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ABSTRACT

THE MOLECULAR INVESTIGATION OF THE EFFECTS OF
SIMVASTATIN, A CHOLESTEROL REDUCING DRUG, ON RAT SCIATIC
NERVE TISSUE

Badem Özgün, Kumsal
M.Sc., Department of Biology
Supervisor: Prof. Dr. Feride Severcan
August 2017, 87 pages

Simvastatin is a lipophilic cholesterol decreasing drug, which belongs to statin group.
It is previously known that the long-term usage of this drug cause peripheric
neuropathy, mononeuropathy and memory problems. However, the molecular effects
of this drug on nerve system remain unclear. In the present study, the simvastatininduced changes on rat sciatic nerve tissue were investigated at molecular level by
Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy.
ATR-FTIR spectroscopy allows us rapid and sensitive determination of functional
groups belonging to proteins, lipids, carbohydrates and nucleic acids simultaneously.
Experimental male adult rats were divided two groups as control (n=10) and
simvastatin-treated group (n=10). 50 mg simvastatin/ kg was given to treated group
by oral gavage for 1 month. In the FTIR spectra, the shift in peak positions, the
change in bandwidths and the intensity/area values of the bands were determined.
Simvastatin treatment induces a significant decrease in lipid, nucleic acid, protein
and glycogen content. A significant decrease in the lipid/ protein ratio indicates that
the decrease in lipid concentration is more than the decrease in protein content.
Furthermore an increase in lipid order and a decrease in membrane fluidity were
detected. A decrease in the bandwidth of the amide I band and shifting of the
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position of this band to higher frequency values in treated sciatic nerve indicates
structural changes in proteins.
Keywords: Statin, Simvastatin, Sciatic Nerve, ATR-FTIR Spectroscopy
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ÖZ

KOLESTEROL DÜŞÜRÜCÜ SİMVASTATİNİN SIÇAN SİYATİK SİNİR
DOKUSU ÜZERİNDEKİ ETKİLERİNİN MOLEKÜLER DÜZEYDE
İNCELENMESİ

Badem Özgün, Kumsal
Yüksek Lisans, Biyoloji Bölümü
Tez Yöneticisi: Prof. Dr. Feride Severcan
Ağustos 2017, 87 sayfa

Simvastatin lipofilik karakterli statin grubu kolesterol düşürücü bir ilaçtır. Söz
konusu ilacın uzun süreli kullanılmasında sinir sisteminde periferik nöropati,
mononöropati ve hafıza ile ilgili problemlere neden olduğu bilinmektedir. Ancak bu
etkilerle ilgili makromoleküler düzeyde yeterli bilgi bulunmamaktadır. Bu çalışmada
simvastatinin siyatik sinir dokusu üzerinde moleküler düzeyde meydana getirdiği
değişikliklerin incelenmesi planlandı.
250-300 gr ağırlığındaki Wistar erkek sıçanlar kontrol ve tedavi grubu olmak üzere
iki gruba ayrıldı (n=20, her grupta 10 erkek). Kontrol grubundaki hayvanlara sadece
serum fizyolojik, deney grubundaki sıçanlara 1 ay boyunca gavajla 50 mg/kg
simvastatin verildi. Her iki gruba ait siyatik sinirlerin ATR-FTIR spektroskopisi ile
elde edilen spektrumlardaki bantların frekansları, alanları ve genişliklerinin istatiksel
analizleri karşılaştırılmalı olarak incelendi.
Simvastatin verilmiş dokularda protein, lipid, glikojen ve nükleik asit miktarlarında
azalma tespit edildi. Lipid/protein oranındaki azalma lipid miktarındaki azalmanın
proteinlere göre daha fazla olduğunu gösterdi. Bunlara ilaveten protein bant genişliği
ve frekans değerlerindeki değişimler ise proteinlerde yapısal değişikliklerin meydana
geldiğini ortaya çıkardı
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Bu çalışma sonucunda yüksek doz simvastatinin siyatik sinir dokusu lipid, protein ve
nükleik asit içeriklerini etkileyerek hem yapısal hem de moleküler değişikliklere
neden olduğu bulundu
Anahtar Sözcükler: Statin, Simvastatin , Siyatik Sinir, ATR-FTIR Spektroskopisi
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CHAPTER 1

INTRODUCTION

This thesis study reports the effects of high dose Simvastatin on sciatic nerve at
molecular level via Attenuated Total Reflectance Fourier transform infrared (ATRFTIR) spectroscopic technique. In this chapter a detailed preliminary survey
including statins, structural properties of sciatic nerve, the effects of statins on sciatic
tissue, and basis of attenuated total infrared spectroscopy were conducted.

1.1. Peripheral Nervous System

The nervous system consists of two parts as central nervous system and the
peripheral nervous system. This separation occurred according to the location of
those systems in body. Central nervous system has two parts as the brain and the
spinal cord and both of them are secured within bone structure as the skull and the
vertebral canal, respectively. The remaining nerves belong to the peripheral nervous
system. (Menche et al., 2012). Both systems include voluntarily and involuntarily
parts.

Peripheral nervous system is responsible for the coordination of actions and
responses by conveying signals between organs and connects the organs and limbs to
central nervous system. Therefore, it includes sensory neurons, connector neurons
and neuron clusters called ganglia.
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Peripheral nervous system includes two parts as autonomic and somatic nervous
systems. Autonomic nervous system is responsible for unconscious actions like
breathing, heartbeat, and other internal organ functions with the help of its two
complementary parts as parasympathic and sympathic systems. Peripheral
parasympathic nervous system is mainly effective after a stressful condition. It
promotes saving and storing energy for the next stressful situation. Therefore it slows
down heartbeat and increase digestion. Peripheral sympathic nervous system
prepares the body to a stressful situation or danger. The cooperation of these two
systems provides homeostasis within the body.

Peripheral somatic nervous system maintains the motion and coordination of the
body through voluntarily actions by conveying signal through motor and sensory
neurons. Sciatic nerve is under the peripheral somatic nervous system.

1.1.1. Components of Peripheral Nervous System

Somatic nervous system and autonomous nervous system are the main parts of
peripheral nervous system. Somatic nervous system is divided in to three groups as
Cervical Spinal Nerves (C1-C4), Brachial Plexus (C5-T1) and Lumbosacral Plexus
(L1-L4). Autonomous nervous system is consisting of two parts as sympathetic
nervous system and parasympathetic nervous system.

2

1.1.2. The Structure of Sciatic Nerve

Sciatic nerve is the longest single nerve in body. Figure 1.1 shows the structure of
sciatic nerve and Figure 1.2 shows the location of sciatic nerve in human body.

Figure 1.1: The structure of sciatic nerve (Blanch 2014)
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Figure 1.2: The location of sciatic nerve in human body
(http://www.innerbody.com/image_nervov/nerv23-new.html, 22.08.2017)
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1.1.3. Importance of Sciatic Nerve

The root of the sciatic nerve originates in the lower spine as the exit the spinal cord
and it extends during the leg to the toes. The sciatic nerve supplies sensation and
strength to the legs. It also function as the control of reflexes of the legs.

1.2.

Statins and Simvastatin

Statins are the most effective and tolerated plasma cholesterol- reducing molecules
against hypercholesterolemia. They function by competingly inhibiting HMG-CoA
reductase enzyme, which is the rate-limiting enzyme in cholesterol biosynthetic
pathway (Hunninghake et al., 1992), therefore they are named as HMG-CoA
reductase inhibitors. Pharmacological inhibition of the HMG-CoA reductase leads to
the prevention of mevalonate synthesis, which is the precursor molecule for
cholesterol and many other nonsteroidal isoprenoidic compounds. Thus, this reaction
has pleiotropic effects on lipids and intracellular signaling pathways (Bellosta et al.,
2000).

Statins can be divided into two groups according to how they are obtained.
Lovastatin (Mevacor) is a product of fungal fermentation whereas Pravastatin
(Lipostat, Pravachol) and Simvastatin (Zocor) are obtained as chemical alterations of
Lovastatin so they belong to group of nonsynthetic statins (Todd and Goa, 1990;
Tsujita and Watanabe, 1989; Henwood and Heel, 1988; Hamelin and Turgeon, 1998;
Connolly et al., 1993). Fluvastatin (Lescol), Atorvastatin (Sortis, Lipitor),
Cerivastatin (Baycol, Lipobay) and Rosuvastatin
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(Crestor), Pitavastatin (Livalo) products of synthetic drug design (Plosker and
Wagstaff, 1996; Kajinami et al., 2000; Saito, 2011; Abdullah et al., 2017). However,
Cerivastatin was withdrawn from world pharmaceutical market due to 52 deaths
linked to drug-related rhabdomyolysis (Furberg and Pitt, 2001).

The chemical structures of non synthetic statins are smaller than the synthetic
alternatives. The non synthetic statins have a hydroxy-hexahydro naphthalene ring
system that different side chains can be linked to C6 and C8. Lovastatin is the first
nonsynthetic statin obtained by a fungal fermentation. Although Simvastatin and
Paravastatin are chemical modifications of Lovastatin, the chemical properties of
Paravastatin are different since it has a hydroxyl moiety at position 6 instead of a
methyl. Therefore Paravastatin is hydrophobic and an active form. However
Lovastatin and Simvastatin are lipophilic and need an additional enzymatic activity
to become their open hydroxyl acid form to be able to inhibit HMG-CoA reductase
(Todd and Goa, 1990; Tsujita and Watanabe, 1989; Henwood and Heel, 1988;
Hamelin and Turgeon, 1998; Shitara and Sugiyama, 2006).

Fluvastatin, first synthetic statin, was designed with a bigger structure than nonsynthetic statins and as more lipophilic than Paravastatin and less lipophilic than
Lovastatin (Serajuddin et al., 1991; Lindahl et al., 1996; Appel and Dingemanse,
1996). The advantage of Fluvastatin was it is an active compound and also is able to
penetrate through cell membrane in a slower manner than lipophilic statins (Guillot
et al., 1993; Hamelin and Turgeon, 1998 ). Pitavastatin was synthesized recently and
was licenced in Korea in 2005. With the addition of fluorophenyl and cyclopropyl
group, it is able to escape from metabolism by cytochrome P450 3A4, therefore
lower dose of drug is effective in hypercholesterolemia (Saito, 2011). Figure 1.3
represents the chemical structures of statins and Table 1.1 represents the
pharmacokinetic properties of Statins.
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Simvastatin has been selected for this study since hydrophobic statins are more
effective on the mechanism because of the passive diffusion through cell membrane,
and hydrophobic statins are preferred widely for hyperlipidemic patients. Moreover,
Simvastatin is the first statin that was associated with peripheral neuropathy (Ziajika
et al., 1998; Lo et al., 2003; Daglioglu et al.,2010)
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Figure 1.3 The chemical structures of the hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (Shitara and Sugiyama, 2006)

a

b

c

Table 1.1 Lipophilicity and pharmacokinetic parameters of statins on the market (Gazzero et al., 2012). Shitara and Sugiyama (2006). Corsini et al. (1999). Mukhtar
d

e

et al. (2005). Schachter (2005). Saito (2009).

Atorvastatin
a

Dose,mg

40

Dose form

Open acida,b

Cerivastatin
0.3

Optimal time of dosing Any time of dayd

a

Fluvastatin
20–40

a

Lovastatin
40

a

Pitavastatin
2

a

Pravastatin
40

a

Rosuvastatin
20–40–80

a

Simvastatin
40–60a

Open acida,b

Open acida,b

Lactonea,b

Open acida,c

Open acida,b

Open acida

Lactonea,b

Eveningd

Bed timed

With meals morning &
eveningd

Any time of
dayc

Bed timed

Any time of dayd

Eveningd

Absorption, %

30b,c

98b,c

98b,c

31b,c

80c

37b,c

50c

65–85b,c

tmax,h

2–4a,b,c

2.5–3a,b,c

0.5–1.5a,b,c

2–4a,b,c

1–1.8a,c

0.9–1.6a,b,c

3–4a,c

1.3–2.4a,b,c

Bioavaibility,%a,b,c,d

12a,b,c,d

60a,b,c,d

10–35a,b,c,d

<5a,b,c,d

>60a,c,d

18a,b,c,d

20a,c,d

5a,b,c,d

Solubility

Lipophilicd

Lipophilicd

Lipophilicd

Lipophilicd

Lipophilicd

Hydrophilicd

Hydrophilicd

Lipophilicd

b,c,d,e

9

Effect of food on
bioavailability

↓13

Protein binding

>98c,d,e

logP (N-octanol / water 1.11a,c
partition coefficient)

b,d

b,c,d,e

No
↑23c

↓15–25

>99.5b,c,d

>98b,c,d,e

96–98.5b,c,d,e

96c,d,e

1.69a,c

1.27a,c

1.70a,c

↑50

b,c,d,e

c,d,e

NOb,c,d,e

43–54c,d,e

88,c,d,e

>95b,c,d,e

1.49a,c

–0.84a,c

–0.33a,c

1.60a,c

CYP2C9
Minimallya,c,d,e

CYP3A4a,b,c,d,e

NO

d,e

↓30

b,c,d,e

NO

Primary metabolic
pathway

CYP3A4a,b,c,d,e

CYP3A4
CYP2C8a,b,c,d,e

CYP2C9a,b,c,d,e

CYP3A4a,b,c,d,e

CYP2C9
Minimallya,c,d,e

CYP3A4
Minimallya,b,c,d,e

Lipid-lowering
metabolites

Activec,e

Activec,e

Mainly
inactivec,e

Activec,e

Noc,e

Mainly inactivec,e Noc,e

Activec,e

IC50,nM

15.2c,e

13.1c,e

17.9c,e

2.7–11.1c,e

6.8c,e

55.1c,e

12c,e

18.1c,e

Hepatic excretion,%

>70b,c,e

NA

>68b,c,e

>70b,c,e

NA

46–66b,c,e

90c,e

78–97b,c,e

Renal excretion,%

2c,d,e

<30c,d,e

6c,d,e

30c,d,e

<2c,d,e

60c,d,e

10c,d,e

13c,d,e

Clearance, l·h-1·kg-1

0.25b

0.20b

0.97b

0.26–1.1b

t1/2,h

11–30b,c,e

2–3b,c,e

0.5–2.3b,c,e

2.5–3b,c,e

0.81b
11b,c,e

0.8–3b,c,e

0.45b
20b,c,e

1.9–3b,c,e

1.2.1. Cholesterol, The Mevalonate Pathway and Inhibition of HMGR

Cholesterol is an oil based waxy structural compound that plays role as structural
molecule in cells and cell membrane and regulatory compound for homeostasy and
precursor for corticosteroids (Mathews et al., 2000; Lodish, 2004 ) It is mainly
synthesized in liver, other cells and can be obtained by nutritions (Evans and Rees,
2002).

Cholesterol is a structural compound for cell membranes, myelin sheet (Alberts et al.,
2002; Bittman, 1997). For cell membrane, it plays role in both regulating the fluidity
of the membrane and maintaining the integrity of the membrane. Besides it is
securing the cell signaling proteins in lipid rafts (Alberts et al., 2002). For neurons, it
helps them to communicate each other by conducting required impulses (Bittman,
1997).

Cholesterol is effective as a precursor for vitamin D in maintaining calcium balance,
that is it has functions in promoting bone modeling, mental health, immune system,
blood sugar regulation and prevention of cancer.

Cholesterol is precursor to all steroid hormones such as mineralocorticoids,
glucocorticoids, and sex hormones. Therefore it is effective in athletic performance,
regulating blood sugar, controlling blood pressure, regulating mineral balance,
maintaining libido, building muscle mass (Harvey et al., 2005).

On the other hand cholesterol is effective in digestion because bile acids are
synthesized in liver by using cholesterol. Then they are secreted to the intestine to
digest fat (Harvey et al., 2005).
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This molecule is synthesized via the mevalonate pathway by using acetyl-CoA or
acetoacetyl-CoA as substrate. Those molecules are converted to 3-hydroxy-3-methyl
glutaryl-CoA (HMG-CoA) firstly, and then HMG-CoA is converted to mevalonate.
With the help of many subsequent chemical steps, cholesterol, prenylated proteins
and heme A dolichol ubiquinon are produced as products. HMG-CoA reductase
(HMGR) catalyzes the conversion of HMG-CoA to mevalonate as a rate limiting
step (Hamelin and Turgeon, 1998). Figure 1.4 represents the mammalian mevalonate
pathway.

Figure 1.4. The cholesterol
6Cholesterol.html, 22.08.2017)

biosynthesis

pathway
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(http://goldbamboo.com/topic-t1183-a1-

Statins are effective at this step by inhibiting HMG-CoA reductase, which is a single
polypeptide chain of 888 amino acids whose 339 residues at N terminal are located
in ER and responsible for membrane bound whereas 428 residues at C terminal are
located in cytoplasma and responsible for catalytic activity (Istvan et al.,2000a;
2000b). This catalytic part forms a pocket like tetramer from monomers arranged
into two dimers and carries four active sites consisting of two active domains as L
domain that is unique to HMGR, S domain that forms binding site for NADP
(Roitelman et al., 1992). Statins also have HMG like moieties and hydrophobic
attachments that increase their lipophilic properties so they become able to compete
with HMGR. Inhibition of HMGR leads to protease activation for sterol regulatory
element binding proteins (SREBPs) from endoplasmic reticulum. This are located
with LDL receptor in nucleus so it is affected low density lipoproteins and their
precursors, intermediate density lipoproteins and very low density lipoproteins, are
degraded by the protease activity (Goldstein and Brown, 1990; Sehayek et al.; 1994).

Figure 1.5 represents the inhibition of HMGR by statins and Figure 1.6 represents the
role of prenylated proteins in cellular functioning

Figure 1.5. Inhibition of HMG CoA reductase by statins (Tchapda, 2005).
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Figure 1.6 Role of prenylated proteins in cellular functioning (Bellosta et al., 2000)
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1.2.2. Pleiotropic Effects of Statins on Other Organ Systems and Diseases

Pleiotropic effects can be negative such as toxicity and side effects, neutral or
beneficial They are other actions of a applied drug then the intended ones. For
mevalonate pathway, the pleiotropic effect may be due to the inhibition of
mevalonate, which is the precursor for both cholesterol and nonsteroidal isopropenic
compounds The general pleiotropic effects of statin were shown in Figure 1.7
(Stancu, 2001; Paul and Gahtan, 2003).

Figure 1.7. The pleiotropic effects of statins. The important clinical, cellular, and molecular systems
influenced by this class of drugs are represented.VSMC = vascular smooth muscle cell; MCP-1
=monocyte chemoattractant protein-1; MI = myocardial infarction; VCAM-1 = vascular cell adhesion
molecule-1; TSP-1 = thrombospondin-1; CRP= C-reactive protein; IL-6 =interleukin-6; PDGF
=platelet-derived growth factor; IL-8 = interleukin-8; DNA =deoxyribonucleic acid (Paul and Gahtan,
2003).
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1.3.

Effects of Statins on Nervous System

Statins have many effects on Central Nervous System. Central Nervous System can
be reached by diffusion through brain blood barrier. It has been reported that Statins
have protective effect on ischemic stroke in patients with coronary artery disease. On
the other hand, the augmentation of NO production may enhance cerebral vasodilator
responses and apoptosis since NO may enhance collateral blood flow (Del Zoppo,
1998).

The other beneficial effect of Statins is related to Alzheirmer’s diseases since high
cholesterol level is being considered as a reason for beta- amyloid (Aβ) synthesis by
amyloid precursor protein (APP) cleavage. Mild AD patients with normal cholesterol
in their plasma were treated with Simvastatin for 6 months and beta amyloid
decreased (Fassbender et al., 2002; Locatelli et al., 2002).

They lead to the following side effects:
•

Leads to depression due to low plasma cholesterol level by changing
the amount of neuro ttransmitters

•

Leads to periferal neuropathy and memorizing issues

•

Leads to degeneration in axons

•

Leads to anxiety

•

It has positive effect on some Central Nervous System diseases like
Alzheirmer’s and Parkinson’s diseases
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1.4.

Electromagnetic Radiation and Optical Spectroscopy

Spectroscopy defines the interaction of electromagnetic wave and matter without
chemical effects.
Bohr equation is used to calculate the energy (E) of the electromagnetic wave as:
ΔE=hν,
ν is the frequency of the applied radiation and h is Planck’s constant (h = 6.6x10-34
joule second).
c = λ ν,
c is the speed of light in vacuum (3.0x108 ms-1) and λ is the wavelength of light.
Wavenumber is defined as the number of waves in a length of one centimeter and
expressed in terms of cm-1. It is a widely used spectroscopic unit (Stuart, 1997) and
can be calculated by
ṽ = wavenumber = 1/ λ= ν/c
By using this two equations,
E = h ν = h c ṽ.
As it can be seen from the equations energy is proportional directly both two
wavenumber and frequency. Since the numeric values representing frequency is
large, wavenumber is preferred in spectroscopic studies.

Electromagnetic radiation with matter leads to three different possibility may occur
as it can scatter if its direction of propagation changes, or it can be absorbed if its
energy is transferred to molecule, or it emits if it release energy. When a matter
encounters with electromagnetic radiation the relative probability of the three process
is a characteristic of the matter. If the molecule absorbs energy, it promotes
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to excited state. An excited molecule can be charged different amounts of energy
according to quantum mechanics. The energy quanta are called the energy levels of
the molecule. There are four different energy levels as the electronic energy levels,
the vibrational energy levels, rotational energy levels and the ground state. The major
one is the electronic energy level and it is defined by spatial distributions of the
electrons. Vibrational energy levels are smaller and they are resulted from vibration
modes of the molecule such as stretching or bending. Rotational energy levels are
smaller than vibrational energy level and they are not very useful in absorption
spectroscopy. If the molecule is at the ground state, the molecule is not excited since
the energy level is the smallest (Freifelder, 1982).

Figure 1.8. Typical energy-level diagrams showing the ground state and the first excited state.
Vibrational levels are shown as thin horizontal lines. A possible electronic transition between the
ground state and the fourth vibrational level of the first excited state is indicated by the long arrow. A
vibrational transition within the ground state is indicated by the short arrow (Freifelder, 1982).
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Since there are different energy levels the total energy is calculated by the sum of all
distinct source of energy:

E

total

=E

orientation

transition

+E

+E

rotation

+E

vibration

+E

electronic

+E

electron spin

nuclear spin orientation

1.4.1. Basis of Infrared Spectroscopy

The subject of infrared spectroscopy is the interaction of the electric dipole moment
of the matter and infrared light. Absorption spectrum is plot as a function of
wavenumber (ṽ) and it is very complex since different vibrations react to the infrared
light simultaneously. The vibration modes of each group are very sensitive
alterations in environment, chemical structure and conformation of the molecule.
Besides, the infrared spectrum of a certain molecule is unique since it consists of the
unique combination of atoms. Therefore, the analysis of an infrared spectrum
provides effective results in terms of identification of materials. Moreover, it is
commonly used in different branches of science since infrared spectroscopy is a
nondestructive, quantitative qualitative technique. (Diem, 1993, Garip et al, 2007,
Gorgulu et al., 2007, Dogan et al., 2007, Bozkurt et al., 2007, Akkas et al., 2007).
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Figure 1.9 Electromagnetic Spectrum (Ozek 2007)

Infrared spectrum is between 0.78 and 1000 µm of electromagnetic spectrum and it is
divided into three regions as the far infrared (400-20 cm-1), the mid infrared (4000400 cm-1) and the near infrared (14285-4000 cm-1). All regions may provide
information about different materials but most materials give vibrations in the mid
infrared region.

An infrared spectrum is collected by measuring the intensity difference of a certain
molecule over the course of a vibration or rotation due to passing IR beam. This
difference is particular for the excited molecule because a molecule can only absorb
the radiation if the frequency of IR beam is similar with one of the fundamental
modes of vibration or rotation of the molecule. Therefore only a specific part of the
molecule changes its electrical dipole moment whereas the remaining part of the
molecule is unaffected (Stuart, 2004). Most materials including biological samples
produce several absorption bands simultaneously. Moreover, a typical biological
sample occurs in condensed phase like solids and solutions, which leads them to
produce only vibration modes. Therefore IR spectra of biological samples consist
only of vibrational spectra (Colthup et al., 1990).
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Vibrational modes are separated into two groups according to the alteration occur in
bond length or angle after a molecule is exposed to IR beam. Stretching modes are
the result of bond length differences that is the interatomic distance between atoms
change. A stretching mode can be either symmetric or asymmetric. Bending modes
are the result of bond angle differences either in or out of the plane of the molecule.
A bending mode can be scissoring, rocking, wagging and twisting.

Stretching

Stretching

Figure 1.10. Stretching and bending vibrations (Stuart, 1997).

Symmetric stretching

Asymmetric stretching
Figure 1.11. Symmetric and asymmetric stretching vibrations (Stuart, 1997).
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Bending

Deformation

Rocking

Wagging

Twisting

Figure 1.12. Types of bending vibrations (Stuart, 1997).

Since the vibration modes are very sensitive to any change in conformation, chemical
structure or the environment and the motions will be particular to functional groups
like methyl and amide etc. the infrared spectroscopy is valuable.

1.4.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

The reflection or IR radiation transmission from the sample can be used to create
FTIR spectra. The reflection measures the reflection of IR radiation on the sample
while in the transmission the IR beam passes through the sample and it is suitable to
materials that allow transmission of source light. These are called as Attenuated
Total Reflectance (ATR) diffuse reflectance (Stuart, 2004).

ATR technique is based on the evaluation of total internal reflection, therefore the
thickness of the sample is not important. As Figure 1.13 represents, the IR beam
passing into the crystal may undergo total internal reflection only if the incidence
angle between the crystal and the sample is greater than the crtical angle. The critical
angle is defined as a function of the refractive indices of the two surfaces. When the
IR beam enters with a bigger fraction of a wavelength than the reflecting surface and
a material located on the reflecting surface
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absorbs selectively from the IR beam due to the close contact. Therefore IR beam
conveys some energy to the matter. With ATR- FTIR, the resultnat attenuated
radiation is measured and plotted as a function of wavelength by the spectrometer,
which gives the absorption spectral specification of the matter (Stuart, 2004; Günzler
and Gremlich, 2002)

Figure 1.13: Schematic of a typical attenuated total reflectance cell (Ozek, 2007)

The crystals to be used for ATR cells are made from materials including zinc
selenide (ZnSe), germanium (Ge) and thallium-iodide (KRS-5) since they are not
water soluble and have a very high refractive index (Stuart 2004). Table 1.2
represents the properties of ATR crystals.
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Table 1.2 Materials used as ATR crystals and their properties (Stuart 2004).

Window

Useful range

Refractive

Depth of

-1

material

(cm )

index

penetration (µm)

KRS-5

20 000-400

2.37

1.73

20 000-650

2.4

1.66

Si

8300-1500

2.37

1.73

Diamond

45000-2500

2.4

1.66

5000-550

4.0

0.65

ZnSe

Ge

1.4.3. The Advantages of Attenuated Total Reflectance Fourier Transform
Infrared Spectroscopy

The advantages of ATR-FTIR spectroscopy was summarized below:
•

Most samples can be run in their natural state (Grdadolnik, 2002).

•

It is a nondestructive technique for sample (Melin et al., 2000, Severcan and
Haris, 1999, Cakmak et al., 2003)

•

The ATR-FTIR spectra are similar to absorption spectra, but without
significant spectral distortion (Diem, 1993).

•

Compared to transmission experiments, it avoids the handling problems
which are caused by the required short path length and it is inexpensive
(Mendelsohn and Mantsch, 1986)

•

The ATR-FTIR spectra have better signal-to-noise ratio and increased
sensitivity and different wavelengths (Rigas et al., 1990; Manoharan et al.,
1993; Yono et al., 1996;)

•

Data processing is simple with the computer softwares besides the
manipulation of data, quantitative calculations and data storage can be
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managed by the softwares (Rigas et al., 1990; Manoharan et al., 1993; Yono et al.,
1996; Ci et al., 1999)

1.5.

Aim of the Present Study

Statins are widely preferred since they are highly effective in lowering the plasma
cholesterol by inhibiting the -hydroxyl-3-methylglutaryl-coenzyme-A reductase in
early steps of mevalonate pathway. Since mevalonate is a precursor of structural
molecules like cholesterol and regulator molecules like cell signaling proteins, the
inhibition may cause pleiotropic and adverse effects with different mechanisms.
Many previous studies mentioned the protective effect of Simvastatin on peripheral
nerves against different nerve injuries including diabetes-induced neuropathy.
However Simvastatin has also reported as the first statin associated with neuropathy.
Therefore the adverse effects of Simvastatin may be considered as dose dependent
and long term use of the drug. Since the previous reports provide contradictory
results about the effects of Simvastatin on peripheral nerve, investigating the
structural and functional change of macromolecules due to the consumption of high
dose Simvastatin on healthy sciatic nerve is the primer aim of the study.

As mentioned before ATR- FTIR is a valuable analytic technique since it can detect
changes of different functional groups of tissue with high sensitivity and
simultaneously. Besides, the sample preparation is fast, very simple and non
destructive. Secondary aim of our study is to apply ATR-FTIR spectroscopy as a
rapid and appropriate method to investigate the effects of Simvastatin on sciatic
nerve at molecular level.
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CHAPTER 2

MATERIALS AND METHODS

2.1. Reagents

Simvastatin was purchased as Zocor tablets containing 40 mg parent material in
each, from Merck, Sharp and Dohme (West Point, PA, USA). Cholesterol was
purchased from Sigma (Sigma Chemical Company, Saint Louis, Missouri, USA). All
chemicals were obtained from commercial sources at the highest grade of purity
available.

2.2. Preparation of Experimental Animals

Twenty adult healthy albino Wistar rats of male weighing 250-300g were obtained
by selecting randomly from Hacettepe University Experimental Animal Application
and Research Center. This study was conducted in order to obtain information about
the effects of high dose Simvastatin treatment on healthy rats (Garip et al., 2010).
Before the separation of the Wistar rats into the control (n=10) and Simvastatintreated (n=10) group they were fed with a standard diet with water ad libitum, and
kept in conventional room under the conditions of controlled light (12:12, dark:
light), temperature (22±1 °C), relative humidity (40-50%) and ventilation (15 air
changes per hour). They were allowed to adapt to their environment for one week
prior to the experiments. The Ethics Committee of Hacettepe University approved all
procedures.
25

Control Group
The Wistar rats were fed with a standard diet of serum physiologic solution with
water ad libitum during 30 days in order to equalize the effect of solvent for both
groups. The animals were weighed once a week. A definite amount of water and
foods were given to the rats and remained food weighed and water measured by a
graduated cylinder daily. Then the animals were sacrificed under anesthesia diethyl
ether. The sciatic nerves were removed and kept at -80 °C for the experimental
analysis.
Simvastatin-treated Group
The animals were fed with 50mg/kg Simvastatin in serum physiologic solution
through gavage during 30 days. Serum physiologic was preferred in order to decrease
the stress due to gavage method. During the experiment, rats were weighed weekly.
A definite amount of water and foods were given to the rats and remained food
weighed and water measured by a graduated cylinder daily Then the animals were
sacrificed under anesthesia diethyl ether. The sciatic nerves were removed and kept
at -80 °C for the experimental analysis.

Figure 2.1. Oral gavage method (Taken from Ozek, 2007)
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Figure 2.2. Identification of Rat 1) sciatic nerve, 2) fibular nerve, 3) tibial nerve, 4) sural nerve
(Taken from Silva et al., 2010)

2.3. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

2.3.1. Sample Preparation for ATR-FTIR Study

The samples were used directly in the spectrometer. To avoid from any
contamination the Diamond/ZnSe crystal plate was sterilized with ethanol (70%).
Moreover, the spectrometer was continuously purged by dry air to eliminate
atmospheric water vapor.
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2.3.2. Data Analysis of ATR-FTIR Spectroscopy

The infrared spectra collections of sciatic nerve samples were acquired in the onebounce ATR mode via a Spectrum 100 FTIR spectrometer (Perkin-Elmer Inc.,
Norwalk, CT, USA) equipped with a Universal ATR accessory. In this experiment,
the samples were fit on a Diamond/ZnSe crystal plate (Perkin Elmer) and performed
150 Gauge to obtain qualified surface contact. The samples were scanned in the
range from 4000 to 650 cm−1 for 100 scans with a resolution of 4 cm−1 at 22 °C. Air
was used as a reference, therefore was subtracted automatically by using Spectrum
100 software since the collections of spectra were carried out using this program.

Spectrum 100 program (Perkin-Elmer) was used for digital data manipulation. Each
sample was scanned as three different replicas under the same conditions, all of
which gave similar spectra. The band positions were computed using the frequency
according to the center of weight. In the detailed data and statistical analysis the
average spectra of these three replicates were used. By using the same software,
firstly, the averages of three replicates were calculated. Next, they were smoothed
with nine-point Savitsky-Golay smooth function in order to remove the effects of the
noise. Then, they were normalized with respect to specific bands for visual
demonstration. The intention of the normalization is to eliminate differences in peak
heights between the spectra obtained under discrete conditions. In order to assign the
mean values for the peak positions, band area and the bandwidth values, the spectra
belonging to each individual of the groups was considered. The shifting of the band
frequencies and the area of the bands were investigated from the baseline corrected
raw spectra.
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For the determination of the band positions, the wavenumber values corresponding to
the center of weight were used. Band areas were calculated from smoothed and
baseline corrected spectra using Spectrum 100 software. The bandwidth values of
specific bands were computed by using the width at 0.80 x height of the signal in
terms of cm-1 as reported previously (Garip et al., 2010)

Figure 2.3. The sample position on ATR-FTIR Spectroscopy ( Taken from Ozek, 2007)
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2.4. Statistical Analysis

In order to define the differences in means the data were analyzed using nonparametric Mann–Whitney U test .(Minitab software) The results were expressed as
‘mean ± standard deviation (SD).The degree of significance was denoted as less than
or equal to p<0.05*, p<0.01**, p<0.001***.
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CHAPTER 3

RESULTS

This present study was particularly conducted to understand the effects of high dose
simvastatin treatment on the molecular compositions, structure and function of
sciatic nerve by using ATR-FTIR spectroscopy.

3.1 Body Weights, Food, Drug Intake and Water Intake

The body weights, food and water consumption values of control and simvastatintreated groups are given in Table 3.1, which was reported in our previous study
(Ozek.et.al, 2014). The results indicated simvastatin decreased the body weight
(p<0.05), food (p<0.01) and water intake (p<0.001).
Table 3.1. Food intake, water intake and body weight in rats treated with high dose simvastatin. The
values are the mean ± S.D. for each group. Mann–Whitney U-test was used for comparison. The
degree of significance was denoted as: p < 0.05*, p < 0.01**, p < 0.001***. Downward arrow
indicates a decrease and upward arrow indicates an increase with respect to the control (Adapted from
Ozek et. al,2014)

Animal Group

Control

Simvastatin treated

Initial body weight (g)

262±12

277±11

Final body weight (g)

267±15 ↑

260±13↓*

Food intake (g/rat)

19.11±2.65

15.50±3.05↓**

Water intake (ml/rat)

29.75±4.20

21.18±3.27↓***

31

3.2. General ATR-FTIR Spectrum and Band Assignment of Sciatic Nerve

The current ATR-FTIR study is primarily based on the investigation of the structural
and compositional variations in biomolecules and lipid fluidity in between high dose
simvastatin treated and untreated rat sciatic nerves.

To be sure about reproducibility and similarity of the collected sample spectra, the
spectra of each sample were collected in triplicates. The representative triplicate
spectra of a control sciatic nerve was shown in Figure 3.1. As seen from the figure,
the three spectra were identical. Therefore, the average spectra of these three
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replicates of each sample were then used in detailed data and statistical analysis.

4000

Wavenumber (cm-1)

Figure 3.1. The representative triplicate spectra of a control sciatic nerve.
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It is possible to match specific vibrational modes of particular functional groups to
specific wavelength molecular absorption bands because the positions and intensities
of many of the infrared absorption bands can be correlated with the presence of
specific groups of atoms in the system studied (Steele, 1971). The same approach
has been conducted within this present study. The main bands are labeled in the
figures and detailed band assignments according to the other studies in the literature
are given in Table 3.2
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Table 3.2. General Band Assignment table for Sciatic nerve (Ozek et al., 2010; Garip et al., 2010)

Wavenumber
Definition of the spectral assignment
(cm-1)
Mainly N-H stretching (Amide A) of proteins with the little
3330-3290 contribution from O-H stretching of polysaccharides and
intermolecular H bonding
3062
C-N and N-H stretching (Amide B) of protein
Olefinic=CH stretching vibration: unsaturated lipids, cholesterol
3014
esters
CH3 antisymmetric stretching: equal contribution of lipids, and
2962
proteins, carbohydrates, nucleic acids
CH2 antisymmetric stretching: mainly lipids, with the little
2929
contribution from proteins, carbohydrates, nucleic acids
CH3 symmetric stretching: mainly proteins, with the little
2874
contribution from lipids, carbohydrates, nucleic acids
CH2 symmetric stretching: mainly lipids, with the little
2855
contribution from proteins, carbohydrates, nucleic acids
1739–1744 Ester C=O stretch: triglycerides, cholesterol esters
1656
Amide I (protein C=O stretching)
1540
Amide II (protein N-H bend, C-N stretch)
CH2 bending: mainly lipids, with the little contribution from
1452
proteins
1392
COO ־symmetric stretching: fatty acids
1343
Amide III vibrations of collagen
PO־2 antisymmetric stretching, non-hydrogen-bonded: mainly
1261
nucleic acids with the little contribution from phospholipids
PO־2 antisymmetric stretching, fully hydrogen-bonded: mainly
1236
nucleic acids with the little contribution from phospholipids
CO–O–C antisymmetric stretching: ester bonds in cholesterol
1170
esters and phospholipids
PO־2 symmetric stretching: nucleic acids and phospholipids
1080
C-O stretch: glycogen, polysaccharides, glycolipids
1040
C-O stretching: polysaccharides
C-N+-C stretch: nucleic acids, ribose-phosphate main chain
976
vibrations of RNA
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3.2.1. Graphical Comparison of Control and Simvastatin Treated Sciatic Nerve

As shown in the figures below, there are significant differences in the intensity/area
and wavenumber values of the control and simvastatin treated groups of rat sciatic
nerves. Figure 3.2 shows the representative infrared spectra of control and high dose
simvastatin treated rat sciatic nerve in the region of 3800 -900 cm-1.

35

Protein

36

Absorbance (Arbitrary Units)

___ Control sciatic nerve

Protein and
glycogen OH
bonding

___ Simvastatin treated
sciatic nerve

Protein

Fatty
acids

Protein

Nucleic acids
and
phospholipids
Collagen

Lipid
Cholestero
esther and
triglycerid

Glycogen

RNA
3800 3600

3200

2800

2400

2000

1800

1600

1400

1200

1000 900

-1

Wavenumber(cm )

Figure 3.2. The representative infrared spectra of control and simvastatin treated groups of sciatic nerves in the 3800-900 cm-1 region. (The spectra were normalized
with respect to the Amide A)

The spectral data analysis was performed in three wavenumber ranges as 3800-3025
cm-1, 3025-2800 cm-1 and 1800-900 cm-1.

Figure 3.3 shows the representative spectra of the control and simvastatin treated
sciatic nerve in the 3800-3025 cm-1. As seen in the figure, the peak positions, peak
heights and bandwidths were perceptibly different in this region of the spectra.
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Figure 3.3. The representative infrared spectra of control and simvastatin treated sciatic nerve in the
3800-3025 cm-1 region (The spectra were normalized with respect to the CH2 antisymmetric stretching
mode)

Figure 3.4 shows the representative spectra of the control and simvastatin treated
sciatic nerve in the 3025-2800 cm-1 region. As seen in the figure, the peak positions,
peak heights and bandwidths were perceptibly different in this region of the spectra.
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Figure 3.4. The representative infrared spectra of control and simvastatin treated sciatic nerve in the 3025-2800 cm-1 region (The spectra were normalized with
respect to the Amide A band)

Figure 3.5 demonstrates the representative infrared spectra of the control and
simvastatin treated sciatic nerve in the 1800-900 cm-1 region. As seen in the figure,
the peak positions, peak heights and bandwidths were perceptibly different in this
region of the spectra.
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Figure 3.5. The representative infrared spectra of the control and simvastatin treated sciatic nerve in the 1800-900 cm
to the Amide A band.
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region (The spectra were normalized with respect

Based on these spectral differences, the groups under study differentiated by using
cluster analysis and the regarding result is shown as Figure 3.6.
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Figure 3.6. The dendogram was obtained as hierarchical clustering of control and simvastatin-treated
sciatic nerve by using the vector normalization of primary derivative spectra at 3800-800 cm-1 spectral
range with Ward's algorithm.

As seen from the figure the control and simvastatin-treated group were successfully
separated from each other.
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3.2.2 Numerical Comparisons of the Bands of the Control and Simvastatin
Treated Sciatic Nerve

The means and standard deviations of band areas, the direction of the band
wavenumber shifts and bandwidth variations with respect to the control were
considered for the control and simvastatin treated group to be able to clarify the
possible spectral differences that may be observed between each individual spectra of
the sciatic nerve tissue. Mann-Whitney U-test was used to calculate the significance
of the values.

3.2.2.1 Comparisons of the Control and Simvastatin Treated Spectra of Sciatic
Nerve in the 3750-3025 cm-1 Region

Figure 3.3 shows the normalized infrared spectra of the control and simvastatin
treated sciatic nerve tissue in the 3800-3025 cm-1 region. The band located between
3370-3330 cm-1 is named amide A and it includes strong absorptions arising from the
N-H and the O-H stretching modes of proteins and polysaccharides intermolecular H
bonding. As it can be seen from the Figure 3.7, simvastatin–treatment lowered the
area value of this band in the sciatic nerve (p<0.01**). The relative weak band
located at 3072 cm-1 is named amide B that arises from C-N and N-H stretching of
protein. The band area of this band was also decreased in the simvastatin-treated
sciatic nerve tissue (Figure 3.8, p<0.001***). As it can be seen from Table 3.3, the
wavenumber values of both amide A and amide B bands shifted to a higher values in
sciatic nerve from 3283.28±4.95 to 3287.13±6.46 (NS=nonsignificant) and from
3064.4+2.01 to 3070.68+0.34cm-1 (p<0.001***) respectively.
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Amide A Band Area

Figure 3.7. Comparison of amide A area for the control and simvastatin treated groups of sciatic
nerve. ** shows significance of p<0.01

Amide B Band Area

Figure 3.8. Comparison of amide B area for the control and simvastatin treated groups of sciatic
nerve. * shows significance of p<0.001
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Table 3.3. The changes in the band wavenumber values of the control and simvastatin sciatic nerve
spectra in the 3800-3025 cm -1 region The values are the mean ± Standard Deviation for each sample.
The degree of significance was denoted as p<0.05*, p<0.01**, p<0.001***).

Band

Control

Sciatic Simvastatin Treated Sciatic

frequency

Nerve

Nerve

P

Amide A

3283.28±4.95

3287.13±6.46

NS

Amide B

3064.4+2.01

3070.68+0.34

***

3.2.2.2 Comparisons of the Control and Simvastatin Treated Spectra of Sciatic
Nerve in the 3025-2800 cm-1 Region

Figure 3.4 shows the normalized infrared spectra of the control and simvastatin
treated sciatic nerve tissue in the 3025-2800 cm-1 region. This region is named as the
lipid region. The band located at 3010 cm-1 is named olefinic band and it arises from
the CH stretching mode of the HC=CH groups, which can be used as a measure of
unsaturation in the phospholipid acyl chains (Takahaski et al., 1991; Melin et al.,
2000; Liu et al., 2002; Severcan et al., 2005).
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There was a decrease in the area of olefinic band in sciatic nerve (p<0.001***)
(Table 3.4). The wavenumber of this band shifted significantly to a higher value in
the simvastatin treated sciatic nerve from 3007.97+0.09 to 3010.71+3.53 cm-1 as
seen in Table 3.5 (p<0.001*, Figure 3.9) ,

Figure 3.9. Comparison of =CH olefinic band area for the control and simvastatin treated groups of
sciatic nerve *** show significances of p<0.001.

The CH2 antisymmetric (2927 cm-1), and the CH2 symmetric (2857 cm-1) stretching
bands are originates mainly from lipids, The CH3 antisymmetric (2959 cm-1) has
equal contribution from lipids and proteins, whereas the CH3 (2876 cm-1) symmetric
stretching band originates mainly from proteins (Table 3.2) (Mantsch, 1984;
Severcan et al. 1997; Severcan et al., 2000; Severcan et al., 2003; Cakmak et al.,
2006).
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Table 3.4. The changes in the band area values of the control and simvastatin treated sciatic nerve
spectra in the 3025-2800 cm -1 region. The values are the mean ± Standard Deviation for each
sample. The degree of significance was denoted as NS: nonsignificant, p<0.05*, p<0.01**,
p<0.001***)

Band area
Olefinic
CH3 antisym
CH2 antisym
CH3 sym
CH2 sym

Control Sciatic
Nerve
2.26+0.20
4.48+0.36
5.60+0.53
1.56+0.16
3.48+0.39

Simvastatin Treated Sciatic
Nerve
2.04+0.18
4.23+0.33
4.84+0.39
0.91+0.08
3.16+0.26

P
***
NS
*
***
NS

Table 3.5. The changes in the band wavenumber values of the control and simvastatin treated sciatic
nerve spectra in the 3025-2800 cm -1 region. The values are the mean ± SD for each sample. The
degree of significance was denoted as NS: nonsignificant, p<0.01**, p<0.001***)

Bands
Olefinic
CH3 antisym
CH2 antisym
CH3 sym
CH2 sym

Control Sciatic
Nerve
3007.97+0.09
2960.09+0.30
2927.03+1.12
2874.32+0.61
2854.18+0.35

Simvastatin Treated Sciatic
Nerve
3010.71+3.53
2959.656+1.06
2924.84+0.63
2873.18+0.58
2853.07+0.44

P
***
NS
**
**
**

A reduction was observed in the band area of the CH3 antisymmetric and symmetric
stretching vibrations. The change was insignificant for CH3 antisymmetric band area
whereas it was significant for CH3 symmetric band (Table 3.4). The wavenumber of
these bands in simvastatin treated group shifted to lower frequency values for sciatic
nerve tissue but the change was not significant for CH3 antisymmetric vibration
whereas the change in band frequency was significant for CH3 symmetric band
(Table 3.5).
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There was a decrease in the area of CH2 antisymmetric band in sciatic nerve
(p<0.01**) (Table 3.4, Figure 3.10). This decrease implies a reduction in the lipid
content in sciatic nerve after simvastatin treatment.

Ch2Antisymmetric
asimetrik Bant Alanı
CH
Band Area
2
7
6

Bant Alanı

Band Area

*
5
4
3
2
1
0

C

1

S

Figure 3.10. Comparison of =CH olefinic band area for the control and simvastatin treated groups of
sciatic nerve * show significance of p<0.05.

The CH2 stretching vibrations occur regarding to conformational disorder; therefore
they can be used to understand the average trans/gauche isomerization
(order/disorder state of lipids) in the system (Mantsch et al., 1984; Severcan, 1997;
Bizeau et al., 2000). A progress in the wavenumber of the CH2 stretching to the
higher values indicating an increase in the number of gauche conformers in the fatty
acyl chains (Rana et al., 1990; Schultz et al., 1991; Melin et al., 2000; Cakmak et al.,
2003; Cakmak et al., 2006). According to the Table 3.5, the areas of the CH2
antisymmetric and symmetric stretching
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vibrations located at 2927 cm-1 and 2854 cm-1 respectively, decreased in sciatic
nerve. The wavenumber of the CH2 antisymmetric stretching vibration shifted to a
lower value in the simvastatin treated sciatic nerve from 2927.03+1.12 to
2924.84+0.63 cm-1, with a significance value of p<0.01. The wavenumber of the CH2
symmetric stretching band shifted to a lower value in sciatic nerve from
2854.18+0.35 to 2853.07+0.44 cm-I insignificantly.

The bandwidth of the CH2 antisymmetric vibration monitors the membrane fluidity.
According to the Table 3.7 and Figure 3.11, there is a decrease in the bandwidth
value of this band in sciatic nerve (p<0.05*) implying a decrease in the lipid
dynamics.

Ch2 asimetrik Bant Genişliği

CH2 Antisymmetic Bandwidth
11,8
11,6

Bant Genişliği
Bandwidth

11,4
11,2

*

11
10,8
10,6
10,4
10,2
10

C

1

S

Figure 3.11. Comparison of CH2 antisymmetric band with value for the control and simvastatin
treated groups of sciatic nerve. * shows significance of p<0.05
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From the ATR-FTIR spectrum, an accurate lipid-to-protein ratio can be derived by
taking the ratio of the sum of the areas of the lipid bands namely CH2 antisymmetric
and symmetric stretching bands to the area of the amide I band (protein). The results
are presented in Table 3.7 and Figure 3.12, which indicate a decrease in this ratio in
the simvastatin treated sciatic nerve group (p< 0.01**)

Table 3.6. The changes in the bandwidth of the control and simvastatin treated sciatic nerve
spectra for CH2 antisymmetric vibration and amide I vibration. The values are the mean ±
Standard Deviation for each sample. The degree of significance was denoted as p<0.05*.
Control Sciatic

Simvastatin Treated Sciatic

Bandwidth

Nerve

Nerve

P

CH2 antisym

11.25+0.83

10.40+0.65

*

Amide I

36.05+0.43

36.57+0.52

*

Table 3.7 The changes in the lipid-to-protein ratio of the bands for the control and
simvastatin treated sciatic nerve. The values are the mean ± Standard Deviation for each
sample. The degree of significance was denoted as p<0.01**
Ratio of Peak Areas

Lipid/ protein= (CH2 antisym+

Control Sciatic

Simvastatin Treated

Nerve

Sciatic Nerve

0.33+0.02

0.29+0.01

CH2 sym)/ Amide I
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P

**

Figure 3.12 Comparison of lipid/protein ratio for the control and simvastatin treated groups
of sciatic nerve. ** shows significance of p<0.01

50

3.2.2.3 Comparison of the Control and Simvastatin Treated Spectra of Sciatic
Nerve in the 1800-900 cm-1 Region

Figure 3.5 shows the normalized infrared spectra of the control and simvastatin
treated sciatic nerve in the 1800-900 cm-1 region. This wavenumber range gives
information about several bands originating from the interfacial and head-group
modes of the membrane lipids, protein and nucleic acid vibrational modes
(Mendelsohn and Mantsch, 1986).

The band centered at 1743 cm-1 is mainly assigned to the >C=O ester stretching
vibration in phospholipids (Melin et al., 2000; Cakmak et al., 2003; Severcan et al.,
2003). As seen in the Figure 3.13 and Table 3.9, the area of this band decreased
significantly in the simvastatin treated sciatic nerve. Moreover, the wavenumber of
this vibration shifted to lower value in sciatic nerve (p < 0.01**) (Table 3.8). It
implies that the amount of phospholipids such as cholesterol esters and triglycerides
decreased due to the simvastatin treatment.
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Table 3.8. The changes in the band area values of the control and simvastatin treated sciatic
nerve spectra in 1800-900 cm

-1

region. The values are the mean ± Standard Deviation for each

sample. The degree of significance was denoted as NS: nonsignificant, p<0.05*, p<0.01**,
p<0.001***.
Simvastatin Treated
band area

Control Sciatic Nerve

Sciatic Nerve

P

ester

0.50+0.1

0.37+0.03

**

Amide I

28.69+1.31

26.35+1.18

**

Amide II

21.05+2.37

19.95+1.78

NS

CH2 bending

5.92+0.7

5.88+0.53

NS

COO- symmetric

6.29+0.8

6.10+0.58

NS

CH2 side chain

2.70+0.25

2.20+0.2

***

PO2- antisymmetric

2.26+0.18

1.82+0.13

***

PO2- antisymmetric

5.82+0.2

5.31+0.35

*

P-O-C Stretching

1.18+0.11

0.98+0.09

***

970.00

0.13+0.01

0.11+0.01

*

0.03+0.01

0.02+0.01

NS

+

C-N -C

Table 3.9. The changes in the band wavenumber values of the control and simvastatin treated
sciatic nerve spectra in the 1800-900 cm

-1

region. The degree of significance was denoted as

NS: nonsignificant, p<0.05*
band wavenumber

Simvastatin Treated

values

Control Sciatic Nerve

Sciatic Nerve

P

Ester

1743.46+1.51

1742.10+0.68

**

Amide I

1635.93+0.47

1636.44+0.30

*

Amide II

1546.06+1.16

1548.59+0.81

NS

CH2 bending

1452.88+0.85

1453.11+0.7

NS

COO- symmetric

1397.14+1.71

1398.04+0.81

NS

CH2 side chain

1337.97+0.42

1338.23+0.34

NS

-

1283.36+0.42

1281.83+0.7

**

-

PO2 antisymmetric

1239.79+0.4

1239.30+0.24

**

P-O-C Stretching

1032.05+0.7

1032.05+0.3

*

970

971.60+0.66

970.41+0.55

*

930

937.83+0.38

937.18+0.27

*

PO2 antisymmetric
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Figure 3.13. Comparison of the C=O Ester stretching band area value for the control and simvastatin
treated groups of sciatic nerve. ** shows significance of p<0.01

Amide I and amide II vibrations of structural proteins are assigned at 1635 and 1546
cm-1, respectively. Amide I vibration is originated from C=O stretching and the C-N
stretching (% 60) vibrational modes weakly coupled with the N-H bending (% 40) of
the polypeptide and protein backbone. Amide II vibration is arised from the N-H
bending (% 60) and the C-N stretching (% 40) modes of proteins (Melin et al., 2000;
Takahashi et al., 1991; Wong et al., 1991; Haris and Severcan, 1999; Cakmak et al.,
2003). Both band areas of amide I and amide II decreased after simvastatin
treatment. The decrease in amide I band area was significant (p<0.01.)
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Figure 3.14. Comparison of amide I band area value for the control and simvastatin treated groups of
sciatic nerve. **shows significance of p<0.01.

The band wavenumbers of both amide I and amide II shifted to higher values. For
amide I band, this shift was from 1635.93+0.47 to 1636.44+0.30 cm-1 in sciatic nerve
(p<0.05*). For amide II band, the shift was from 1546.06+1.16 to 1548.59+0.81 cm-1
in simvastatin treated sciatic nerve (p<0.01**). This shifting implies conformational
changes in tissue protein as a decrease in the order of the system (Haris and
Severcan, 1999; Jackson et al., 1999).

According to the Figure 3.15 and Table 3.10, the bandwidth of the amide I vibration
increased significantly in simvastatin treated sciatic nerve(p<0.01**). This implies
conformational freedom e.g. a less rigid structure of protein (Barth 2007).
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Figure 3.15. Comparison of amide I band with value for the control and simvastatin treated groups of
sciatic nerve. **shows significance of p<0.01.

Table 3.10. The changes in the bandwidth values of the control and simvastatin treated sciatic nerve
amide I spectrum. The values are the mean ± Standard Deviation for each sample. The degree of
significance was denoted as p<0.05*.
Bandwidth
Amide I

Control Sciatic Nerve

Simvastatin Treated Sciatic Nerve

P

36.05+0.43

36.57+0.52

*

The absorption bands providing information regarding to collagen as a broad range,
however the main band for collagen is arised from the peptide bond vibrations of
amide A, amide I, amide II and amide III bands (Camacho et al., 2001). The amide
III vibrations of collagen are seen in the spectral range between 1355 and 1167 cm-1
(Gough et al., 2003). Amide III vibration was observed as the band at 1343 cm-1 in
sciatic nerve. Amide III stretching is mainly due to the C-N and the C-C stretching
and the N-H bending vibrations of collagen (Camacho et al., 2001; Gough et al.,
2003; West et al., 2004). As it can be seen from Figure 3.16, there was a
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decrease in the area of this band after high dose simvastatin treatment (p<0.001***),
which implies that there is a reduction in the amount of collagen.

Figure 3.16. Comparison of amide III band with value for the control and simvastatin treated groups
of sciatic nerve. ***shows significance of p<0.001.

Phosphate including macromolecules like phospholipids and nucleic acids provide
absorption spectrum between 1280-900 cm-1 wavenumber range (Melin et al., 2000;
Cakmak et al., 2003). According to the literature, the bands located at 1261 and 1236
cm-1 are mainly raised from symmetric stretching modes of phosphodiester groups
monitoring the P=O bond present in the phosphate moieties (PO2 of nucleic acid )־
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backbone structures and phospholipids (Wong et al., 1991; Wang et al., 1997; Diem
et al, 1999; Cakmak et al., 2003). The band around the 1260 cm-1 is because of nonhydrogen-bonded PO2 ֿ◌ groups and the band around 1238 cm-1 originates from more
hydrogen-bonded PO2

ֿ◌

groups (Rigas et al., 1990; Wong et al., 1991). The band

around 1030 cm-1 is mainly due to the P-O-C stretching of phospholipids. According
to the Table 3.8, the band areas of the PO 2 antisymmetric stretching around 1280 cm1

, 1239 cm-1 and P-O-C stretching at 1032 cm-1 decreased significantly. This

indicates that the amount of phosphate containing structures such as phospholipids
and nucleic acid backbones decreased. (Figure 3.17.)

PO2 asimetrik Bant Alanı
-

PO2 Antisymetric Band Area
3

Band
Area
Bant Alanı

2,5

***

2
1,5
1
0,5
0

C

1

S

Figure 3.17. Comparison of the PO 2 antisymmetric band with value for the control and simvastatin
treated groups of sciatic nerve. ***shows significance of p<0.001.

Glycogen is represented via the band at 1044 cm-1, since it is mainly originated from
the C-O stretching vibrations of polysaccharides especially glycogen. In Figure 3.18,
a reduction in the area of this band was observed after simvastatin treatment
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(Melin et al., 2000; Toyran et al., 2006; Lyman and Murray-Wavelet, 1999), which
implies a decrease in the amount of glycogen.

Figure 3.18. Comparison of the C=O stretching band area value for the control and simvastatin
treated groups of sciatic nerve. ** shows significance of p<0.01

RNA backbone is represented via the band at 976 cm-1 since the vibration originates
from symmetric stretching mode of dianionic phosphate monoester of cellular
nucleic acids (Ci et al., 1999; Chiriboga et al., 2000; Cakmak et al., 2003) and ribosephosphate main chain vibrations of the RNA backbone (Banyay et al., 2003; Tsuboi
et al., 1969). There was a significant reduction in the area of this band after
simvastatin treatment. The reduction gives information about the decrease in the
amount of RNA backbone.

58

CHAPTER 4

DISCUSSION

Simvastatin is one of the most preferred cholesterol reducing drugs due to its high
efficacy. Although it has pleiotropic effects in various disorders, many adverse
effects such as myopathy, neuropathy, and nephropathy induced by statin therapy
were reported. Both positive and negative effects of this drug on the nervous system
have been reported by previous studies. However, there is a contradiction about the
adverse/pleiotropic effects of this drug on the nervous tissue, which can affect the
safe use of this drug. Therefore, this present study was conducted to determine the
effects of high dose Simvastatin on the structure and functions of molecules in sciatic
nerve. Based on the previous animal studies, 50-mg/kg Simvastatin, as a high dose,
was selected (Westwood et al. 2005; Ozek et al., 2014; Garip et al., 2010; Thelen et
al., 2006). Since rats are more resistant than humans to make changes in serum
cholesterol (Garip et al., 2010) and to obtain similar reduction rates as humans in the
blood cholesterol level, higher statin doses are required in rats and this dose
corresponds to 50-100 (mg/kg)/day in animals (Johnson-Anuna et al., 2005).

Within this study, sciatic nerve is preferred since it is the longest peripheral nerve in
the body and it is negatively affected by high dose Simvastatin (Garip et al., 2010) It
is well-known that cholesterol is the major lipid component of myelin, accounting for
about 30% of the total lipid dry weight, which is required for formation and
maintenance of a stable myelin structure in nerve (Morell et.al. 1994). Moreover, its
biosynthesis in sciatic nerve is not affected from blood circulation (Harry et al.,
1989). Furthermore, to maintain at normal level of cholesterol biosynthesis in sciatic
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nerve, at least 8 fold increased flux intermediates through this synthesis pathway is
required, as reported by Toews and his colleagues (1996). Therefore, any imbalance
in the cholesterol biosynthesis pathway induced by statins may lead to a deformation
of myelin sheath, resulting in the structural and functional damages of nervous
system through the alterations in the biochemical makeup of the nerve tissue.

To elucidate the structural and functional changes in the nerve molecules, FTIR
spectroscopy was used in this study since it enables to efficient, rapid and
simultaneous monitoring of small changes in biochemical components and processes
in diseases or drug-induced pathological conditions (Garip et. al, 2010 and 2016;
Cakmak et.al, 2011; Ozek et.al, 2010 and 2014).

Among FTIR modes, ATR was

used since it requires no sample preparation and enables the analysis of a very small
sample, enabling the wide use of this method as an efficient, useful research tool
(Gok et. al., 2016; Hosafci et.al., 2007; Ozek et.al., 2014).

In our previous studies, the pleiotropic/adverse effects of low and high dose
Simvastatin treatment on different skeletal muscles, liver and bone were
demonstrated (Garip et. al, 2010 and 2016; Ozek et.al, 2010 and 2014). With these
studies, Simvastatin induced-alterations in the structure, concentration and function
of different molecules such as unsaturated, saturated lipids, protein, nucleic acids and
polysaccharides were reported. Among these alterations, the concentrations of the
mentioned molecules were determined from the band area analysis of these
molecules. This can be achieved using the associated spectral bands, since it is
known that, the intensity/band area of the spectral bands is proportional to the
concentration of related functional groups (Freifelder, 1982; Toyran et al., 2004;
Toyran et al., 2006; Cakmak 2006; Ozek 2007). The change in unsaturated lipid
content is determined from the analysis of the olefinic band, arisen from CH
stretching mode of the HC=CH groups (Takahashi et al., 1991, Liu et al., 2002;
Severcan et al., 2005). In the current study, the decreased band area of this band
implies a reduction in the amount of unsaturated lipids (p<0.001).
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Similar decline in the amount of unsaturated lipids of skeletal muscle, bone and liver
tissues was also indicated, confirming this finding (Garip et. al, 2010 and 2016;
Cakmak et.al, 2011; Ozek et.al, 2010 and 2014). This decrease is related to an
increased in lipid peroxidation due to enhanced formation of reactive oxygen species
(ROS) by Simvastatin treatment. According to the literature, Simvastatin inhibits the
synthesis of ubiquinone that is a key antioxidant for cellular and mitochondrial lipid
membranes. The decrease in ubiquinone synthesis may indirectly leads to an increase
in the amount of reactive oxygen species (ROS). Increased production of ROS may
cause lipid peroxidation (Sills et al., 1994; Kinder et al., 1997, Baker and
Tarnopolsky, 2001).

Simvastatin-enhanced ROS production may also affect the saturated lipid content of
sciatic nerve since this molecules lead to peroxidation of lipids (Li et al.; 2015) The
saturated lipid amount can be obtained from the analysis CH3 antisymmetric, the CH2
antisymmetric and the CH2 symmetric stretching bands are originated from lipid acyl
chains (Severcan et al., 2000; Severcan et al., 2003, Cakmak et al., 2006). In the
current study, a significant reduction of the lipid concentration was observed in
Simvastatin group was acquired (p<0.001), which are due to increased lipid
peroxidation and/or decreased lipid biosynthesis by Simvastatin treatment Similar to
this finding, the decrease in lipid content of Simvastatin-treated skeletal muscles was
also shown (Ozek et.al, 2010; 2014). On the other hand, the increased and decreased
lipid contents of bone tissue with high dose and low dose Simvastatin treatment were
reported by Garip et. al (2010).

Any alteration in lipid content can affect membrane structure and functions. To
determine Simvastatin-induced membrane order and dynamics, the shift in the
wavenumber and the change in bandwidth value of the CH2 antisymmetric stretching
were measured since this band provides information about the order and dynamics of
the system (Liu et al. 2002; Mantsch, 1984; Severcan et al.1997;
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Mantsch, 1984, Schultz and Naumann, 1991; Lopez-Garcia et al., 1993; Severcan et
al., 2003; Severcan et al., 2005). The obtained significant shift to lower values in the
wavenumber of this band indicated the more ordered lipids with Simvastatin
treatment. Moreover, the decreased bandwidth values of the same band implied
Simvastatin-reduced membrane fluidity. The decreased membrane fluidity in the
bone due to low dose Simvastatin application was demonstrated (Garip et. al., 2010).
On the other hand, the increased membrane fluidity in the skeletal muscles and bone
due to high dose Simvastatin application were previously reported (Garip et.al.,
2010; Ozek et.al., 2010,2014). In the mentioned studies, an increased membrane
order of both skeletal muscles and bone with high and low dose Simvastatin
treatment was reported while the decreased membrane order in the bone was
indicated by high dose Simvastatin administration. The increased membrane order
can be arisen from Simvastatin-enhanced ROS production since concentrations since
ROS can alter the membrane lipid composition (Kinder et.al.,1997). On other hand,
the decreased membrane fluidity may be due to alteration in reduced membrane
cholesterol content with Simvastatin administration, which was also confirmed by
the decreased triacylglycerol and cholesterol ester band located at 1740 cm-1.
Membrane order and fluidity are important parameters for correct functioning of cell
membranes (Boesze-Battaglia and Schimmel, 1997). Moreover, they have an impact
on ion channel kinetics and function (Awayda et.al. 2004). Therefore, Simvastatin
induced alterations in these parameters may lead to improper electrical conduction
and signal transduction in sciatic nerve.

The functional impairment of some

membrane channels such as Na+/K+ ATPase, Na+/Ca2+, Na+/Ca2+ATPase pump and
Na+ channels with statin treatment were demonstrated previously, confirming our
findings (Pierno et al., 1995).
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Previously stated that the function of membrane proteins is dependent on the
membrane fluidity and order (Lee et.al., 2003). Therefore, to define Simvastatininduced alterations in sciatic nerve proteins, the band area, bandwidth and the shift in
the wavenumber of Amide I band due proteins were calculated (Garip et.al., 2016). A
significant decreased protein concentration was obtained in Simvastatin treated
nerve. Decline in protein content was also demonstrated in skeletal muscle and liver
tissues (Ozek et.al.,2010,2014; Garip et.al., 2016). On the other hand, an increased
bone protein induced by Simvastatin application was indicated by Garip et.al (2010).
The decreased protein amount can be due to increased degradation of protein because
of the Simvastatin-induced oxidative stress i.e. elevated ROS levels. An explanation
for this may be the trigger effect of statin treatment in genes contributing to protein
catabolism according to Urso et al. (2005). On the other hand, statin effect on the
inhibition of mevalonate pathway may cause to the suppression of the prenylated
small GTP proteins therefore it may trigger apoptosis (Kaufmann et al., 2006).

In addition, the changes in protein concentrations, Simvastatin treatment induced
protein conformational alterations as can deduced from the Simvastatin-caused
changes in bandwidth and the shift in the wavenumber of Amide I bands (Haris and
Severcan, 1999; Jackson et al., 1999). A previous study on protein secondary
structure analysis of sciatic nerve with Simvastatin administration reported that a
decreased alpha helix and beta sheet structures was found while an increased in
aggregated beta sheet and random-coil structures was acquired, confirming our
findings (Garip et.al., 2010).

To prove Simvastatin caused changes in protein concentration, the changes in nucleic
acid concentrations needs to be determined. These changes are determined from the
analysis of the PO2─ antisymmetric and symmetric stretching bands due to
phosphate-stretching vibrations of nucleic acids and phospholipid head groups
(Lyman et al., 2001; Banyay et al., 2003). Simvastatin treatment induced a
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decrease in the nucleic acid concentration. This decrease was also supported by the
decreased RNA amount as can be deduced from the decreased band area value of
spectral band centered at 976 cm-1 (Banyay et al., 2003). Similar to this result, the
decreased nucleic acid content in Simvastatin treated skeletal muscles was indicated
in previous studies (Ozet et. al., 2010;2014). On the contrary, the increased in the
same parmeter in liver tissue of Simvastatin administred rats was also demonstrated
by Garip et.al., (2016). The decreased nucleic acid content can be arisen from the
increased degradation of these molecules due to Simvastatin-elevated ROS levels
and statin-induced nuclear condensation and fragmentation (Kubota et.al, 2004).
Reduced nucleic acid and RNA concentration supports the Simvastatin-reduced
protein synthesis mentioned within the study earlier.

In addition to the changes protein, lipid and nucleic acid concentration of sciatic
nerve, a decreased in the collagen content was found in Simvastatin treated groups,
obtained from the the analysis of amide III band located at 1343 cm-1 (Camacho et
al., 2001; Gough et al., 2003; West et al., 2004). It was reported that collagen VI is
key molecule for peripheral nervous system as contributing to the structural integrity
and proper function of peripheral nerves (Chen et al. 2014). Therefore, decreased
concentration of the collagen may lead to structural and functional damages in nerve
through the hypermyelination of PNS and defective nerve conduction velocity (Chen
et al. 2014).

Based on spectral variations obtained from the quantitative spectral analysis
mentioned above, to differentiate between control and Simvastatin treated groups,
HCA was performed. HCA dendogram clearly indicated a, success, clear and
separate clustering of each group with a high heterogeneity value, supporting high
differences among analyzed groups.
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CHAPTER 5

CONCLUSION

In this work, the effects of 50 mg /kg Simvastatin treatment in rats as a comparable
dose to the maximum Simvastatin dose 80 mg/kg applied to patients in clinical
practice to peripheral nerves were investigated for the first time in terms of structural
and functional changes of macromolecules in sciatic nerve.

After the detailed analysis on ATR FTIR spectra, it was observed that most of the
functional molecules in sciatic nerve was affected significantly from high dose
Simvastatin treatment.

Since the mevalonate is precursor for many structural and functional molecules
including cholesterol, farnesylated proteins and geranylgeranylated proteins in
organism, different mechanism should be effective. First mechanism may be related
to blocking cholesterol synthesis. Since cholesterol is a structural molecule in
myelin, decrease in cholesterol amount may result in less stable cell membrane and
decrease in the quality of myelination. Second mechanism may be related to the
decrease in ubiquinone amount in Schwann cells because the inhibition of cholesterol
synthesis by Simvastatin takes place in mitochondria. Since ubiquinone is an
important antioxidant in both mitochondria and lipid membrane, increase in the
amount of reactive oxygen species and impairment energy metabolism are expected
(Baker and Tarnopolsky, 2001). Third mechanism may be related to the reduction of
small GTP binding proteins responsible in synthesis of transfer RNA and
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glycoproteins. Forth mechanism may be related to the decrease in prenylated proteins
since they are effective in signal transduction, myelination, cytoskeletal dynamics
and proliferation and may lead to apoptosis (Dirks and Jones, 2006)

According to the literature, four main parameters are valid in the incidence of statin
induced diseases as the applied statin dose, the length of the treatment period, the use
of statin with or without other drugs and the lipophilicity of the statin (Rosenson et
al., 2004; Ozek et al., 2007; Otruba et al., 2007).

It was previously reported that health professions might unnotice peripheral
neuropathy in patients treated with statins (Chong et al., 2004; Daglioglu et al.,
2010). This may be due to the fact that long-term use of Simvastatin cause clinically
silent damage to lower limb peripheral nerves until the examination of late responses
(Otruba et al., 2007).

In conclusion, the study shows a considerable decrease in both lipid and protein
content of the sciatic nerve up on the exposure of high dose simvastatin treatment.
The decrease in protein content implies the protein breakdown and decrease in
protein synthesis in Simvastatin treated sciatic nerve. Since those structural changes
affect negatively the function and stability of peripheral nerves in molecular aspect,
patients treated with Simvastatin should be monitored also in terms of peripheral
neuropathy.
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