepanasyon uygulama yontemleri ¢esitli olgularda ve
ayirict tanida farklilik arz ettigine dair kalintilar ile
acikligin yapilig yontemleri de degisiklik
gostermektedir.> Bu nedenle kalintilarda trepanasyon
uygulamasi ve tekniginin dogru teshisini yapabilmenin
onemi adina, uygulamanin ayirt edici Ozellikleri ile
vakalarda

karsilagilabilecek diger deformasyonlar

asagida 6zetlenmeye calisilmistir.

1.1. Dogumsal ve Gelisimsel Anomaliler

Bebek ve ¢ocukluk c¢aginda kraniumda var olan
fontanellerin trepanasyon agikligi ile karigtirilmasi pek
miimkiin olmamakla birlikte bunlar alisikligin disinda
biiylikse veya beklenenden daha uzun siire acik kaldigi
disiiniildigiinde karigiklik yasanabilir. Bu donemde
goriilen kranium anomalileri biiylime ve gelisme
sirasinda normal kemiklesmenin meydana
gelmemesinden olusabilir. Cleidocranial dysostosis yada
Hidrosefali olgularinda oldugu gibi, suturalarda
birlesmenin kismi ya da tam olmadigi durumlarda
meydana gelen gelisim anomalileri buna 6rnek olabilir
(Sekil 5). Bu tiir anomaliler i¢in yaygin bir konum, sutura
sagittalis ve sutura coronalis’in birlestigi yerde,
bregma’nin hemen posteriorunda veya sutura sagittalis
boyunca uzanir. Stewart (1975), trepanasyon olarak
yanlis teshis edilen tarihsel kalinti oldugu bilinen

kraniumda meningosel vakasini bildirmistir.8*3



Sekil 5. Norma lateralis ve norma superior’dan goriinen
fontanel agikliklar®

1.2. Kafa Travmalar

Travma ile kraniumda olusan depresyon kiriklari
iyilesmis bir trepanasyon defekti olarak teshis
edilebilmektedir. Bunun sebebi genellikle trepanasyon
defektlerinin yeni kemik olusumu ile acikligin
kapanarak iyilestigine dair yanlig inanistir. Kraniumda
olusan pargali kiriklarda, izole parcalarin kan akimi yok
olur, bu pargalar yara tarafindan emilimi olmayacak
biiylikliikte ise parcalarin ¢ikarillarak  bolgenin
temizlenmesi s6z konusudur. Birey hayatta kalirsa,
travma alaninda farkli biyliklikte ve sekillerde
defektler olusumu gozlenebilir. Bu durumda sagkalinmi
gerceklesen vakalarda, kirik tedavisi i¢in herhangi bir
trepanasyon miidahalesinde bulunuldugunu belirlemek
giictiir.’* Savaslar esnasinda kafatasina alinan darbeler
nedeniyle olusan agikliklar da yanliglikla trepanasyon
olarak degerlendirilebilmektedir. Bu tiir vakalarda
doneme ait boyutlar1 ve sekilleri, mizrak uglar1 veya
yildiz basl topuzlar gibi silahlarla eslestirilerek, cerrahi
miidahalenin varlig1 ya da yoklugu belirlenebilmektedir
(Sekil 6).815

Sekil 6. Peru’da MO 400-200 yillar1 arasinda gegirilen kafa
travmast (beyaz ok) sonrasi uygulanan trepanasyon
operasyonu?®

1.3. Enfeksiyon

Kraniumda os parietale {izerinde gelismeye miisait
Streptococcus pyogenes, Corynebacterium pyogenes ve
Pseudomonas aeruginosa gibi piyojenik irin yapici
bakterilerin liremesi, tliberkiiloz veya osteomyelit gibi
kemik iltihabina neden olan vakalarda olusan
defektlerin varligi trepanasyon olarak yanlis teshis
edilebilecek acikliklar olusturabilir.”*® Oliim esnasinda
enfeksiyon aktifse, bu defektlerin sinirlart gézenekli ve
diizensizdir, ancak iyilesme durumunda yeniden
sekillenerek iyilesmis trepanasyon olarak
degerlendirilebilir. Trepanasyon yapilan bir olguda
osteomyelit de eslik edebilir. Travma kraniumun belirli
bir bolgesinde olusan kirik veya kafa derisinde olusan
acik yarayr takiben meydana gelen enfeksiyon,
trepanasyona zemin hazirlayabilir ya da enfeksiyon
bagli basina ameliyatin bir komplikasyonu olabilir.
Kazilarda edinilen olgularda enflamasyona bagli oldugu
diigiiniilen bircok trepanasyon ornekleri mevcuttur
ancak defektin enfeksiyon ya da trepanasyon kokenli
olup olmadig1 net degildir.”

1.4. Neoplasm

Neoplasm, tek bir hiicrenin normal formundan
styrilarak normalin disinda ¢ogalarak olusturdugu hiicre
kiimesi olarak bilinir ve tiimdr olarak adlandirlir.
Metastatik karsinom ve multipl myelom gibi malign
neoplasmatik hiicre formasyonu norokranyumda yikici
lezyonlar  iiretebilir. ~ Bunlar, viicudun  diger
bolgelerinden metastaz yaparak hizla gelisen timor
hiicre grubu olusturarak yikici lezyonlar1 kisa vadede
gosteren neoplazm grubudur. Karekteristik olarak
diizensiz, "delinmis" kenarlar ve ¢ok az veya hi¢ yeni
kemik olusumu gostermeyen defekt goriiniimii
yaratirlar.®® Malign neoplazmlarin bir iiriinii olmalari
nedeniyle bu vakalarda iyilesme beklenemez ve bu
durumdaki agikliklarin trepanasyon olarak yanlis
degerlendirilme olasiigimi daha diisiik kilar.®

1.5. Postmortem Tafonomik Hasarlar

Tafonomi, Efremov’un 1940 yilinda tanimladig gibi,
canlilarin gdmiilme siireclerini arastiran bir bilim dali
olup bu terim Yunanca "taphos" (gémiilme) ve "nomos"
(kanunlar) kelimelerinin birlesiminden tiiretilmistir.
Paleontoloji biliminin bir alt dali olarak bilinen
tafonomi, organizmanin postmorem siiregte viicudunda
degisime ugrayan alanlarin nedenleri izerinde
calismaktadir.’® Postmortem siirecte cesitli etmenlere
maruz kalma sonucu kraniumda erozyon ve asinma
nedenli kirilma, hava kosullarina maruz kalma,



kemirgen veya yirtict hayvanlar tarafindan verilen zarar
gibi ¢esitli nedenlerle olusabilir. Kirllma veya erozyon
genellikle kemiklesme reaksiyonu goriilememesi ve
kirillan bolgenin sinirlarinda renk farkliligi sebebiyle
ayirt edilebilir. Ancak, gilines iginlarina maruz kalma
nedeniyle kemik yiizeyde beyazlama ve riizgarla
savrulan kumun asindirmasi, bazen trepanasyon
defektlerini taklit edecek diizeyde kemik dokuda
hasarlar olusturabilir.320.2

1.6. Suprainion Lezyonlar

Inion (protuberentia occipitalis eksterna) tizerindeki
lezyonlar, ilk olarak Perulu beyin cerrahi Fernando
Cabieses tarafindan bebeklerde yapilan olagandisi bir
profilaktik trepanasyon sekli olarak bilinmektedir.
Suprainion lezyonlari, squama occipitalis’de incelme ve
aralikli kemik perforasyonu gdsteren s1g ¢okiintiilerdir.
Cabieses ve Weiss, bunlart os occipitale’de kazima
trepanasyon uygulamasi olarak
siniflandirmistir ancak T. Dale Stewart ve diger bazi
arastirmacilar, bu lezyonlarin bebeklerin besik tahtalara
sirtiistii yatirilmasina veya ilkel kafa sekillendirme
aparatlarinin ~ kullamimina  olugabilecegini  ileri
stirmiislerdir. ~Stewart Diane Holliday gibi
arastirmacilar, lezyonlarda kesik veya kazima izlerine
rastlayamamalar1 nedeniyle bu vakalari trepanasyon
olarak degerlendirmemislerdir. Suprainion lezyonlar
lizerine tartismalar siirmektedir.®

SONUC
Trepanasyon,

yontemiyle

veE

tip  tarihinin ilkel  cerrahi
prosediirlerinden biri olarak, saglik ve hastalikla

miicadelenin en belirgin kanitlarindan biri oldugu

cn

bilinmektedir. Antik c¢aglardan itibaren bir¢ok farkli
kiiltiirde uygulanan bu prosediir, donemin tibbi bilgisi
ve teknolojisinin kisithgina ragmen dikkat gekici dlciide
basarili oldugu diisiiniilmektedir. Genellikle kafatasi
travmalari, beyin iizerindeki baskiy1 azaltma ve ruhsal
hastaliklart kullanilan
trepanasyon, arkeolojik bulgulara gore basarili bir
sekilde uygulanmis ve edinilen bulgular 1s18inda

tedavi etme amaciyla

hastalarin bu islemden sonra yasamaya devam ettigine
dair kanitlara rastlanilmistir. Giiniimiiz modern tipta
daha teknolojik yer
trepanasyonun incelenmesi tip biliminin gelisimini
kavramak ac¢isindan onemlidir. Bu ilkel prosediir,

cerrahi  yontemler alsada,

sadece tibbi bir uygulama olarak degil, ayn1 zamanda
halk sagligini koruma adina verilen miicadelenin bir
sembolil olarak goriilmektedir. Trepanasyonun, tip
tarihinin gelisiminde Onemli bir perspektif oldugu
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diisiiniiliir ve gegmisten gliniimiize cerrahi tekniklere
bulundugu katkilar1 anlamanin Onemi buylktir.
Yapilan arastirmalarda trepanasyon miidahalesi oldugu
diisiinlilen vakalarda eslik edebilecek olas1 klinik
durumlar ve tafonomik deformasyonlar nedeniyle teshis
edilmesi zor olabilir. lyilesmis defektlerde cerrahi
miidahale izlerin yok olmasi ya da iyilesmemis

deliklerin ~ premortem veya postmortem  olup
olmadiginin belirlenmesi gibi zorluklar s6z konusudur.
Trepanasyon cesiti  bolgelerde  kesfedilmesi

durumlarinda boélgenin tarihte bilinmeyen izole vakalari
tanmimlamak teshisi zorlastirabilmektedir. Literatiirde de
belirtildigi gibi, ayn1 cografi alanda trepanasyonun
dogru belirlenmesi, bilinmeyen vakalari yorumlamak
acisindan Onemlidir ve tanida trepanasyonlarin diger
defektlerden ayirt edilmesi tip bilimi ve tarihe dnemli
katkilar saglayacag diisiiniilmektedir.

Yazarhk katki beyani
Bu ¢alismanin tasarimini, veri toplamasini ve analizini
Meltem Celik gerceklestirmistir. Tek yazarli bir

derleme makalesi oldugu igin literatiir taramasi,

makalenin yazimi, revizyon ve son revizyonlar ayni
yazar tarafindan yapilmistir.

Yazar c¢ikar catismasi

Yazarin agiklanmasi gereken potansiyel ¢ikar catismasi
yoktur.

Veri ve materyallerin mevcudiyeti

Caligmada kullanilan tiim makaleler, Uretilen veya
analiz edilen tiim veriler bu derlemede yer almaktadir.
Destek

Bu arastirma i¢in herhangi bir finansal destek

alinmamustir.

KAYNAKLAR

1. HobertL, Binello E. Trepanation in Ancient China. World
Neurosurg. 2017;101:451-456.
d0i:10.1016/j.wneu.2016.10.051

2. Ozbek M. Cayénii’'nde kafatas1 delgi operasyonu.
Hacettepe Universitesi Edebiyat Fakiiltesi Dergisi. 1998;
15:109-126.

3. Ganz JC. Trepanation technique. Prog Brain Res.
2024;284:11-17. doi:10.1016/bs.pbr.2024.02.002

4. Ozbek M. Geg Bizans Devrinde Trepanasyon (Kafatasi
Delgi  Ameliyat). TTK  BELLETEN.  Aralik
1988;52(205):1567-1574.
doi:10.37879/ttkbelleten.971198

5. https://lwww.sciencephoto.com/media/637955/view

6. Tsoucalas G, Kousoulis AA, Mariolis-Sapsakos T,
Sgantzos M. Trepanation Practices in Asclepieia:
Systematizing a Neurosurgical Innovation. World
Neurosurg. 2017;103:501-503.
doi:10.1016/j.wneu.2017.04.022


https://www.sciencephoto.com/media/637955/view

7. Toyne JM. Possible cases of scalping from prehispanic
highland Peru. Int. J.Osteoarchaeol. 2011;21 (2):227-242.

8. Verano JW. Reprint of-Differential diagnosis:
Trepanation. Int J Paleopathol. 2017;19:111-118.
d0i:10.1016/j.ijpp.2017.03.004

9. Katsevman GA, Brandmeir NJ. Trepanation of the Outer
Table as a Treatment for Scalping Injuries: Historical
Perspective and Modern Applications. World Neurosurg.
2021;145:301-305. doi:10.1016/j.wneu.2020.09.147

10. https://educalingo.com/en/dic-en/trephine

11. Partiot C, Lepetit A, Dodré E, et al. Cranial trepanation
and healing process in  modern  patients-
Bioarchaeological and anthropological implications. J
Anat. 2020;237(6):1049-1061. doi:10.1111/joa.13266

12.Bynum B, Bynum H. Trepanned cranium. Lancet.
2018;392(10142):112. d0i:10.1016/S0140-
6736(18)31509-5

13.Stewart TD. Cranial dysraphism mistaken for
trephination. Am. J. Phys.Anthropol. 1975;42(3): 435—
437.

14. Pavlovic T, Djonic D, Byard RW. Trepanation in archaic
human remains - characteristic features and diagnostic
difficulties. Forensic Sci Med Pathol. 2020;16(1):195-
200. doi:10.1007/s12024-019- 00158-7

15. Andrushko VA, Verano JW. Prehistoric trepanation in the
Cuzco region of Peru: a view into an ancient Andean

154

practice. Am Phys
doi:10.1002/ajpa.20836

16. Verano JW, Asencios B, Kushner D, et al. Holes in the Head:
The Art and Archaeology of Trepanation in Ancient
Peru. Studies in Pre-Columbian Art and Archaeology.
2016; 38:126.

17.Kaufman MH, Witaker D, McTavish J. Differential
diagnosis of holes inthe calvarium: application of modern
clinical data to palacopathology. J.Archaeolog. Sci.
1997;24:193-218.

18.Ortner DJ. ldentification of Pathological Conditions in
Human SkeletalRemains, 2nd ed. Academic Press,
Amsterdam 2003; Boston.

19. Giimriikgti M. Tafonominin tarihgesi ve tafonomik
aragtirmalarin paleoantropolojideki 6nemi. Antropoloji.
2018;35:83-92. d0i:10.1501/antro_0000000355

20. Dingarslan 1. Adli Antropolojide Tafonomi. Turkiye
Klinikleri J Foren Med-Special Topics. 2017;3(1):81-7.

21. Wilson-Taylor RJ, Dautartas AM. Time since death
estimation and bone weathering, the post mortem interval.
Forensic anthropology: a. 2017.

To Cite: Celik M. A Method of Performing Craniotomy in

Ancient Times: Trepanation. Farabi Med J. 2024;3(4):149-

154. doi:10.59518/farabimedj.1551680

Anthropol.  2008;137(1):4-13.


https://educalingo.com/en/dic-en/trephine
https://doi.org/10.1501/antro_0000000355

Farabi Tip Dergisi 3(4):155-158,2024
Farabi Medical Journal 3(4):155-158,2024

FARARI TIP DERGISI

FARABI MEDICAL JOURNAL

https://doi.org/10.59518/farabimedj.1556398

Derleme

Review

https://dergipark.org.tr/tr/pub/farabimed;

Basic Principles in the Application of Problem-Based Learning in Medical Biochemistry Education

Tibbi Biyokimya Egitiminde Probleme Dayali Ogrenim Uygulamasinda Temel Esaslar

Bunyamin Sevim'?, Hasan Basri Savas*®", Salim Bilici?¢

Mardin Artuklu University, Medical Faculty, Department of Medical Biochemistry, Mardin, Tiirkiye.

2Mardin Artuklu University, Medical Faculty, Department of Pediatric Surgery, Mardin, Tiirkiye.

*Corresponding author e-mail: hasansavas@artuklu.edu.tr

#https://orcid.org/0000-0003-2789-9629
®https://orcid.org/0000-0001-8759-4507
‘https://orcid.org/0000-0002-6978-7222

ABSTRACT

Although the methods of applied education vary, it is well-known
that medical faculties are among the faculties with the most intensive
curriculum across all universities. In the medical education system
applied throughout our country, the aim is to build a strong medical
foundation by starting with an intensive theoretical curriculum, with
basic science courses predominantly taught during the first three
years. Following this, the objective is to provide clinical training
through practical rotations in clinics, building on the acquired
foundational knowledge. However, some challenges are
encountered in the traditional lecture-based approach, particularly in
delivering theoretical courses during the first three terms. As an
alternative to the traditional teaching method, the problem-based
learning (PBL) model, which was first introduced in the 1960s at
McMaster University Faculty of Medicine in Canada, has been
developed. Today, this model is widely used in medical education
globally, either as a standalone method or in combination with
traditional approaches. Medical biochemistry, which evolved in the
19th and 20th centuries and has become a significant field that
bridges basic and clinical medical knowledge in the 21st century, has
a detailed and comprehensive curriculum. Given its importance in
medical education, as well as its broad and detailed scope, different
teaching methods are required for the effective and long-lasting
retention of medical biochemistry knowledge. The problem-based
learning method, which promotes interactive learning, encourages
students to research and access new information, and motivates them
to work collaboratively in a student-centered, brainstorming-based
group setting, offers a strong alternative to classical lecture-based
teaching in medical biochemistry. Research has also highlighted the
numerous benefits of using problem-based learning in medical
biochemistry education. Incorporating problem-based learning into
the curriculum of faculties offering medical biochemistry education
could enhance the quality of education. In this study, it is aimed to
discuss the effects of problem-based learning method on medical
biochemistry education with the current literature.

Keywords: Education, Medical biochemistry, Medical faculty,
Problem-based learning

OZET

Uygulanan egitim metotlart degiskenlik gosterse de biitlin
iiniversitelerde en yogun miifredatin verildigi fakiilteler arasinda tip
fakiiltelerinin ilk siralarda yerini aldigi bilinmektedir. Ulkemiz
genelindeki tip fakiiltelerinde uygulanan egitimde de yogun teorik
miifredatla baslanarak, ilk 3 yil boyunca temel bilimler derslerinin
agirhikli  olarak verilerek tibbi alt yapinin olusturulmasi
amaclanmaktadir. Ardindan edinilen temel alt yap1 {izerine
kliniklerde rotasyona girilerek pratikler esliginde klinik yaklasim
verilmesi hedeflenmektedir. ilk ii¢ donemde verilen teorik derslerin
aktariminda geleneksel ders Ogretim uygulamasinda bazi
problemlerle karsilagilmaktadir. Kanada’daki McMaster
Universitesi Tip Fakiiltesinde 196011 y1llarda ilk olarak tibbi alanda
uygulanan PDO modeli, geleneksel ders metoduna alternatif olarak
gelistirilmistir. Giiniimiizde birgok iilkenin tip egitiminde salt veya
karma kullanimi s6z konusu olacak sekilde yaygin kazanmistir. 19
ve 20. ylizyillarda gelisen ve 21. yiizyilda tip biliminin temel ve
klinik bilgilerini birlestiren ¢ok dnemli bir bilim haline gelen tibb1
biyokimya egitimi detayli ve genis kapsamli bir miifredata sahiptir.
Hem tip egitimindeki 6nemi hem de genis kapsami ve detay1
sebepleriyle tibbi biyokimyanin kalic1 ve etkili 6gretilmesi igin farkli
egitim metotlar1 kullanilmasmna ihtiyag bulunmaktadir. interaktif
O0grenme imkan1 veren, arastirmaya ve yeni bilgiye ulagsmaya
yonlendiren, 6grenci merkezli ve beyin firtinasina dayali grup
caligmasina motive eden probleme dayali d6grenim metodu tibbi
biyokimya egitiminde klasik teorik derslere iyi bir alternatif olarak
goriinmektedir. Yapilan aragtirmalar da probleme dayali 6grenim
metodunun tibbi biyokimya egitimindeki c¢ok sayida faydasim
detayli olarak ortaya koymustur. Tibbi biyokimya egitimi veren
fakiiltelerin miifredatlarinin kapsamia probleme dayali 6grenim
metodunu almalari daha {istiin bir egitim verilmesini saglayabilir. Bu
caligmada, probleme dayali 6grenim metodunun tibbi biyokimya
egitimine etkilerinin giincel literatir esliginde tartigilmasi
amaglanmustir.

Anahtar Kelimeler: Egitim, Probleme dayali 6grenim, Tibbi
biyokimya, Tip fakiiltesi
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INTRODUCTION

Medical education has a deep-rooted and

institutionalized systematic structure that has persisted
from ancient times to the present day. Although the
methods of education vary, medical faculties are
recognized as having some of the most intensive
curriculum among all university faculties. In the
medical education system throughout our country, the
goal is to build a solid medical foundation by beginning
with an intensive theoretical curriculum, primarily
consisting of basic science courses in the first three
years. After this foundation is established, clinical
training is introduced through rotations in clinics,
allowing students to apply their acquired knowledge in
practice. However, challenges arise in the traditional
lecture-based teaching method, particularly in
transferring the heavy theoretical load presented during
the first three terms. Due to the one-sided, instructor-
centered, and monotonous nature of traditional
teaching, it becomes difficult to maintain students'
attention and interest in the courses. While the
integrated board or committee system remains a
prevalent model in medical faculties across the country,
various new approaches—such as "Outcome-Based
Education”, "Case-Based Learning,” and "Problem-
Based Learning" (PBL)—are being integrated into
existing systems.*

The sources related to the subject in the current
literature were examined and the subject was explained
by considering the articles that would be useful for a
better expression of the subject. In this study, it is aimed
to discuss the effects of problem-based learning method
on medical biochemistry education with the current
literature.

The rapid developments in medical sciences, driven by
intensive research, have led to an exponential increase
in theoretical knowledge. This situation necessitates
more effective methods for knowledge transfer in
medical education. Several educational models have
been developed and documented in the literature to
address this need, and among these, problem-based
learning (PBL) stands out as one of the most commonly
used approaches.

PBL is a teaching method similar to, yet distinct from,
the previously developed Case-Based Learning (CBL)
model. Although the two methods are sometimes used
interchangeably in the literature, leading to confusion,
they are indeed different. CBL was first introduced in
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1870 by Professor Christopher Columbus Langdell,
Dean of Harvard University Law School at the time. In
contrast, PBL was first implemented at McMaster
University in the late 1960s, almost a century later.
Studies have explored how these methods influence one
another, highlighting their similarities and differences.?
Problem-based learning: History and application
principles
The PBL model, first implemented in the medical field
in the late 1960s at McMaster University Medical
School in Canada, was developed as an alternative to the
traditional lecture-based approach.®* Today, it has
become widespread in medical education worldwide,
either as a standalone method or in combination with
other models. In Turkey, PBL was first introduced at
Dokuz Eylil University Medical School during the
1997-1998 academic year. Since then, it has spread to
other universities, such as Pamukkale University,
Ondokuz Mayis University, and Istanbul University.
Currently, there are many medical faculties where PBL
is at the forefront, as well as universities like Akdeniz
University and Mardin Artuklu University, where PBL
is blended with the integrated model in a hybrid
approach.>”
Although PBL can be applied in various forms, its core
structure is shaped by a few common principles:*®
1. Problems that align with the teaching objectives are
prepared in advance, either as fictional cases or
real-life patient cases.
2. 5-10 students participate in a group, supervised by
an instructor.
3. Learning is student-initiated, making it an active
learning model.
4. The facilitator asks guiding questions to encourage
comprehensive discussion of the case.
5. Students independently research the case and
perform analyses both individually and as a group.
6. A key distinction between PBL and CBL is that
students are not informed about the case
beforehand.
An important factor in the success of PBL is ensuring
that the prepared case is aligned with the learning
objectives and the students' prior knowledge. Some
studies have highlighted the need for standardized case
preparation guides to ensure consistency in case design.®
Application of problem-based learning in medical
biochemistry education
As in many parts of the world, the first three terms of
medical education in our country consist of an intensive



curriculum  covering basic  science disciplines.
Following the foundational knowledge gained through
basic sciences, clinical education, which includes
surgical and internal medicine disciplines, is carried out
practically in the final three terms through internships.
Among the basic sciences, Medical Biochemistry is one
of the courses with the most extensive lecture hours
during the first three years. Medical Biochemistry is a
rapidly evolving field that is open to new developments,
with much of its theoretical content centered around
metabolic cycles and processes. Because the course
covers a vast array of proteins, enzymes, molecules,
pathways, cycles, steps, and reactions related to
metabolic processes, its content can become quite
complex. This complexity can make Medical
Biochemistry—a course that requires extensive
memorization due to its dense and intricate content—
less engaging, more challenging, and harder to learn
compared to other courses from the students'
perspective.®

When the traditional classroom method is applied, the
monotonous lecture environment created by the
instructor further diminishes students' interest and
focus, making it harder to sustain attention and
enthusiasm in the subject. Therefore, Medical
Biochemistry is one of the courses where alternatives to
the passive, traditional education methods commonly
used in medical education can have the greatest impact
and significance. Indeed, a review of the literature
reveals numerous studies from various institutions
where problem-based learning (PBL) methods have
been applied to the Medical Biochemistry course with
similar concerns, often comparing PBL to traditional
teaching methods.%4

In these studies, feedback from both students and
faculty members, collected through surveys, shows that
PBL is generally considered more engaging.
Furthermore, many studies report that when comparing
test results between student groups that received
traditional lectures and those that experienced PBL or
hybrid PBL models, the latter demonstrated higher
success rates in learning.}%121415 Given the inherent
complexity of Medical Biochemistry, it has been
suggested that exposing students to well-designed and
thoughtfully planned cases during the learning process,
with a clear scope and purpose, can make learning more
interesting and the course easier to understand.'%!

As a result of the positive feedback and improved
learning outcomes achieved through the PBL method,
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some researchers have concluded that this method
should be considered a necessity and integrated as a
required component of the medical curriculum.?
Nearly all of these studies focus on the application of
the PBL model in the theoretical aspects of Medical
Biochemistry, sharing comparisons and results.
However, researchers at Dokuz Eyliil University
Faculty of Medicine took the PBL method a step further
by applying it to biochemistry laboratory practices using
a "dry laboratory” model, aiming to increase the
efficiency of experimental practices. This approach was
adopted to address the lack of relevance of certain
experiments conducted in what they referred to as the
"flowing laboratory." In medical education, which aims
to train medical doctors, the use of PBL in dry
laboratory practices, designed with clinical relevance,
was found to be much more effective compared to
flowing laboratory experiments that lack direct clinical
connection.®®

As demonstrated by this application, the PBL model not
only facilitates the teaching of the theoretical aspects of
Medical Biochemistry but also stands out as an effective
teaching method in practical settings, such as in the dry
laboratory model. PBL includes group work. It is
interactive. However, not every individual in the group
may actively participate to the same extent. For this
reason, it may not be equally instructive for every
student. The aim is to learn the subject through a
concrete problem. However, learning the subject may be
limited to the problem. Important details of the subject
may not be emphasized enough. Using the PBL method
by synthesizing it with other classical and modern
learning methods may be beneficial for better
learning.1®

CONCLUSION

Medical biochemistry, which developed in the 19th and
20th centuries and has become a critical science
combining basic and clinical knowledge in the 21st
century, possesses a detailed and comprehensive
curriculum. Given its importance in medical education,
as well as its broad and complex content, there is a need
for diverse educational methods to ensure the permanent
and effective teaching of medical biochemistry. The
problem-based learning (PBL) method, which fosters
interactive learning, encourages students to conduct
research and acquire new information, and motivates
them to engage in group work based on brainstorming
in a student-centered environment, appears to be an
excellent alternative to traditional lecture-based courses



in medical biochemistry education. Numerous studies
have highlighted the many benefits of the PBL method
in medical biochemistry instruction. Incorporating PBL
into the curriculum of medical biochemistry programs
can significantly enhance the quality of education.
Further detailed scientific research is needed to continue
exploring and assessing the impact of the problem-
based learning method on medical biochemistry
education.
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