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ABSTRACT

INVESTIGATION OF THE THERAPEUTIC EFFECT OF SODIUM BUTYRATE
IN CACO-2 COLON CANCER CELL LINE
BY USING ATR-FTIR SPECTROSCOPY

Celik Buket

M.Sc. in Micro Nano Technology

Supervisor: Assoc. Prof. Dr. Alpan Bek
Co-supervisor: Dr.Nihal Simsek Ozek

January 2018, 59 pages

Sodium butyrate (NaBt), as one of the HDACi, has been demonstrated that it induces
apoptosis, cell cycle arrest, the inhibition of angiogenesis, metastasis and gene
expression changes. To date, there are several studies perfomed to investigate its
therapeutic effect; however, theexact mechanism at molecular level is not clear yet.
Therefore, the current thesis was aimed to clarify the action/theurapeutic potential
mechanisms of sodium butyrate in Caco2 colon cancer cell line at molecular level
using ATR-FTIR spectroscopy, quantitative spectral and chemometric analyses.
3mM, 6mM and 9mM doses of sodium butyrate were applied to Caco2 cell line line
for 12h, 24h and 48 h. According to the results, NaBt treatment caused an increase
in the unsaturated lipids, impying elevated lipid peroxiation. Moreover increased
saturated lipids, membrane fluidity/dynamics and esters and triacylglycerols were
obtained in NaBt-treated groups with respect to the control ones. However, NaBt
induced a degradation of proteins and nucleic acids. HCA and PCA results indicated
that in all studied doses, there was a clear distinction between studied groups in a

time dependent manner. The results of the current study implied that sodium



butyrate may have therapeutic potential by structural and functional remodelling of

cancer cells.

Keywords: Caco2, colon cancer, molecular level, ATR-FTIR, PCA, HCA
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SODYUM BUTERATIN CACO2 KOLON KANSERI HUCRELERI
UZERINDE TERAPATIK ETKISININ
ATR-FTIR SPEKTROSKOPiSi KULLANILARAK INCELENMESI

Celik Buket

M.Sc. in Mikro Nano Teknoloji

Tez Yoneticisi: Dog. Dr. Alpan Bek
Ortak Tez Yoneticisi: Dr.Nihal Simsek Ozek

Ocak 2018, 59 sayfa

Sodyum Biiterat, HDACi’lerin bir ¢esidi olup ¢ogalma, diferansiyasyon, hiicre
siklusu arresti, anjiyojenez engellemesi, metaztaz ve gen ekspresyonunu
indiiklemektedir. Su zamana kadar, terapatik etkileri ile ilgili ¢esitli ¢alismalar var
olup, molekiiler diizeyde etki mekanizmasi bilinmemektedir. Bu tezin amaci
aksiyon/terapatik potensiyel mekanizmasini Caco2 kanser hiicreleri lizerinde ATR-
FTIR spektroskopisi kullarak spektral ve kemometrik analizler ile gostermektir.
3mM, 6mM ve 9 mM dozlerinda sodyum biiterat 12s, 24s ve 48s etki siireleri ile
Caco2 hiicrelerine uygulanmistir. Aldigimiz sonuglara gore NaBt tedavisi doymamis
yaglarin yogunlugunda artiga sebep olup, bunun sebebi olarak da yag peroksidasyonu
gosterilmistir. Buna ek olarak, doymus yaglardaki, hiicre zar1 akiskanligi/dinamigi,
ester ve trigliseritte kontrol grubuna goére tedavi edilmis grup artis gostermistir.
Bununla birlikte, NaBt Reaktif Oksijen Tiirleri (ROS) olusumunu indiiklemis ve
zamana bagl olarakprotein ve niikleik asitlerin azalmasina yol agmistir. HCA ve
PCA sonuglar tiim caligilan gruplarda net bir ayrimin gozlemlendigini belirlemistir.
Bu sonuclar ile NaBt’in kanser hiicrelerinin yapisal ve fonksiyonel tekrar

modellemesi i¢in kullanilabilecegi sdylenebilir.
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Anahtar Kelimeler: Caco2, kolon kanseri, molekiiler seviye, ATR-FTIR, PCA,
HCA
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CHAPTER 1

INTRODUCTION

Colorectal cancer is one of the most common cancer types which accounts for over
9% of cancer cases. It has been the third most common cancer around the World and
fourth main cause for death. It does not differentiate between man and women with
the highest rates around the countries as Australia, New Zeland, US and Europe.
South Africa, China and India are the countries that has the lowest colorectal cancer
rates (Haggar et al. , 2009). In Melbourne, Australia, a comprehensive study has
showed that hypertension, stroke, chronic arhritis, heart disease, chronic chest
disease and hemorrhoids are the most common symptoms for the colorectal cancer
(Kune et al. , 1988). Recent studies proved that histone deacetylases inhibitors

(HDAC:) are considered as a powerful drug for colorectal cancer.

In this thesis, therapeutic effects of three different doses of sodium butyrate
(3mM,6mM and 9mM) has been investigated with different time depencies (12h, 24h
and 48h) by using ATR-FTIR spectroscopy based on spectroscopic and unsupervised

chemometric analysis.

1.1. Histondeacetylases

The DNA sequence is the provider for the genetic code of the proteins. Expression
and suppresion of the transcription process is determined by the chromatin structure
which is also referred to epigenetic gene regulation. Acetylation/deacetylation of the
core histones are one of the most researched areas for the epigenetic modifications.
Normal cell growth has been highly associated with the balance between acetylation
and deacetylation. Structural alterations cause abnormal cell growth that may lead to

cancer. (Marks et al. , 2004)

Epigenetic modulations play a crucial regulatory role in cell biology. DNA is

packaged into an organized structure, the nucleosome, in the context of gene



regulation. Nucleosome consists of a DNA strand wrapped around the core of eight
histone proteins. Each histone has N-terminal tails which extents outward through
the DNA strand. These histone tails have amino acid residues that can be modified
by post-translational acetylation, methylation and phosphorylation. Through these
processes, secondary structure of these histone tails are modified. Furthermore, this
modification leads to an increase in the distance between histones and DNA. Due to
this distance increment, the accessibility of transcription factors to gene promoter
regions is increased. For decreasing the accessibility, deacetylation, demethylation
and dephosphorylation can be occured.

Both developmental and regulatory cell processes are significantly influenced by
histone modification, which may lead to diseases like cancer. Histone acetyl
transferases (HAT) is responsible for histone acetylation and histone deacetylases
(HDAC) is the enzyme responsible for the removal of the acetyl groups. HDAC
inhibitors are considered to have a significant potential for the cancer treatment. In
the figure below (Figure 1), HDACS6 is attached to Heat Shock Protein 90 (HSP90)
which enables it to bind to cancer protein X. With the usage of HDAC inhibitor,
HDACG6 can be inhibited so cancer protein X can be released and degraded

!-a

H DAC
|nh|bltnr
cancer
/ rotein

0 D degradation
0o

Figure 1 HDAC inhibiton (Taken from Lane et al. , 2009)

1.1.1. Classes of HDACi
In order to understand HDAC inhibitor classification, HDAC classification must be

done first.
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There are two types of HDAC enzymes: Zn dependent and NAD" dependent which
means that one group needs Zn as cofactor while the other group needs NAD". Zn
dependent HDACs can be divided into two classes as Class I and Class II. NAD"-
dependent HDACs have only Class III (Table 1).

Table 1 HDAC classification (Taken from Saharan et al. , 2011)

Zn -Dependant HDAC NAD- Dependant HDAC
Inhibited by TSA Inhibited by Nicotinamide
ClassI Class II Class ITI

HDAC1 HDAC 4-7 SIRT 1-7

HDAC2 HDACS9

HDAC3 HDAC10

HDACS3

HDAC11

Class 1 HDACs are homologous to the yeast RPD3 protein and it is primarily
detected in the cell nucleus. However, HDACS8 can be found in the cytoplasm or
membrane. Target histones have relatively small aminoacids and carboxy terminal
extensions. Due to these reasons, Class I selective enzymes play a significant role in
cell survival, proliferation and differentiation.

Class II HDACs are homologous to the yeast Hdal protein which are larger than
Class I and typically plays role in both histone and non-histone proteins. Class II
ones have more tissue specific regulatory function than Class I ones which are
expressed in a limited cell type and either shutters between the nucleus and
cytoplasm and in some situations, mainly stay in cytoplasm.

Class III is also called as sirtuins which are homologous of the yeast protein Sir2.
The purpose of the Class III enzymes is to regulate gene expression as a response to
cellular redox status changes (Dokmanovic et al. , 2007).

HDACi can be classified as hydroxamates, cyclic peptides, aliphatic acids and
benzamides. Hydroxamate class can transform cell proliferation at nanomolar

concentrations (



Table 2). The cyclic peptide class is a complex group that contains depsipeptide,

apicidin and the cyclic hydroxamic acid-containing peptide group of molecules and it

is also active in nanomolar concentrations like hydroxamates. The aliphatic acid class

consists of relatively weaker inhibitors and they become active in milimolar

concentrations (Marks et al. , 2004).

Table 2 HDAC inhibitors (Taken from Bolden et al. 2006)

Class

Short-chain
fatty acid

Hydroxamate

Benzamide

Cyelic
tetrapeptide

Electrophilic
ketone

Miscellanecus

Compound
Butyrate

Valproic acid (VPA)
AN-9 (prodrug)
Trichostatin A (TSA)

Suberoylanilide hydroxamic
acid (SAHA Vorinostat)

PXDO101
Creamflatin
LACE4
LEH589

m-carboxycinnamic acid bis-
by drosxamide (CEHA)

Scriptaid
Pyroxamide

Suberic bishydroxamic acid
(SBHA)

Az elaic bishydroxamic acid
ABHA)

SK-7041

SK-7068

CG-1521

Tubacin

M5-275

Cl-994 {tacedinaline)
Depsipeptide
Trapoxin A

Apicidin

CHAPs

Trifluoromethylketone

Depudecin
MGCD-0103

[range]
mi
mid
uM

nid

M

E EEE EEEEER

3
=

EEER

uh
n
ni
ni
ni
uM

HDAC specificity
Class|. lla*

Class | lla*=

MAA

Class|. I

Class |, 1™

Class|. I
MAA
Class|. I
Class|. I
MAA

MA
Class |, unknown effect on class II'™
A

MAA

HDACs 1 and 2+

HDACs 1 and 27

MA

Class [Ib™

HOACs 1, 2.3, 8 (marginally
WA

Class =

Class |, lla™

HOACs 1 and 3, not HDACE™®
Class [7#

WA

Class |, unknown effect on class |7
Class 17

Clinical trials
Phase L1l
Phase I, 1l
Phase I, 1l
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(pre -registration)

Phase |
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Phase |
Phase |
MAA

M A
Phase |
T

MAA

WA

MAA

MAA

MR
Phase I, Il
Phase L, 11, 111
Phase L1l
MAA

MAA

MR

MAA

M A
Phase |



1.1.2 Histone deacetylase inhibitors in cancer research

Histone deacetylases have been investigated over the last decade for mainly two
reasons. One of them is, they have been associated with the pathogenesis side of the
cancer. The second reason is that their ability to interfere with HDAC activity and
lead to significant biological changes. This ability has been tested and verified by
clinical trials with encouraging results with time and dose dependent manners

(Minucci et al. 2006).

1.1.3 The cellular effects of HDACi

The cellular effects of HDAC mostly related their inhibitor effects of histone acetyl
transferases (HATSs) activity which plays a significant role in gene expression.
Therefore, mutations occured in HDAC codes may cause tumor development. The
reason behind this hypothesis is that HDAC codes regulate significant cellular
functions like cell proliferation, apoptosis and differentiation. Replication of the
genetic material and cell division results in two daughter cells, is the simple
definition of cell proliferation of mammalians. On the other hand, termination of cell
differentiation is the loss of cell proliferation potential. Regulation of cell
proliferation and differentiation is both done by growth stimulatory and growth
inhibitory factors. (Antonio, 1988) For this reason, HDACi are investigated for
regulating these processors and stopping tumor development (Ropero et al.,2007).

Therefore, they are strongly suggested as a chemotheraupic agent or adjuvant.

1.1.4 Clinical development of HDACi

The FDA, for now, has approved three of the HDAC inhibitors for T-cell lymphoma
while many of the HDAC inhibitors are still in clinical development stages. The first
drug approved is the “Varinostat-SAHA” and Zolina developed by Merck Co. Inc.
and approved in 2006. This drug is used for T-Cell Lymphoma and non-Hodgkin’s
lympoma. Structure of the Varinostat is the hydroxamic acid and it is originally used
as antifungal. The second drug is approved in 2009 and it is the “Romidepsin” which
is developed by Gloucester Pharmaceuticals. This drug is also used for T-cell
lymphoma. Romidepsin is produced with the isolation from Chromobacterium

Violaceum cultures. The third drug is the “Belinostat” which is developed by



Spectrum Pharmaceuticals and it is approved in 2014. It is used for refractory T-cell

lymphoma. (Rashidi et al. , 2015).

1.1.5 Sodium Butyrate as a HDAC inhibitor

Butyrate is normally produced in healthy human colon by anaerobic bacterial
fermentation and it is a short-chain fatty acid. The rate of butyrate formation is
mostly influenced by diet. It has been well known that a range of biological
processes are strongly influenced by butyrate .Moreover, the butyrate and its
analogues can be used to treat human diseases like cancer and bowel inflammatory

diseases. From many studies, butyrate is claimed to inhibit colon cancer development

(Kaboyashi, 1998).

1.1.6 Sodium Butyrate: a HDAC inhibitor in cancer research

In 1970s, Sodium Butyrate (NaBt) is reported as halting DNA synthesis, initiates cell
proliferation, differentiate cell morphology and cause an increase or a decrease in
gene expression. Ingram and his colleagues discovered that sodium butyrate caused
an increasedacetylated histones in HeLa and Friend eryhtroleukemic cells (Davie,
2003). There is still little information about the metabolism of butyrate in cultured
colon cancer cells. The reason for this is that butyrate arrests the growth of colon
cancer cells rapidly to some extent. Studies with limited data showed that
differentiated Caco2 cells used butyrate faster than nondifferentiated Caco2 cells. In
one of the studies, Caco2 cells treated with NaBt for 72h at various stages of
differentiation. The results showed that NaBt induced apoptosis in predifferentiated
Caco2 cells and not in differentiated ones. According to these results, it is stated that
NaBt may play a crucial role in inducing apoptosis. In some studies, butyrate reduced
tumorigenesis in vivo which can be stated as evidence that NaBt can reduce the colon
cancer risk. For humans, there is an indirect proof for the protective role of butyrate
on colon cancer which is a lowering effect of butyrate on polyps as compared to the
control group (Kobayashi, 1998). Moreover, various antiproliferative effects of NaBt
have been demonstrated o in colon cancer cell cultures The effects of butyrate on
cell cycle progression including growth arrest in G1 phase and the induction of

terminal differentiation have been also indicated. In addition to these, among the



differentiated mammalian cells that are in cell culture, NaBt has been reported to
alter the cell membrane composition, enzyme activity changes and gene expression

modulations (Toscani, 1988).

1.1.7.HDAC: s in Colorectal Cancer
In Wiechert et al. study, the lack of translational information by HDAC-Class 1

isoform expression functions and patterns with colorectal tumors are studied. The
aim of this study was to specify HDAC isoforms that are significant for
tumorigenesis of colorectal cancer. The results showed that class-1 HDACs
especially HDAC2 (HDAC-1, P =0.008; HDAC-2, P = 0.017; HDAC-3, P = 0.005)
played a significant role for survival rates in colorectal cancer (Weichert et al. ,
2008). From this study, we can conclude that HDACi should be chosen accordingly
for the class of HDAC:s.

1.2.2.1 Sodium Butyrate as a HDAC inhibitor and Colorectal Cancer

The mechanism underlying the influences of NaBt on the cell functions has not been
elucidated yet; however, it is considered that its effect is on the regulation of gene
expression and it is mostly deacetylation of histones. NaBt have other effects besides
deacetylation of histones, such as the alteration of DNA methylation, the intracellular
kinase signalling modulation and the inhibition of histone phosphorylation. However,
studies showed that cancer cells are more sensitive to HDAC inhibition. The effect of
NaBt on the plasminogen/plasmin system has been demonstrated (Brumer et al. ,
1981). Correlation between the increase in tumour and serum levels of PPS and
invasive tumour cell phenotype has been found. Both in vivo and in vitro studies
showed that NaBt decreased the plasminogen activator activity by balancing the
components of the PPS. Other effects of NaBt in multiple colonic cancer cell lines
are the enhancement of the detoxifying enzyme glutathion-S-transferase activity. In
addition, NaBt also may inhibit the tumour cell migration due to the inhibition of the
decy-accelarating factor expression. The last effect is due to the modulation of the
vascular endothelial growth factor and hypoxia-inducible factor which are
angiogenesis related protein and the modulation of these proteins, leading to the

inhibition of tumour-induced angiogenesis (Brumer et al. , 1981).



In the Figure 2, the effects of sodium butyrateon the MCF-7 human breast carcinoma
cells, which is the induction of the cell death, are shown This is a time-dependent
study in which cells are given 3mM sodium butyrate and cells are treated for 0 h in
(a), 24 h in (b) and 48 h in (c) and (d). It can be seen that in (d), cell death has
occured for 3 mM 48 h treated case. Living cells (green), dying cells (yellow), and

dead cells (red) and image are produced by two-colour fluorescence cell viability

assay and it is photographed under a Zeiss fluorescence microscope with exitation at

495nm (Soldatenkov et al. , 1998).

Figure 2 NaBt effect on human breast carcinoma cells (Taken from Soldatenkov et

al. , 1998)

1.3. Spectroscopy

Spectroscopy studies the interaction between the EM light and the matter, dependent
on the wavelength. The result of this interaction leads to different peaks at different
wavelegths, which is called as spectrum. Spectrum is a function of wavelength and it
is used to identify samples and its ingredients. Photons are grouped as UV, VIS,

NIR, IR, terrahertz etc. within the electromagnetic spectrum (Figure 3).
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Figure 3 Electromagnetic spectrum (Taken from
https://nationalmaglab.org/images/about/around _the lab/faraday cage/faradaycage-

emspectrum. gif)

Transition between energy levels of the electrons are caused by the interaction

between the EM wave and the matter.

The total energy of the molecule can be expressed as in [1]:

E

molecular

=E

glactronic + Eub-rﬂtmﬂrzi! + rotational + translational [1]

Electronic, rotational and vibrational spectroscopy is based on the quantization of the
energies. The “molecule” refers to a stabilized system with nuclei and electrons. If

the proton and electron numbers are inequal, the system is called as molecular ion.

Transition between electronic energy levels result in UV absorption, vibrational
levels result in VIS/IR, rotational levels result in mm wave region. So, infrared

spectroscopy studies the changes in vibrational levels.



1.3.1 Infrared Spectroscopy

Infrared spectroscopy is one of the most significant techniques that scientists use in
the last decades. Samples in any state (liquid, powder etc.) can be studied non-
destructively which provides an important advantage. Infrared spectrometers are on
the market since 1940s. It first started with dispersive spectrometers that contains
prisms or gratings. Application of Fourier Transform to spectroscopy is an important

step to scan samples quickly with high scan rates (Stuart, 2004).

IR spectra gives information about molecular vibrations. The most commonly used

infrared region is 400-4000cm™. For biological materials, most significant regions

are:

e Fingerprint region: 600-1450 cm™!

e Amide I and Amide II region: 1500-1700cm’!

e Stretching vibrations (e.g. S-H, C-H, N-H and O-H): 2550-3500cm™ (Baker
et al. , 2014) (Figure 4).
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Figure 4 FTIR spectrum and corresponding changes (Taken from Baker et al. , 2014)
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Figure 5 Molecular vibrations (Taken from
https://skcchemistry.wikispaces.com/file/view/IR %20interactions.JPG/439462460/80
0x473/IR%20interactions.JPG)

A molecule consisting of N atoms have 3N degrees of freedom in the 3-dimensional
space. There are 3 translational and 3 rotational vibrations (Figure 5) so a molecule
have 3N-6 degrees of freedom however, if it is linear, it will have 3N-5 degrees of

freedom.

1.3.1.1 Fourier Transform Infrared Technology

Before FT, spectrometers consisted of prisms and gratings that disperse light and
then detects separately each wavelength. After that, spectrometers are used with
Michelson interferometer, which all wavelengths enter to interferometer and detected
together and than fourier transform is applied and given result is given in the

frequency domain.

The Michelson interferometer (Figure 6) was invented by Albert Michelson in 1893

and it is the best example for amplitude-splitting interferometry.
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Figure 6 Michelson interferometer (Adapted from

http://vlab.amrita.edu/?sub=1&brch=189&sim=1106&cnt=1)

S is a monochromatic source and beam splitter (BS),oriented at an angle 45°, divides
the light coming from S into two beam with equal intesities. One part of the beam is
transmitted (T) to mirror M; and reflected back to BS. After that, beam splits again
and 50% of the beam strikes the screen (E). The other part of the beam is reflected
(R) to mirror M2 which reflects it back to BS and then 50% of the beam reaches to

the screen.

The reflective surface of the BS is on the lower right which cause the beam that is
undergoing reflection at M passes BS three times however, the beam reflected from
M, passes from BS just once. Furthermore, the optical path length depends on glass
plate’s index of refraction which is the cause of optical path difference. In order to
compensate this phenomenon, a glass plate CP is placed that has the same thickness
and index of refraction is placed between M and BS. The recombination of these
two beams interferes and creates fringes on the E. The constructive and destructive
interferences of these two beams are caused by the relative phase differences.

2mx
A

Phase difference &6 = — = ZA—T 2ndcos@ [1]
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Intensity maxima is obtained by the following condition in [2].

§=12n I=0+1,42,43.. [2]
Merge [1] and [2] so we have [3];
1A = 2ndcos(f) [3]

Assume the rays propagates in the direction of the optical axis =0 and medium is

vacuum n=1.
Then the equation [1] becomes x=2d.
Intensity of the inteference of the two equal electromagnetic beams:

F = 2I,[1+ cos(2mv2d)] [4]

If the optical path difference is given as x, the infinitesimal spectral element between
vHdv :
dF(x,v) = 2E(v)[1 + cos(2mvx)]dv [5]

F(x) = EJ. E(v)[1+ cos(2Zrvx)]dv [6]

0

Constant term is:

oo

%F[D] =Zf E(v)dv [7]

o

I(x) can be found with subtracting [7] from [6] which is:

I(x)= EJ. E(v) cos(2mvx) dv [8]
0
[8] is what we call as “interferogram”.

Since E(v)=E(-v);

oI

I(x) = J- E(v)cos(2mvx)dv = J. E(v)e'*™™dy = F{E(v)} [9]

— oo

I(xj=J. E(v)e®™ dv = F{E(v)} [10]
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E(v) = fmf[x]e_““xdx =F HI(x)} [11]

Seen by the equations [10] and [11] with the change in optical path difference, one

can switch to frequency space with taking inverse Fourier transform.

There are six main advantages of using interferometer beside the dispersive

techniques:

Firstly, measurements can be done simultaneously which is known as Felgett
Advantage. Rapid collection of the complete spectrum and multiple scans in
shorter time durations are provided.

The second advantage is the throughput advantage which is also known as
Jacquinot advantage. For dispersive techniques, enery throughput is
boundered by the number of slits however, for interferometric techniques
higher SNR is achieved with shorter time periods.

The third advantage is known as Connes advantage which is the internal
reference fort he each scan is provided by the HeNe laser. The wavelength of
this laser is well known and calibration can be done much more accurately
which provides long term stability rather than dispersive techniques.

The fourth one is that interferometer modulates each wavelength of the source
which provides lower stray light.

The fifth advantage is the constant resolution which is defined by the
Jacquinot stop aperture size and it does not change during the data collection.
However, for the dispersive methods, optimization is made by adjusting the
width of the slits during the scan, SNR stays constant while the resolution
changes. But for the interferometer, SNR varies across the spectrum while the
resolution is constant.

The last advantage is that there are no discontinuities in the spectrum since

there are no gratings (Antolasic, 2009).

1.3.1.2 Attenuated Total Reflection Mode in FTIR Spectroscopy

Attenuated total reflectance (ATR) is one of the most used FTIR sampling technique.

ATR provides easy sample preparation for both qualitative and quantitative analysis.

14



A relatively higher refractive index crystal is used while IR beam directed onto the
sample. Due to the change in refractive index, the IR beam reflects from the crystal’s
internal surface and creates an evanescent wave. Created evanescent wave projects
into the sample while it is in intimate contact with the ATR crystal. One part of the
energy of the evanescent wave is absorbed by the sample while some of them are

reflected onto the crystal(Pike Technologies, 2011) (Figure 7).

Bulk sample
Evanescent wave

ATR Crystal

Figure 7 Single refraction ATR (Adapted from Pike Technologies,2011)

ATR can measure the changes that happen when internally reflected IR beam
contacts with the sample. The main idea to have a higher refractive index crystal is to
create evanescent waves that extends beyond the surface. The created evanescent
waves protrude only few microns into the sample. This means that sample should be

in direct contact with the crystal, otherwise waves may not reach into the sample.

Accordingly with the sample’s nature, some part of the energy in the infrared
spectrum is absorbed so the evanescent wave can be attenuated. This attenuated wave
then exits from the other end of the crystal and detected by the IR detector. With the
signal that detector get, an infrared spectrum is created (Perkin Elmer Technical

Note, 2005).

So what is an evanescent wave and how is it created? It is all about the phenomenon

of total internal reflection.
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Figure 8 Refraction (Adapted from
http://www.ece.rice.edu/~gtn1/ELEC262/pdf/lecture14.pdf)

Snell’s law:

n,sinf, = n.sind, [1]

8, =sin! (ﬁsin Ei) [2]

1,
n;: incidence side refractive index
n¢ transmission side refractive index
0i : Incident angle

0 : Transmission angle

T

Total internal reflection (TIR) occurs for the case &, = >

Using the Equation [3], it is clear that sin &, = 1 which makes cos &, an imaginary

number.

By using Euler formula, wave can be described as Equation [4]:

Er _ Eue:',ﬁc)n:g—wt) [4]
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2D interpretation of Equation [4] is Equation [5]:

E.' — EDEEIE'E_H{_F";_W:) [5]

E:Electric field
k:Wavenumber
X,y: Position
w: Angular frequency
t:Time
c:Speed of light
k can be stated as Equation [7]:

W

k| = [6]

o
Through inserting Equation [7] into Equation [6] and solve it for the imaginary
cosf, = i&:

RE{E}=E{;CDS($ sinf,y — wt)e_ﬁ:ifx [7]

Cosinus part of the Equation [7] states that it is planar wave propagating in y
direction, while exponential part states an exponential decay in the x direction. This
is a localized wave which does not propagate in space and it is also known as

evanescent waves.

1.3.1.3 Infrared Spectroscopy on Cancer Cells
The promising areas that FTIR spectroscopy can be used for cancer research are

(Sahu et al. , 2005):

e To differentiate healthy and cancerous cells, tissues in organs such as breast,
liver, colon etc., Lewis et al. states that in fingerprint region FTIR
wavenumbers can interpret the glycogen levels that discriminates the
adenocarcinoma tumours from normal tissue (Lewis et al. , 2010).

e To monitor in tissue level, abnormal cell growth and proliferation.Mourant et
al. investigated the changes in the mammalian cells to find out whether they
are in the exponential or plateau phase of growth by using FTIR . They have
found out that the average absorbance per cell is lower in the pleateu phase
than exponential phase of growth that can be measured by FTIR
spectroscopy. (Maurant et al. , 2003)
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e To distinguish abnormalities in cell-cell scrapings from small organs like
thyroid etc., Cohenford et al. has evaluated the cervical samples of 22 women
and 10 of them has no history of cervical cancer. Their datashowed that mid-
IR spectra between malignant and normal cervical samples differ
significantly (Cohenford et al. 1998).

e To monitor the effect of chemotherapic effects of agents/drugs on tumor
growth. Singh et al. have conducted two sets of experiments, in the first set,
they have shown that the FTIR provides a fast sampling for investigating the
modification due to propionylation. In the second set, they have demonstrated
that with FTIR, APAP induced hepatotoxicity can be detected and
diagnosed(Singh et al. , 2012).

In addition, IR spectropy is useful tool to study biofluids like saliva, serum, urine or
blood to obtain results rapidly and non-invasively while the samples are easily

prepared (Baker et al. , 2014)

Here are several studies that used infrared spectrocopy for the cancer research:

In 1990, Rigas et al. proved that there is a difference between the FTIR
spectrabetween normal and cancerous tissues that are resected from 11 colon cancer
patients. They proposed that there is a change in band intensities at certain
wavelengths, especially the wavelengths that correspond to phosphates and nucleic
acid bands (Rigas et al., 1990).

In 2002, Argov et al. demonstrated a comparison that directly shows the difference
between normal and cancerous samples/tissues that are removed from polypoid
lesions in three patients. They claimed that the FT-IR signal demonstrates the
biochemistry change that occurs in early neoplastic change in adenomas. 24 patients
were included in the study which generates 300 spectra to analyze. Artificial
neuronal network analysis was used for spectral analysis to create a prediction model
and differentiate the morphological differences. From the peak analysis that are
performed on only 3 patients, RNA/DNA ratio was observed results showed that it
increase with the malignancy (Argov et al., 2002).

In 2005, Li et al. showed the results for their in vivo study on colon. Although a

small number of samples were included, with the use of fibre-optic ATR FTIR
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spectroscopy, results showed that there is change in bands especially of carbonyl,
methylene and methyl (Li et al.,2005).

In 2009, Kendall et al. took a section of cancerous tissue and produced a variety of
false color maps to compare these images with different computer techniques. They
produced detailed spatial information for comparison (Kendall et al., 2009).

In 2015, Griggs et al. , identified biomolecular information from the maps, to make
the comparison between normal, cancerous or inflammated in the tissues (Griggs et

al., 2015).

1.3.1.2 Multivariate Analysis in Biospectroscopy
There are two unsupervised methods for pattern recognition which are Hierarchical

Cluster Analysis (HCA) and Principal Component Analysis (PCA).

Biological system’s FTIR spectra is quite complex due to the overlapping absorption
of biomolecules. This is the challenge for extracting non-redundant and important
information from the spectra. So, it is necessary to apply multivariate analysis to

process this high-dimensional data (Ami et al. , 2012).

Quantitative Analysis

Hierarchical Cluster Analysis

HCA groups the samples in a plot called dendogram by calculating the distance
between them. Distance calculation can be done by utilizing different methods like
Manhattan, Euclidean or Mahalanobis distance using the equation [1] for

Mahalanobis,[2] for Manhattan and [3] for Euclidean:

[
, | T e
Distance = (x,—1) c7Yx+Y) [1]

Xj and Yjare column vectors for objects 1 and j while C is the covariance matrix.

v
Distance = ZlXE- — Y [2]
i=1
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Where X;and Yj are vectors.

Distance =~/(X; — ¥+ (X, + ¥,)? + -+ (X, — V) [3]
Where X, and Yn are the n'" dimeonsional coordinates of sample X and Y.

1.2 1.0 0.8 0.6 04 0.2 0

F

Figure 9 Example of a dendogram (Taken from Santos et al. , 2004)

Samples that belong to group A has a distance 0.2 from each other. Sample B is
distanced 0.5 from the cluster. The distance value may change with the method used

for calculation (Santos et al., 2004) (Figure 9).

Principal Component Analysis

Using few axes in the row plot, PCA presents the distances between the points. Aim
is to find similarities and differences between these samples. In the Figure 10, PC1
and PC2 is used. PC1 represents the major points while PC2 represents the remaining
points. Sum of PC percentages are always close to 100% and PCs are always

perpendecular to each other (Santos et al., 2004).
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Figure 10 Clustering by PCA (Taken by Santos et al. ,2004)

Qualitative Analysis

There are three main parameters that were calculated from infrared spectra which are

band area, bandwidth and frequency values.

Band Area Analysis
Band area can be calculated from smoothed and baseline corrected spectra
which gives concentration information. Also, ratios of these band areas can be

examined to determine the changes in relative concentrations (Genc, 2014).

Bandwidth Analysis

Bandwidth values are calculated by taking 80% of the height of the signal
which gives the dynamic information about the biomolecules. As an example,
for the C-H region, bandwidth alterations gives membrane fluidity
information while in protein region it gives information abour overall protein

mobility (Genc, 2014).

Frequency Analysis
The wavenumber value that corresponds to the center of weight and shifts in

position provides structural information about biomolecules (Genc, 2014)

1.4 Aim of the Study
Colon cancer is the one of the most significant cause of death in the western

countries. Every year, 492,000 people die because of the colorectal cancer while

945,000 people added as estimated new case. In men, it is the third most common
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cancer after lung and prostate cancer. In women, it is the third most common cancer

after breast and gynecological cancers. (Geng, 2014)

There are many studies that investigate the effect of NaBt and other HDACi
inhibitors in genetic level while there is a need for new studies for elucidating
structural and functional alterations occured in cancer cells. For this reason, this
study was aimed to investigate the therapeutic effect of NaBt in structural and
functional level with the use of ATR-FTIR spectroscopy based on spectroscopic and

unsupervised chemometric analysis.
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CHAPTER 11

MATERIAL AND METHODS

2.1 Cell Culture and Growing Conditions

Caco-2, the human epithelial colorectal adenocarcinoma cells were purchased from
SAP Enstitiisii (Ankara, Turkey) and kept according to the ATCC guidelines. They
were grown in Eagle’s minimum essential medium including 1.5 g/ sodium
bicarbonate, 1 mM sodium pyruvate, 12 mM L-glutamine, 0.1 mM non-essential
amino acids, 20 % FBS and 1 % penicillin-streptomycin. Growing cells were kept at

37°C in a 5% CO2/95% air atmosphere.

2.2 Sodium Butyrate Treatments

100 mM Sodium butyrate (Sigma, B5887 ) stock solution was freshly prepared by
dissolving in in tissue culture grade PBS and stored at +4°C up to 1 week. Cells at
75-80% confluency were treated with 3 mM, 6mM and 9mM sodium butyrate and
cultured for 12 h, 24h and 48h.
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2.3 ATR-FTIR Spectroscopic Study

2.3.1 Sample Preparation
Control and sodium butyrate treated cells were grown and harvested at 6

independent times.

For ATR-FTIR experiments, cell pellet was obtained by through growing cells until
proper consistency which is 75-80%. Cells were trypsinized from the T-75 flasks and
their number was determined by using a hemacytometer. Control and treated cells
were taken and centrifuged at 100g for 5 minutes. After taking away the cell
medium, 6 ml PBS was added onto each pellet and centrifuged again under same
conditions. Finally, cell pellet was resuspended with 10 pl 0.9% PBS solution and

this suspension was used as a sample for ATR-FTIR experiments.

2.3.2 Data Acquisition

The one-bounce ATR mode in a Spectrum 100 FTIR spectrometer (Perkin-Elmer
Inc., Norwalk, CT, USA) equipped with a Universal ATR accessory were used for
the collection of the IR spectra of the cells. To check the consistency of the
sample spectra, 3 technical replicates of each independent sample in the studied
groups were used. Basically 2 million cells/ technical replicate was directly put on
the ATR crystal. To remove unbound water from the sample, it was dried with mild
N, gas with a constant flow. Spectra of each sample were collected at 4 cm

resolution, 50 scans, in the 4000-650 cm™ spectral region.

2.3.3 Spectral Data Analysis
Spectral data analysis has been done by using OPUS 5.5 software (Bruker Optics,
GmbH). The second order derivative spectra were used for discriminating
superimposed and unresolved IR bands. Absorption maximums become minima in
the second derivative, therefore, minimum positions were taken as IR peaks. To
conclude, in order to make the band intensity, bandwidth and frequency analysis;

the second derivative order of the cell spectra were taken and subsequently

vector normalized in two IR regions (3050-2800 cm'l, 1800— 8000m'1).
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2.3.4 Chemometric Analysis
Discrimination based on spectral alterations between control and Sodium Butyrate-
treated cell groups were made by performing Hierarchical cluster analysis (HCA)

and Principal Component Analysis (PCA).

For both HCA and PCA, Unscrambler X 10.3 (Camo Software AS) has been used.
For HCA, second derivative vector normalized spectra at 4000-650cm™ spectral
region was used. Pearson’s correlation coefficients were used for calculating the
spectral distances between spectral pairs. Dendogram was constructed by using
Ward’s algorithm and the separation between control and treated groups was based

on Euclidean distances.

For PCA, like HCA, second derivative vector normalized spectra at 4000-650cm™
spectral region was used. Discrimination between the control and treated groups was
shown as score plots. The origin of the discrimination in terms of spectral variations

between groups was demonstrated in loading plots.

2.4 Statistical Data Analysis

The mean was calculated from 6 independent FTIR spectra for this research. Results
were given with the mean standard error. To evaluate the statistical significance of
the spectral results for control and NaBt treated group, Student-t test was used.
Significance was chosen as p values equal to or less than 0.05 for differentiation of
the results of sodium butyrate treated group from the control group. Significance

degree was denoted as* p<0.05,** p<0.01, ***p<0.001 and ****p<0.0001.
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CHAPTER III

RESULTS AND DISCUSSION

Sodium butyrate, a histone deacetylase inhibitor, has been demonstrated that it
induces changes in gene expression, induction of apoptosis, cell cycle arrest, and
inhibition of angiogenesis and metastasis in multiple cancers by causing in
alterations in acetylation status of chromatin and other non-histone proteins (Ma et.
al., 2009; Rajendran et. al., 2011; Chopin et. al., 2009; Giuliano et.al., 1999).
Therefore, sodium butyrate, alone or in combination with other anti-cancer drugs and
radiation treatments, could be used to treat a number of malignant tumors (Kim et.
al., 2011; Wagner et. al., 2010; Medina et. al., 1998; Kuefer et. al. 2004). Although
there are several stuies to unravel the therapeutic potential mechanisms of this drug
at genetic level (Davie, 2003; Rada-Iglesias et al., 2004 ;Li et al., 2015) its exact
mechanism is still unclear and the clinical utility of sodium butyrate is restricted.
Therefore this work was conducted to clarify the action/theurapeutic potential
mechanisms of sodium butyrate in colon cancer (Caco2 cell line) at molecular level
using ATR-FTIR spectroscopy, quantitative spectral and chemometric analyses. The
3mM, 6mM and 9mM doses of sodium butyrate were chosen based on previous
studies (Shadan et al., 1994; Fukushima et al., 1998; Poorter et al., 2007 ). These
doses were applied to Caco2 cell line for 12h, 24h and 48 h.

3.1 Characterization of Sodium Butyrate Induced-Molecular Alterations in
Colon Cancer Cells

3.1.1 ATR-FTIR Spectroscopy

3.1.1.1 Spectral Analysis

To unravel the action mechanism of sodium butytrate on biochemical make up of
colon cancer cells, quantitative spectral analysis including band wavenumber, area

and bandwidth calculations were done in three different spectral regions: 3030-2800,
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1800-1480 and 1480-900 cm™'. The representative spectrum of control Caco2 cells
was given Figure 11. As can be seen this figure, this spectrum includes many bands
associated with the lipids, proteins, polysaccharides and nucleic acids. The

characteristic frequency values and detailed assignments of these bands were given

in Table 3.

Absorbance (A.U.)

3030 2500 2000 1500 1000
Wavenumber(cm?)

Figure 11 The represantative spectra of control Caco2 cells in the 3030-900 cm'!

spectral region.
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Table 3 Band assignments of major absorptions in IR spectra of colon cancer cell in
the 3030-900 cm™! region based on literature (Choo et al., 1995, Jackson et al.,
1998, Banyay et al., 2003, Ramesh et al., 2002, Mourant et al., 2003, Salman et al.,
2001, Diem e

Peak Wavenumber Definition of the spectral assignment
no. (cm-l)
1 3008 Olefinic=CH stretching vibration: unsaturated lipids,

CH; antisymmetric stretching: lipids, protein side
) 2958 chains, with some contribution from carbohydrates and

nnieleie acride

CH, antisymmetric stretching: mainly lipids, with the
3 2921 little contribution from proteins, carbohydrates, nucleic

aridc

CH; symmetric stretching: protein side chains, lipids,
4 2870 with some contribution from carbohydrates and

nncleie acide

CH, symmetric stretching: mainly lipids, with the

5 2851 little contribution from proteins, carbohydrates,
nucleic acide

6 1740-1744 Ester C=0 stretch: triglycerides, cholesterol esters

7 1651 Amide [: (mainly protein C=O stretching), a-helical

] 1546 Amide II: (protein N-H bending, C-N stretching),a-
helical structure

9 1468 CH2 scissoring: lipids

10 1400 COO- symmetric stretching: fatty acids
PO-, antisymmetric stretching, fully hydrogen-

11 1238 bonded: mainly nucleic acids with the little
contribution from phospholipids

12 1171 CO-O-C asymmetric stretching: ester bonds in
cholesteryl esters
PO-, symmetric stretching: nucleic acids and

13 1084 phospholipids

14 1045-1050 C-O stretching: polysaccharides (glycogen)

15 968 C-N*-C stretch: nucleic acids, ribose-phosphate main
chain vibrations of RNA-DNA

16 915 Ribose ring vibrations:RNA/DNA
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3.1.1.1.1. Lipids

NaBt induced-changes in lipid constituents of the cells were determined from the
analysis of spectral bands located between 3030—2800 cm ™! spectral region. This
region is called C—H stretching region and includes several spectral bands which are
due to the olefinic (=CH), CH> and CHj3 stretching groups. The representative
spectra of control, 3mM NaBt treated cells for 12h, 24h and 48h durations at this
region were demonstrated in Figure 12, which is used to obtain information about
unsaturated lipids (Krishnakumar et al., 2009, Gasper et al., 2009, Severcan et al.,
2005). Moreover, this band can be wused to monitor lipid peroxidation
(Krishnakumar et al., 2009, Leskovjan et al., 2010, Kinder and JM Wessels, 1997,
Gasper et al., 2009, Severcan et al., 2005). The band area results of the olefinic
band for 3mM, 6mM and 9mM NaBt treatments were given Figure 13A,B and C,
respectively. A significant increase in the band area was found for 3mM, 6 mM
NaBt treated cells with respect to control ones. Moreover, a more profound increase
in the band area of this band was obtained for 48h NaBt treatment incomparison to
the 12h and 24h NaBt treatments. These increases may be due to the increased
amount of lipid peroxidation end products, containing a =CH group. The increased
olefinic band area due to the increased lipid peroxidation end products has been
demonstrated previously by Severcan et al. (2005). The reason of this increase may
be the compensation for the loss of unsaturation by the presence of =CH groups in
lipid peroxidation end-products such as lipid aldehydes and alkyl radicals (Yin. et.
al., 2011; Liu et. al., 2002 and 2005). Therefore, the increase in the olefinic band
area was obtained instead of a decline in this parameter due to the lipid peroxidation
end products (Severcan et. al., 2005).

The increased in lipid peroxidation might be due to NaBt-induced ROS formation in
cells since ROS attacks the double bonds of unsaturated fatty acids, which can
undergo peroxidation through a chain of oxidative reactions. The enhanced ROS
production by NaBt treatment in hepatic and colon cancer cells was demonstrated in
previous studies. (Pant et. al. 2017; Tailor et. al, 2014). Tailor et al., states that NaBt
mediated apoptosis potentially involves mitochondria-mediated apoptotic pathway.
They determined the mitochondria-mediated reactive oxygen species (ROS)
generation by MitoSOX which can detect mitochondrial superoxides which can be

an indirect marker of hypoxia. In their study, 2.5Mm of NaBt treatment for 24h
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showed that 5 fold increase in mitochondrial superoxide/ROS production in SW480
cells and 2 fold increase in HCT-116 cells (Tailor et al.,2014). Moreover, the
increased lipid peroxidation in colon cancer cells by NaBt treatment was indicated
by Hossain and his colleagues (2004), confirming our results. It has been reported
that an increased lipid peroxidation inhibits cellular growth (Morisaki et al., 1982).
The growth inhibition in colon cancer cells due to the increased lipid peroxidation
was also demonstrated (Hossain et.al., 2004). Therefore, the increased lipid

peroxidation by NaBt treatment can alter the growth profile of Caco2 cell lines.

3m M 48h
24h
12h
Control
)
<
(0D}
(&)
c
@
2
(@)
(7))
0
<
3017 3000 2950 2900 2850 2800

Wavenumber(cm-1)

Figure 12 The representative spectra of control and 3mM NaBt treated Caco2 cells

for 12h, 24h and 48h in the 3017-2800 cm! spectral region.
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Figure 13 Band area of olefinic band (3008-3015 cm™) in control and 3mM NaBt
treated (A), control and 6mM NaBt treated (B) control and 9mM NaBt (C) treated
Caco?2 cells for 12h,24h and 48h.

In addition to unsaturated lipids, to elucidate the alterations in the structure,
function and amount of lipids induced by NaBt treatment, lipid associated
bands such as CH: antisymmetric and symmetric stretching bands were
analyzed (Gasper et al., 2009, Severcan et al., 2005, Turker et al., 2014a,
Ozek et al., 2014). The band area values of CH: antisymmetric stretching
bands for control, 3,6 and 9 mM NaBt treated colon cancer cells at 24, 48 and
72h were given in Figure 14 A,B and C. A significant increase in the band
area value of this band was obtained for 48h-3mM NaBt treatment. On the
other hand, a significant decrease in this value was acquired for 6 and 9 mM
NaBt treatment at 12h. At 48h, the increased band area value of this band was
obtained for 6 and 9 mM NaBt treatment. The increased lipid amount may be
due to the increased lipid biosynthesis. The increased amount of lipid in Caco2
cells with 20mM NaBt treatment was demonstrated in a previous study
(Marcil et.al., 2002), confirming our findings. On the other hand, the decreased

concentration of lipids may be due to the increased lipid degradation due to
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the increase in the lipid peroxidation (Ozek et al., 2014).
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Figure 14 Band area of CH» antisymmetric stretching bands (2921-2851 ¢m™) in
control and 3mM NaBt treated (A), control and 6mM NaBt treated (B) control and
9mM NaBt (C) treated Caco?2 cells at 12h,24h and 48h.

In order to understand the alteration in the membrane fluidity/dynamics of the colon
cancer cells with NaBt treatment, the bandwidths of the CH, antisymmetric
stretching band were measured (Turker et al., 2014a, Ozek et al., 2014, Cakmak et al.,
2006). A significant increase in this parameter was obtained with NaBt treatment
for all doses, implying the increase in the membrane fluidity (Figure 15 A, B, and
C). Normally, membranes in cancer cells have more fluidity than the normal cells
because higher membrane fluidity closely relates to proliferation, metastatic ability
and invasive potential of cancer. The increased membrane fluidity in K562 cells
with NaBt treatment was previously shown, supporting our results (Nathan et. al.,
1998). Nathan et al., stated that different concentrations of NaBt affect membrane
fluidity differently. They reported that higher dose of NaBt affects the cells
adversely, leading to an increase in fluidity. This increase is associated with the
changes in the composition of membrane lipids like cholesterol and phospholipid
and their ratios amounts (Nathan et. al., 1998). Our results also showed an increase

in the cholesterol esters and triacylglycerols amounts in NaBt treated cells
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( Figure 17).

In addition to this parameter, membrane-lipid order (acyl chain flexibility) of cancer
cells, the shifts in theband position of the same band calculated (Turker et al.,
2014a, Ozek et al., 2014) since the correlation between the lipid order and the
membrane fluidity is quite important for regulating the proper functioning of the
cells (Boesze-Battaglia and Schimmel, 1997). The wavenumber calculations for
control and NaBt treated cells were given in Figure 16 A, B and C. A shift in the
frequency of this band to higher values was obtained with NaBt treatment,
indicating an increase in the number gauche conformers of lipid molecules which
reveals a decrease in lipid order (Severcan, 1997). The relationship between lipid
order, fluidity and cell physiology is well established. The changes in these
parameters affect many processes associated with cell growth, differentiation, and
cellular function (Parola,1993). Therefore, the anti-proliferative effects of NaBt on

cancer cell is related to the changes in the membrane order and dynamics.
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Figure 15 Band width of CH» antisymmetric stretching band (2921cm™) in control

and 3mM NaBt treated (A), control and 6mM NaBt treated (B) control and 9mM
NaBt treated (C) Caco?2 cells at 12h,24h and 48h.
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Figure 16 Wavenumber of CH» antisymmetric stretching band (2921cm™) in control
and 3mM NaBt treated(A), control and 6mM NaBt treated (B) control and 9mM
NaBt treated(C) Caco2 cells at 12h,24h and 48h.

The changes in the cholesterol esters and triacylglycerols within the colon
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cancer cells induced by NaBt treatment, ester C=O stretching band at 1740
cm ' was analyzed. The band area measurements of this band were given in
Figure 17. NaBt treatment increased the band area of this band, indicating
increased amount of cellular triacylglycerols and cholesterol esters (Nara et
al., 2002). Significant elevation of triacylglycerol content in Caco2 cells with

NaBt treatment was shown by Marcil et.al. (2002) which verifies our result.
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Figure 17 Band area of Ester C=0 stretching band (1740cm™) for control and 3mM
NaBt (A), control and 6mM NaBt (B) control and 9mM NaBt (C) treated Caco2
cells at 12h,24h and 48h.

3.1.1.1.2 Proteins

To elucidate the changes in contextual alterations in Caco2 cells by NaBt treatment,
the band area of Amide I (1651 cm—1: of a-helix) was calculated (Hata! Basvuru
kayna@ bulunamadi.20). (Severcan and Haris, 2012, Turker et al., 2014b, Turker et
al., 2014a, Ozek et al.,, 2014, Cakmak et al., 2006). Figure 20 A, B and C
demonstrated the band area of Amide I bands for control-3mM NaBt, control- 6mM
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NaBt and control-9mM NaBt treated Caco2 cells for 12h, 24h and 48h. A significant
decrease inprotein concentration was obtained in only 12h and 24 h NaBt treated cells
for 3mM dose with respect to the control ones while the significant diminish in
protein amount was observed in 12h, 24h and 48h NaBt treated cellls for 6mM and
9mM doses. This decline can be due to increased protein degradation or diminish in
protein synthesis. Increased protein degradation can be due to enhanced ROS
production by NaBt since ROS induced-oxidative damages in protein is very well
known. Moreover, the upregulation of various components of the ubiquitin-
proteasome systems in colon cancer cells due to NaBt treatment was demonstrated in
previous studies (Tan et.al., 2002; Tong et. al., 2008), implying an increase in
proteolysis i.e. protein degradation because of NaBt treatment, which confirms our
findings. The decreased protein synthesis can be supported by the decrease in RNA

and nucleic acid content in NaBt treated cells.
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Figure 18 The representative spectra of control and 3mM NaBt treated Caco2 cells
for 12h, 24h and 48h in the 1800-900 cm! spectral region.
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Figure 19 Band area of Amide I band (1651cm-1) in control and 3mM NaBt
treated(A), control and 6mM NaBt treated (B) control and 9mM NaBt treated (C)
Caco?2 cells at 12h, 24h and 48h .

3.1.1.1.3 Nucleic Acids

To determine the alterations in nucleic acid content due to NaBt treatment, the bands
at 1238 cm™ and 1084 cm™ originating from PO,  antisymmetric and symmetric
vibrations of nucleic acids were analyzed (19). Significant reduction in the band area
values of these bands was found in the NaBt treated cells (Figure 20 A,B and C),
implying a decline in nucleic acid content in NaBt treated cells cells. Moreover, to
identify the alteration in RNA amount, the band area values 915 cm™ bands was
calculated. The significant decreased in this band area was observed with NaBt
treatment in all doses, suggesting the diminish in RNA concentration (Figure 21 A,B
and C). This decrease may be due a decrease in the synthesis or an increased
degradation of nucleic acids (DNA, RNA). Tan and his colleagues demonstrated the
reduced expression of proteins role in nucleotide biosynthesis, confirming our
findings (Tan et. al., 2008). Moreover, Zeng et. al (2017) demonstrated NaBt
induced-DNA fragmentation in HCT116 colon cancer cells, also supports NaBt

induced degradation of nucleic acids.
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Figure 20 Band area of PO, antisymmetric and symmetric bands (1238 cm™ ) in
control and 3mM NaBt treated (A), control and 6mM NaBt treated (B) control and

9mM NaBt treated (C) Caco?2 cells at 12h, 24h and 48h .
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Figure 21 Band area of Ribose Ring: RNA bands (1084 cm™) in control and 3mM
NaBt treated(A), control and 6mM NaBt treated(B) control and 9mM NaBt
treated(C) Caco?2 cells at 12h, 24h and 48h .

3.1.1.2 Chemometric Analysis

PCA and HCA were performed to control and NaBt treated colon cancer cell spectra
to determine the whether there is a clustering between studied groups based on the
spectral variances among them. Both chemometric approches are unsupervised
multivariate analysis methods, enabling to identify and differentiate different spectral
groups (Gasper et al, 2009). Therefore, it is commonly used to discriminate the

different biological systems such as microorganisms, cell, membranes, even tissues.

3.1.1.2.1 Principal Component Analysis (PCA)

PCA is a well-established multivariate analysis method, suited for distinguishing
small reoccurring spectral variations in large spectral data sets containing
uncorrelated variations. Spectral variations between the sample groups are

explained by principal components (PC). PC-1 is the variable, explaining the
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variation first best while the PC-2 is the second best and so on. Samples are
generally clustered/classified based on these components, which can be cleary seen
in PCA score plots since score plots are plotted based on a pair of two score vectors.
These plots used to demonstrate the relationships between studied groups of
samples. The score plots of control and 3mM NaBt, control and 6mM NaBt at
12,24 and 48h were given in Figure 22 and Figure 23, respectively. For the same
plot for control and 9mM NaBt treated cells at same time intervals was
demonstrated in Figure 24. As can be seen from this figures, 62% of the total data
variances among control, 12h, 24h and 48h treatment groups in the case of 3mM
and 9mM NaBt were explained by PC1 and PC2 whereas, 65% of data variances
among studied groups in the case of 6mM NaBt were described by PC1 and PC2.

In PCA, laoding plots of PCA scores give information about the spectral origin of
the variations that differentiate data groups spectrally. Positive score values in the
loadings shows the increase in contribution of the signals that are measured in IR
spectrum. Likewise, negative score values in the loadings shows the decrease in
contribution of the signals (Ozek, 2015). The loading plots of 3mM, 6mM and 9mM
doses of NaBt showed in Figures 24,25 and 26.y As can be seen from these figures,
high loading values for C-H stretching (3000-2800 ¢cm™) and fingerprint region
(1800-650 cm™) are obtained which indicates the intensity changes within these
regions. Both score and loading plots of 3mM, 6mM and 9mM NaBt treatment
clearly indicated that all NaBt treated groups were successfully discriminated from
control cancer, implying that the biochemical makeup of the studied groups were

significantly different from each other.
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Figure 22 PCA score plots of control, 3mM NaBt treated Caco?2 cells at 12h,24h

and 48h. PCA was performed with second derivative vector normalized spectra

within the 4000-650cm’! spectral range.
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Figure 23 PCA score plots of control, 6mM NaBt treated Caco2 cells at 12h,24h

and 48h. PCA was performed with second derivative vector normalized spectra

within the 4000-650cm’! spectral range.
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Figure 24 PCA score plots of control, 9mM NaBt treated Caco2 cells at 12h,24h
and 48h. PCA was performed with second derivative vector normalized spectra

within the 4000-650cm™ spectral range.
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Figure 25 PCA loading plot for 3mM in 4000-650 cm’!
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Figure 27 PCA loading plot for 9mM in 4000-650 cm’!

3.1.1.2.2 Hierarchical Cluster Analysis (HCA)

To confirm the successful segregation of studied groups, HCA was employed based
on the spectral differences. HCA is generally performed to group samples depending
on their characteristics. On the other hand, PCA generally used for to explore general
relationships among the data whether the samples show clear differentiation or not. If
the differentiation is clear, additional cluster analysis should be conducted. In HCA,

groups are clustered and demonstrated as dendrogram. The similarity of samples is

44



indicated as heterogeneity value in the x axes of dendrogram. Increase in
heterogeneity value shows the decrease in similarity index (Wang & Mizaikoff,
2008). Figure 287 and 28 demonstrated the dendrograms of control-12h, 24h and
48h NaBt treated cells for 3mM and 6mM dosed of NaBt, respectively while the
same figure for 9mM NaBt was given in Figure 309. As can be inferred from these
figures, all groups with high heterogeneity value are clearly clustered as a separate
group. All NaBt treated samples of each group was clustered in different branch than
non-treated (control) group. This indicated that there was significant alteration in
molecular content and structure among control and NaBt treated Caco2 cells in all
doses.
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Figure 28 Hierarchical clustering of the 3mM NaBt treated Caco2 cell lines within

different time durations as control, 12h,24h and 48h. Clustering was performed using
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Ward’s algorithm and second derivative vector normalized spectra within the 4000-

650cm! spectral
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Figure 29 Hierarchical clustering of the 6mM NaBt treated Caco2 cell lines within

different time durations as control, 12h,24h and 48h. Clustering was performed using

Ward’s algorithm and second derivative vector normalized spectra within the 4000-

650cm-1 spectra
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CHAPTER IV

CONCLUSION

Normal cell growth has been highly associated with the balance between acetylation
and deacetylation. Structural alterations cause abnormal cell growth that may lead to
cancer. Among the HDACi’s, NaBt has a curative potential for colon cancer. NaBt is
normally produced in healthy human colon and the rate of butyrate is mostly
influenced by diet. Studies (Zeng et al.,2014) showed that major butyrate-producing
bacteria Faecalibacterium prausnitzii can be affected by dietary xylo-
oligosaccharides. In that case, the dietary changes affect the NaBt amount in human

colon which reduces the HDAC inhibition that may lead to cancer.

Although several studies have been done for the theurapeutic effect of NaBt, exact
mechanism at molecular level has not been fully elucidated yet. For this reason, we
use ATR-FTIR spectroscopy results coupled with chemometric analysis methods to
clarify action/theurapeutic potential mechanisms of Sodium Butyrate in Caco2 cell

line.

The spectral data analysis of 3008-3015 cm-1 band for unsaturated lipids for 3mM,
6mM and 9mM NaBt treated cells has been done. Band area analysis showed that,
there is a significant increase in 3mM, 6 mM NaBt treated cells with respect to
control ones. In the time domain, 48h NaBt treated cells showed a profound increase
with respect to 12h and 24h NaBt treated cells. End products of lipid peroxidation
that contains =CH group can be considered as the reason for these results (Severcan
et al., 2015) The compensation for the loss of unsaturation by the presence of =CH
groups in lipid peroxidation end products such as lipid aldehydes and alkly radicals
may be considered as another reason for this increase (Yin. et. al., 2011; Liu et. al.,
2002 and 2005). The increase in lipid peroxidation can be due to the ROS formation
induced by NaBt, which are attacking the double bonds of unsaturated fatty acids
that can go under peroxidation. In addition, increased lipid peroxidation in colon

cancer cells treated by NaBt has been demostrated by Hossain and his collegues in
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2004 which is confirming our results. Morisaki and his collegues showed that
increase in lipid peroxidation inhibits cellular growth in 1982, which can alter the
growth profile of Caco2 cell lines in colon cancer. In order to elucidate the
alterations in the amount, function and structure of the lipids induced by NaBt, CH2
antisymmetric and symmetric stretching bands were analyzed and results showed
that band area value increase in 3mM 48h, 6mM 48h and 9mM 48h that may due to
increased biosynthesis. Marcil et al. study with 20mM NaBt in 2012 and showed the
increased amount of lipids that confirms our study. A significant decrease in the
band area value was obtained in 6mM 12h and 9mM 12h that may be due to
increased lipid degradation caused by lipid peroxidation (Ozek et al., 2014)

For finding the change in membrane fluidity/dynamics of the colon cancer cells
after NaBt treatment, CH2 antisymmetric stretching can be measured (Turker et al.,
2014a, Ozek et al., 2014, Cakmak et al., 2006) and for all doses a significant
increase was obtained which can be interpreted as increase in membrane fluidity.
The increased membrane fluidity in K562 cells with NaBt treatment was previously
shown, supporting our results (Nathan I et. al., 1998). For finfind the change in
membrane-lipid order of cancer cells, shifts in the wavenumber of the same band
was calculated (Turker et al., 2014a, Ozek et al., 2014). A frequency shift to higher
values was obtained with NaBt treatment, means that an increase in the number
gauche conformers of lipid molecules which reveals a decrease in lipid order
(Severcan, 1997) which affects many processes like cell, growth, differentiation and
cellular function (Parola, 1993). Therefore, the anti-proliferative effects of NaBt on

cancer cell is related to the changes in the membrane order and dynamics.

Ester C=0 stretching band was analyzed for the changes in the cholesterol esters
and triacylglycerols induced by NaBt.As verified by Marcil et al. in 2002, NaBt
treatment has increased the amount of cellular triacylglycerols and cholesterol esters

in our study.

For the proteins, a significant decreased protein concentration was obtained in only
12h and 24h NaBt treated cells for 3mM dose while a significant diminish in protein

amound was found in all times of 6mM and 9mM. Protein concentration can be
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decreased by increased protein degradation or decreased protein synthesis. Increase
protein degradation can be due to ROS production by NaBt, as demonstrated in
previous studies (Tan et.al., 2002; Tong et. al., 2008),e upregulation of various
components of the ubiquitin-proteasome systems in colon cancer cells due to NaBt
treatment implying an increase in proteolysis i.e. protein degradation because of
NaBt treatment, which confirms our findings. The decreased protein synthesis can be

supported by the decrease in RNA and nucleic acid content in NaBt treated cells.

A significant decrease in the band area values in 915cm-1 bands was calculated
which suggests diminish in RNA concentration. This decrease may be due a decrease
in the synthesis or an increased degradation of nucleic acids (DNA, RNA). Tan and
his colleagues demonstrated the reduced expression of proteins role in nucleotide
biosynthesis, confirming our findings (Tan et. al., 2008). Moreover, Zeng et. al
(2017) demonstrated NaBt induced-DNA fragmentation in HCT116 colon cancer

cells,also supports NaBt induced degradation of nucleic acids.

For the HCA, in all doses all time dependent groups are successfully differentiated
from the control group regarding the spectral difference between 4000-650cm-1.
PCA’s are approved the results in HCA. The same differentiation can be seem for
12h dose dependent HCA and PCA for 3mM, 6 mM and 9 mM.Both spectral data
and chemometric analyses indicate there is a theurapeutic effect of NaBt on colon
cancer cells. Not only it causes lipid alterations but also indirectly remodelling of
biochemical makeup of cell. Animal and clinical studies are required for future

studies.
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