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Abstract

In this study the influence of oxidative stresstbe proteome of primary rat hepatocytes
(PRH) was analyzed. Oun vitro heat stress model included hepatocytes from middle
aged and old Wistar and Sprague Dawley (SD) rate dfficacy of N-acetylcysteine
(NAC) and quercetin as antioxidants was addressetprincipal component analysis.
Overall, old PRH were more susceptible to oxidaswess than middle-aged PRH. We
identified potential biomarkers for age-relateceddtions in the secretome of old PRH.
The analysis of hepatic function and oxidative ssrenarkers in middle-aged PRH
revealed a high biological variance in Wistar rdiisey can be categorized into low- and
high-responders. In low-responders quercetin andCNrad a beneficial effect on cell
function and viability whereas in high-responddne toxic effect of these compounds
outweighed their antioxidant properties. Therefove,used SD rats exhibiting less inter-
individual variances in the following proteomic @yu The proteomic characterization
showed that oxidative stress had the strongestande in old PRH on proteins related to
oxidative stress defense and enzymes of the uida. @eficiencies in theses enzymes are
strongly correlated to an impaired redox state al@mmnaged antioxidant defense
mechanisms. Comparative studies with primary mouse hepatocytesandwich and
monolayer cultures revealed a higher level of oxeastress in monolayer culture
potentially causing dedifferentiation.



Zusammenfassung

In dieser Studie wurde der Einfluss von oxidativBtress auf das Proteom von primaren
Rattenhepatozyten (PRH) untersucht. Unger vitro Hitzestressmodell verwendete
Hepatozyten von mittelalten und alten Wistar- urmtaue Dawley-Ratten (SD). Der
Nutzen der Antioxidantien N-acetylcystein (NAC) uilercetin wurde mit Hilfe der
Hauptkomponentenanalayse untersucht. Alte PRH wanédlliger fur oxidativen Stress
als mittelalte. Im Sekretom alter PRH konnten vatemtielle Biomarker fir altersbedingte
Veranderungen identifizieren. Die Analyse hepagsch-unktionen und oxidativer
Stressmarker zeigte, dass Wistar-Ratten eine hiohegtsche Varianz haben. Sie kénnen
in Bezug auf oxidativen Stress in low- und high{btexder unterteilt werden. Quercetin
und NAC hatten in low-Respondern eine positive Wl auf Zellfunktionen und
Viabilitat, wohingegen in high-Respondern ihr takisr Effekt Gberwog. Weger dieser
Ergebnisse, wurden in folgenden Studien SD-Rattegrwendet, die weniger
interindividuelle Unterschiede aufweisen. Proteoatgsen konnten zeigen, dass
oxidativer Stress den grof3ten Einfluss auf alte Piat genauer auf antioxidative Enzyme
und Enzyme des Harnstoffzyklus. Ein Mangel an dieBazymen korreliert mit einem
gestorten Redox-Haushalt und einer Beeintrachtigdag Stressabwehr. Studien mit
primaren Maushepatozyten konnten weiterhin aufzeiggass oxidativer Stress eine
Hauptursache fur die Dedifferenzierung von Zelleivionolayer Kulturen ist.
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Chapter 1 General Introduction

1. General Introduction

1.1 Theories of aging

Aging is an inevitable and progressive process whs defined by a decline of various
cellular and physiological functions. The incregsimuman life span and the resulting increase
in age-related diseases make aging research aestitg and relevant topic. Therefore, it is
not surprising that there are more than 300 diffetieeories about the underlying mechanisms
of aging (Vina et al., 2007). Theories of aging gratly fall into one of two categories. The
first category consists of theories claiming indi@) genetic reasons determine longevity. One
of the most popular genetic aging theories postalatlomere shortening as the cause for
aging processes (Hayflick & Moorhead, 1961). In2@0vas discovered that individuals with
longer telomeres have an increased longevity comaptr individuals with shorter telomeres
(Cawthon et al., 2003However, it is not known whether short telomeresjast a symptom

of cellular age or the cause of the aging processdf.i Another theory, the “neuroendocrine
aging theory”, proposes that hormones and theluentte on neurons are the key point to
aging processes (Troen, 200Research studies revealed that the age-relatecateciof
growth hormone and the insulin-like signaling padlyvplay a role in regulating lifespan. The
activity of the insulin-like signaling pathway weeported to be decreased in nematodes, mice
and humans with a long lifespan (Kenyon, 2010). Timelecular inflammatory theory”
associates the decline in the immune responseraneaising levels of autoimmune diseases
with senescence (Cornelius, 1972).

The second category of aging theories claims tbetiraulating damage to macromolecules
and deficiencies in repair mechanisms cause semascé/eisman first introduced the theory
of accumulated damage in 1882 (Jin, 2010). His fveea tear” theory compares biological
senescence to the deterioration of a machine whidamaged over time by mechanical and
environmental wearing. An example would be arthrdgr the loss of dentin in aging teeth.
However, this theory does not consider intra- aridricellular mechanisms as modern aging
theories do. One of these more modern theoriesctbes-linking theory of aging” postulates

that glycosylation of proteins which impairs protéunction are the reason for the decline in
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cellular function with increasing age. Previousdsts revealed that patients with diabetes
type 2 possess 2-3 times as many cross-linkedipsoas healthy individuals of the same age
group (Lipsky, 2015). Another theory is the DNA daye hypothesis (Freitas & de
Magalhaes, 2011) which proposes that aging isehaltr of accumulating DNA damage due
to insufficient repair mechanisms.

The most prominent hypothesis is the “free radibabry of aging” (Harman, 1956) which
proposes that the damage to macromolecules indogeéactive oxygen species (ROS) is
responsible for aging. Reactive oxygen species @#imer be a by-product of normal
metabolism or have exogenous origins. As highlyctrea species, they cause oxidative
damage to lipids, DNA and proteins. Harman argueat this macromolecular damage
accumulates over a life-span and eventually leads tloss of metabolic function and
ultimately death. In 1972, Harman revised his thetor include new insights about ROS
generation by mitochondria leading to the “mitocthaal free radical theory of aging”
(Speakman & Selman, 2011). Mitochondria generaaetiee oxygen species as part of the
electron transport chain. However, mitochondri& IB&NA repair enzymes which make them
susceptible to oxidative damage. This damage cammeations which again lead to an
increase in ROS production forming a damaging cydlamately, the resulting progressive
decline in cellular function and the ability to cderact stress conditions lead to senescence.
Overall, it can be assumed that all aging thearaegain parts of the true reason behind aging.

Aging research still meets the challenge to firellthk between all of them.

1.2 Reactive oxygen species and their role in normal kkeglar function

and oxidative stress

Intrinsic sources of ROS

Reactive oxygen species have various intrinsiceattidnsic sources. Endogenous ROS can be
generated as the primary function of an enzymeesyge.g. NADPH oxidases, Cyp P450

oxidase), as a side reaction of other biologicaicpsses (e.g. the mitochondrial electron
transport chain, lipid metabolism in peroxisomes)by metal-catalyzed oxidations (Fenton

reaction: F& + H,0, + H'— F&* + OH « + OH). The primary ROS species generated in a
cell are the superoxide anion ¢pand hydrogen peroxide §8,) (Nathan & Ding, 2010).
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These molecules can then further react to formrd®@S (Figure 1-1) like hydroxyl radicals
(*OH) (Fransen et al., 2012).

ONOO"

*Or
\ Harber-Weiss reaction
Disproportionation

reaction *OH + 02+ OH"
NADPH+ H* 2GSH il / H
GR H20
GPx Catalase
NADP* GSSG Fenton | +Fe
reaction | (+Cu'*)
2H:20 -OH H20+1/202
+ Fe» + OH"

Figure 1-1: Major generative and eliminative reactions of tie@coxygen species (ROS). Superoxide dismutase
(SOD) catalyzes the dismutation of superoxide(} ®to H,O, and Q. Catalase dismutates® into water and
molecular oxygen. Glutathione peroxidase (GPx) cedlHO, by oxidizing glutathione and generating water.
The resulting disulfide is reduced by glutathioeeuctase (GR) using NADPH. Disproportionation riea,
Harber—Weiss reaction and Fenton reaction genbyatexyl radicals OH) (Kayama et al., 2015).

The main source of intrinsic ROS can be found i@ thitochondrial process of oxidative
phosphorylation. Here, the controlled oxidatioN&DH and FADH creates a mitochondrial
membrane potential which allows ATP synthase tesphorylate ADP to ATP. The electrons
derived from NADH and FADH have to pass through ¢hextron transport chain consisting
of four membrane-bound complexes during oxidatikegphorylation. Approximately 90 %
of cellular ROS, mainly superoxide anions{QOare generated in the mitochondria at complex
I and 11l (Balaban et al., 2005) which have a higox potential and where the electrons can
directly react with molecular oxygen (Figure 1-2).

Previous studies showed that the ROS productioniiachondria increases with progressing
age (Payne & Chinnery, 2015). Mitochondrial DNApi®ne to oxidative damage due to the
close proximity to the ROS source and the missistphes which protect nuclear DNA from
damage. The DNA alterations result in an increaB&@%5 production and decreased ATP

production creating a vicious cycle.
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Cytoplasm
a“ | 1
= ( ucep
\a g i
I . ‘ i
iy ADP ATP
FADH2 Fi H* H*
Matrix
Antioxidant Scavenger Reactions:
OF -2 Wl — o Hi0 0
TrxSz + H:0: —2% o Trx(SH): + H:0
GSH + H.0., —%+ GS5G + H:0

Figure 1-2 lllustration of the main sources of superoxidéoas at complex | (NADH coenzyme Q reductase)
and Il (cytochrome bccomplex) of the mitochondrial electron transpdraia. Below: major ROS scavenging
pathways consisting of the enzymes superoxide deseu catalase, peroxiredoxin and glutathione pessr
(Balaban et al., 2005)

To counteract these damaging effects of ROS, osgaihave developed various defense
mechanisms which accomplish a state of homeostasashealthy cell. These mechanisms

include enzymatic and non-enzymatic ROS scaver{§egares 1-1, 1-2).

Superoxide Dismutase (SOD)

There are three different forms of SOD found in mats. SOD1 is a dimer containing
copper and zinc (Cu-Zn-SOD) located in the cytaplaSOD2, with manganese in the
reactive centre, is a tetramer located in the rhitadria (Mn-SOD). SOD3 is also a tretramer,
but with copper and zinc which can be found exitalze.

SOD promotes the dismutation of tw@ @nolecules to b, and Q (Reaction 1)

Oy + Q¢ + 2H+— O, + H,0O, (1)
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SOD prevents the damaging effect of the highly reacsuperoxide, which can act as an

oxidant by itself, or combine withJ@- to form the «OH radical.

Catalase

Catalase is a tetramer located in peroxisomesoritamns four iron-containing heme groups
which allow the reaction with hydrogen peroxidé.efficiently detoxifies hydrogen peroxide
to water and oxygen (Reaction 2) (Michiels et 094). Additionally, it can use hydrogen
peroxide to oxidize various other molecules, likeeipols, formaldehyde, acetaldehyde and

alcohols (Reaction 3).

2 H202—> 2 Hzo + OZ (2)

H,O, + H,R — 2H,0O + R (3)

This reaction is important in liver and kidney selvhere the peroxisomes detoxify various

toxic substances that enter the blood (e.g. 25&életnol humans drink) (Lamond, 2002)

Peroxiredoxin (Prx)

Peroxiredoxins are high-abundant enzymes with @xedtive cysteine in their reactive

centre. It can reduce hydrogen peroxide to watbeéRet al., 2001)(Reaction 4). The oxidized
peroxiredoxin is inactive and requires thiols litkeoredoxin (Trx) as an electron donor to
regain its catalytic activity (Reaction 5) (Pillayal., 2009).

Prx (red.) + HO, — Prx (ox.) + 2HO (4)

Prx (ox.) + Trx (red.}> Prx (red.+ Trx (ox.) 5)

Glutathione peroxidase (GPx)

Glutathione peroxidase is a tetrameric enzyme wielenocysteine in the active centre. It
catalyzes the reduction of free hydrogen peroxal&vater (Reaction 6) in the GSH/GSSG

redox system. Glutathione reductase recycles thtbhzex glutathione to GSH (Reaction 7).
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2 GSH + HO, — GSSG + 2 KO (6)

GS-SG + NADPH + H— 2 GSH + NADP (7)

GSH/GSSG redox system
The tripeptide glutathioner{-glutamyl-I-cysteinyl-glycine (GSH)) is the moshportant low

molecular weight antioxidant in aerobic cells.dtsynthesized by the sequential addition of
cysteine to glutamate followed by the addition bhfcme (Forman et al., 2009). The average
glutathione concentration in cells is 1-2 mM, whitehepatocytes, which export GSH, the
concentration reaches up to 10 mM (Meister, 198Bhut 90% of total GSH can be found in
the cytosol, the remaining 10% in the mitochondmal the ER. Reduced GSH detoxifies
hydrogen peroxide in the presence of glutathiomexpgase. The resulting oxidized GSSG is
then again converted to reduced GSH by glutathiedactase (see Reactions 6/7).
Glutathione is the most prominent non-enzymatic RlO8venger. However, there are other
small molecular weight antioxidants like vitamins(&tocopherol) and C (ascorbic acid)
which are obtained from the mammalian diet. Vitafimeduces lipid hydroxyl radicals and
lipid peroxides that are produced from polyunsaeddatty acids. The oxidized vitamin E is
then again reduced by vitamin C. The oxidized vitaf can then be recycled using GSH as

a substrate (Forman et al., 2009).

Cell signaling
The aforementioned defense mechanisms accomplistedax homeostasis in cells.

Nonetheless, a low amount of ROS “leak” from theoctiondrial electron chain. In the past,
this leakage was thought to be a normal byprodtiokmlative phosphorylation. More recent
studies could provide evidence that ROS releasa finatochondria is part of a complex
regulatory mechanism (Droge, 2002). Reactive oxygpecies play an important role in
various cell signaling pathways. ROS regulates fthrction of key enzymes in signaling
pathways mostly by oxidizing redox-reactive cystenesidues (known as redox switch) in
these enzymes (Ray et al.,, 2012). This modificatiesults in an altered structure and/or
activity of the respective enzyme effectively maing redox-sensitive signaling pathways.

The most prominent modulating oxygen species,®;Hbecause of its relative longevity and
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stability compared to free radicals. ROS triggdfedent stress responses depending on the
level of oxygen species present in the cell. Fangxe, at low levels, ¥0, mainly modulates
pathways associated with hormone release, steremdsis, T-cell activation or proliferation
and differentiation processes (Kuksal et al., 20R¢rordingly, moderate levels of ROS are
crucial in the innate and adaptive immune respdosehe production of NFAT (nuclear
factor of activated T-cells) and interleukin-2 tgbucysteine oxidation, two factors important
for the T-cell activation and proliferation (Sertaag, 2013). Furthermore, ROS stimulate cell
proliferation and differentiation through a growetor mediated activation of the mTOR
pathway (Ricoult & Manning, 2013). Higher levelstfO, activate stress response signaling
cascades (Nrf2 (nuclear factor like 2), Hl&-(hypoxia inducable factor)) and, in extreme
cases, induce apoptosis in extensively damages. &alit every complex mechanism has its
flaws. Extrinsic influences can disturb the ofteagile balances in a cellular pathway. For
instance, a permanently high exposure of pancrBatills to glucose increases cellular ROS
release which again stimulates insulin releases Tycle promotes insulin resistance and
ultimately the development of diabetes mellituset@(Ricoult & Manning, 2013).

Heat stress as an extrinsic source of ROS

Additional to the intrinsic ROS sources, there als® many environmental factors playing a
role in the excessive generation of ROS. Some eMmtlare exposure to air and water
pollution, tobacco smoke, industrial pesticides soldents, food (smoked meat, used oil, fat),
xenobiotics, alcohol consume, ultraviolet light ahih temperatures (Phaniendra et al.,
2015).

In our study, we concentrated on the influence edthon the oxidative stress reaction of
primary hepatocytes. Hyperthermia and oxidativesstrhave a close connection. Heat
exposure induces an accelerated mitochondrial reggp and consequently an increased
production of reactive oxygen species (Slimen g2&14). Another sign of oxidative stress is
the production of cytokines - like tumor necrosetbr alpha (TNFy) - responsible for
inflammatory processes. Furthermore, oxidativesstiaduces apoptosis or inflammation via
the JNK (c-Jun N-terminal kinase) pathway (Kandtalge 2007). All these pathways are also
triggered by acute heat exposure (Li, Wang, et 2014) indicating the overlapping

mechanisms involved in both types of stress. Thegefthe induction of oxidative stress by
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heat treatment seems the most suitable model tty sixidative damage in a controlléal
vitro system. The connection of hyperthermia, oxidastress and aging can be drawn by
looking at the protein family of the heat shocktpies (HSP). Both, heat and oxidative stress,
induce an overexpression of HSP genes (lkwegbual.et2017). HSPs are molecular
chaperones responsible for the refolding or degi@aaf misfolded proteins. Further, they
play an important, but not well understood, roletle suppression of inflammation and
apoptosis (lkwegbue et al., 2017). Under the imftge of extrinsic stress heat stress
transcription factors (HSF) are activated whichivate the production of HSP mRNA.
Especially the HSP70 family is strongly induceddxydative stress and plays a major role in
damage control and cell survival (Kiang & Tsoko$98). Aging leads to an increased
expression of HSP genes indicating a high intrirsiess level (Muller et al., 2007).
However, previous studies also showed that theoresp to acute extrinsic heat shock
deteriorates with increasing age. This is due dedine in the activity of transcription factor
HSF1 (heat shock factor 1) leading to decreaset stemck protein abundance under acute
stress conditions (Heydari et al., 2000). For ims¢a a previous study showed that the
mitochondria of old male Fischer rats lost theigbtb up-regulate HSP60 and HSP10 under

heat stress conditions whereas young rats showedpairment in the reaction to heat.

Role of ROS in aging and disease

According to the “free radical theory”, aging ithesult of an imbalance of ROS generation and
antioxidant defense. Cellular senescence and daiedediseases can be a direct result of an
impairment in the enzymatic antioxidant defensaidigls were able to prove the correlation
between specific enzymes and aging. So caroggedf SOD 1 lead to a shortened lifespan with
a significant increase in hepatocellular carcin@nd accelerated aging phenotypes (Zhang et
al., 2016). Overexpression of catalase in mice gmty the age-associated loss of
spermatozoa, testicular germ and Sertoli cells deewild-type mice. (Selvaratnam &
Robaire, 2016). Additionally, the overexpressiorcafalase targeted to mitochondria extends
the lifespan of mice (Schriner et al., 2005) wHitates the source of excess ROS production
in the mitochondria as well as its effect on agifige analysis of peroxiredoxin 1 knockout

mice showed a 15% reduction in lifespan (Neumaral.e2003).
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Figure 1-3 Cellular dysfunctions in aging or in age-relaiideases by oxidative stress imbalance. (1) Cell
metabolism generates reactive oxygen species (R®BEh in turn causes oxidative damage. (2)
Macromolecular damage by oxidative stress resultamipaired protein function and impairs refoldingda
degradation of damaged proteins in the proteaso®sDamage of cytoskeletal proteins causes strakctu
damage and signaling alterations. (4) In mitoch@ndyxidative stress alters energy production d)daffects
peroxisomes; oxidative stress alters correct métalbonction. (6) Oxidative stress also affects tbelular
membrane. (7) All cellular damages combined causalteration in the transcriptional activity of theell,
leading to an altered gene expression that in leads the cell to the aging process or to degemerdisease
(Ortuno-Sahagun et al., 2014).
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All these studies illustrate the importance of axiiant enzymes in the prevention of cellular
senescence and age-related diseases. Howeveof lasBoxidant activity in aged individuals
is inevitable. Oxidative stress causes misfoldihgroteins and oxidative alterations which
impair protein function (Figure 1-3).

Additionally, chronic expression of unfolded, milsfed or aggregated proteins contributes to
the development of some age-related diseases, auchizheimer's disease, Parkinson’s
disease and cataracts (Lopez-Otin et al., 2013jiciBecies in refolding and degradation
mechanisms via HSPs cause an accumulation of timpséred proteins.

In addition, the transcription factors responsiblethe expression of antioxidant enzymes are
also affected by oxidative damage. This resul@niraccumulation of damaged proteins and a
further decline in cellular function. Another pristevith a high impact on cellular function is
actin (Figure 1-3). As the highest abundant proieitihe cytoskeleton, oxidative alterations of
actin can cause irreparable structural damagesZRgal., 2006).

Furthermore, lipid peroxidation is disturbing timeigrity of the cell membrane and signaling
alterations (Wong-Ekkabut et al., 2007). Theseraliens are associated with several
disorders and diseases, such as cardiovasculasdiseancer, neurodegenerative diseases,
and aging, with increasing evidence showing thelwement ofin vivo oxidation in these
conditions (Halliwell, 2006).

All the aforementioned oxidative alterations areedi results of macromolecular damage.
There is also more subtle damage by alteratiorglbflar pathways which are known to have
a high impact on aging. The mechanistic targetapamycin mTOR (formerly mammalian
target of rapamycin) pathway is the most promimantiulator of the aging process and was
first discovered in the 1970s (Johnson et al., 20X38TOR is a highly conserved
serine/threonine protein kinase and is part of ghesphatidylinositol-3-OH kinase (PI3K)
kinase family. It consists of two complexes: mTOBmplex 1 (MTORC1) and mTOR
complex 2 (MTORC2). The mTOR pathway plays a mey® in the aging process because
of the various cellular functions it is involved. i@ell growth and proliferation, autophagy,
apoptosis and protein homeostasis are all regulayethe mTOR pathway (Stanfel et al.,
2009).Furthermore, mTOR is essential for the agtiof HSF1 and therefore for the synthesis
of heat shock proteins (Chou et al., 2012). mTORE&2also been associated with the control

of the actin cytoskeleton (Lipton & Sahin, 2014yeWous studies revealed that reduced
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MTOR activity is associated with an increased fifas in yeast (Medvedik et al., 2007),
nematodes (Robida-Stubbs et al., 2012), fruitflgsdov et al., 2010) and mice (Harrison et
al., 2009). The mTOR pathway is activated by ims@hsulin/insulin growth factor-1 (IGF-1)
signaling) and environmental nutrients like amimada (Colman et al., 2009; Johnson et al.,
2013). Accordingly, caloric restriction and methiman restriction can increase lifespan by
decreasing mTOR activity (Powers et al., 2006). Satudies suggest that mTOR increases
with age (Baar et al., 2016). The reason for thiggased activity could be oxidative stress
(Mercado et al., 2015). Hydrogen peroxide is knownactivate PI3K (Figure 1-4) and
therefore accelerates the mTOR pathway and ultigntite aging process (To et al., 2010).
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Figure 1-4: Oxidative stress accelerates the aging procesgtyating the mTOR pathway. ROS like hydrogen
peroxide activate PI3K/phospho-AKT/ mTOR resultinga loss of autophagy, immune response and cellula
homeostasis. Excessive ROS also activateskB/AP-1 and causes chronic inflammation. Abbreviation
AMPK, 5-AMP-activated protein kinase; AP, activator proteATM, ataxia telangiectasia mutated; FOXO3A,
forkhead box O3A; mTOR. mammalian target for rapeimyNF«B, nuclear factokB; Nrf2, Nuclear factor
erythroid 2-related factor 2; PI3K, phosphatidyBitol-4,5-bisphosphate 3-kinase; PTEN, phosphatasd

tensin homologue; ROS, reactive oxygen species] SBrtuin (Mercado et al., 2015).
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1.3 Model systems in aging research

1.3.1 The liver as a model organ for aging and oxidativetress research

The mammalian liver is an essential organ to mainphysiological body function. It is
responsible for the synthesis of plasma proteike albumin (Si-Tayeb et al., 2010),
metabolic homeostasis, detoxification of ammone thie urea cycle as well as synthesis of
glutamine and alanine as non-toxic nitrogen coimgi compounds (Kuepfer, 2010). Most
importantly, a wide range of endo- and xenobiotempounds are metabolized by the liver
(Gille et al., 2010). The liver consists of sevetall types, being hepatocytes, endothelial
cells, cholangiocytes, Kupffer cells, pit cells ahdpatic stellate cells (HSC) (Maher &
Friedman, 1993). Endothelial cells play an impdrtafe in hepatic blood flow regulation and
fluid exchange (Poisson et al., 2017). Additionaliyndothelial cells contribute to immune
defense and signaling pathways by producing cyeskemd presenting antigens (Jungermann
& Kietzmann, 1996; Si-Tayeb et al., 2010). Cholaagies form the bile ducts and regulate
the rate of bile flow and pH of the bile (Si-Tayebal., 2010). Kupffer cells represent the
macrophages of the liver. Additionally, they prodwytokines, interleukins and nitric oxide
and are therefore vital for cell development, immursponse and regulation of signaling
cascades (Dinarello, 2000). A dysregulation in Keiptells is associated with inflammation,
schizophrenia, Alzheimer's disease (Swardfagerl.et2@10) and cancer (Locksley et al.,
2001). Pit cells are the killer cells in liver aack highly cytotoxic. Hepatic stellate cells store
vitamin A in lipid droplets (Si-Tayeb et al., 201Because the HSC is the main source of
extracellular matrix, they are the key to many fideseases like cirrhosis and liver fibrosis
(Eng & Friedman, 2000). Hepatocytes are the pasgnehcells of the liver. They account for
60% of all liver cells and 80% of the total liveolume (Gille et al., 2010). Hepatocytes are
mainly responsible for the physiological functiasfsthe liver, like glucose homeostasis and
the production of CYPs and antioxidant proteinsngkat al., 2008). Therefore the liver, and
hepatocytes in particular, are interesting modelstfie study of diseases caused by age-

related hepatic dysfunctions (see Figure 1-5).
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Figure 1-5: Exogenous and endogenous sources lead to incré&S&dproduction in the liver. Oxidative
damage of DNA can cause hepatocellular carcinon@C)Hand lipid peroxidation leads to an accumulatbn
fatty acids causing steatosis. Accumulation of attictly damaged proteins and mitochondrial dysfiamct
affect signaling molecules and increase inflamnmaléading to chronic hepatitis. Hepatic stellatk aetivation

leads to fibrosis or cirrhosis apathological accumulation of extracellular matiix €t al., 2015).

Aging causes atrophy in the mammalian liver wittlegreased blood flow and a reduction of
weight by about 25-35% (Zeeh & Platt, 2002). Atrgpé the result of the accumulation of
lipofuscin in hepatocytes. Lipofuscin are aggregatehighly oxidized insoluble proteins and
lipid clusters. Their formation is a direct resoftchronic oxidative stress and impairment in
the degradation of damaged proteins (Grizzi e28l1,3). The livers of elderly mammals also
take longer to regenerate because of the inhibdforell cycle genes and the reduced ability
of hepatocytes to proliferate (Sanchez-Hidalgd.e@12). In addition to these physiological
changes, hepatocytes also show alterations on tiecolar level due to aging. So is the
expression of several CYP P450 enzymes (Cyp3aZgpécll) drastically decreased in the
liver of aged Fischer 344 rats which negativeleetf§ the phase | of xenobiotic metabolism

(Mori et al., 2007). Studies of the effect of agmghuman livers are more diverse. Due to the
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high polymorphism in humans, there is no cleardrenthe expression profiles of CYP P450
in aged individuals (Zanger & Schwab, 2013). Thessults can show exemplary the

challenges researchers have to face when chodwirgitodel system.

1.3.2 Invitro cultivation systems in aging and oxidative stresgsearch

The first decision a researcher has to make insihga model system is to decide whether to
use arn vivo or in vitro model. In the pre-clinical phase of pharmaceutieasting and in the
cosmetic industryn vivo animal models have always been the first choiaavéver, out of
ethical reasons, it has become more and more ianaid reduce animal testing as much as
possible (Holmes et al., 2010; Krewski et al., 20 @lditionally, in vivo models have certain
drawbacks like high costs and a time-consuming teaance of animal stocks. Therefore,
primary hepatocytes are becoming the gold stanohatder research (Muller et al., 2014).
Freshly isolated primary human hepatocytes (PHWElhe advantage that they retain most
of their liver-specific functions and express thamcteristic CYP enzymes which is essential
for the study of pharmacological effects (Geretalet2012). Because of the almastvivo

like conditions of PHH, they are also used in fundatal research (Liu et al., 2017) and
research of inflammation (Bullone & Lavoie, 2013age-related disease (Wiemann et al.,
2002) and the discovery of drugs against oxidasitress (Rubiolo et al., 2008). The most
common source of PHH are small parts from liveng@antations or biopsies of diseased
livers (Zeilinger et al., 2016). However, patierdterial has several major disadvantages. First
of all, PHH derived from diseased livers are difftdo assess regarding their comparability to
healthy human livers. Comparability is also a keyobpem considering the many
polymorphisms present in human populations (Zedingt al., 2016). Additionally, the
limited availability of PHH could be problematic lmndsight to large-scale experiments.

In comparison, primary hepatocytes from inbred otboed rodents (rat or mouse) have a
strain dependent stable genetic background. Basdslike sleep, nutrients and water can be
tightly controlled minimizing the inter-individualifferences. Regarding aging research, the
short lifespan of rats and mice can be considenedadditional advantage. Primary
hepatocytes from rodents are therefore considetesgfal tool to analyze age-related diseases
(Czochra et al., 2006) and basic mechanisms ofatixel stress (Rubiolo et al., 2008; Shenvi

et al., 2008). The possibility to induce mutatidikee SOD deficiency provides detailed
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insights into very specific parts of a scientificegtion (Kokoszka et al., 2001). Nonetheless,
inter-species differences between human and rogerirug metabolism and compound
toxicity susceptibility have always to be considkia discussing results (Jemnitz et al.,
2008). So, rodents show differences in glucose Inoditan (Kowalski & Bruce, 2014), insulin
signaling (Bunner et al., 2014) and CYP activityaffilgnoni et al., 2006) compared to human
hepatocytes.

A problem regarding primary hepatocytes in generéhe rapid dedifferentiation and loss of
hepatic function in conventional 2 vitro system. Primary hepatocytes in monolayer
cultivation start to dedifferentiate into a fibrabt-like phenotype within the first 3 days after
hepatocyte isolation (Godoy et al., 2009). Deddfeiation of primary hepatocytes im vitro
cultures is a well-known problem hindering longatestudies, which are necessary for ég.
vitro drug toxicity testing (Alepee et al., 2014). There several approaches to delay this
dedifferentiation process, ranging from media ojation and co-cultivation with other liver
cells to cultivation of hepatocytes in scaffoldsesxtracellular matrix (ECM) (Klingmuller et
al., 2006), (Kostadinova et al., 2013), (Mulleradt 2014). Cultivation of hepatocytes in a
sandwich of the extracellular matrix protein colag(SW) is one of these approaches.
Cultivation of primary hepatocytes in collagen SWitare leads to improved hepatic
functions such as albumin and urea production anity of CYP enzymes (Iredale &
Arthur, 1994). Morphologically, hepatocytes culted in the SW configuration regain a more
in vivo like structure compared to hepatocytes cultivatedtandard monolayers.

A way to avoid the problem of dedifferentiation pesses is the use of immortalized human
hepatic cell lines to study oxidative stress. Beeanf their high availability and low cost, cell
lines are a widely used tool to research age-indlaterations. The main cell line used for
oxidative stress studiesepG2(Sakurai & Cederbaum, 1998; Manthey et al., 200&jang

et al.,, 2017). ThHepG2cell line originates from a hepatoma of a 15 yeldr Caucasian
male. These cells are highly differentiated andildkla genotype comparable to normal
human hepatocytes (Gerets et al., 20H8pG2cells are suitable for cytotoxicity testing in
early pre-clinical phases due to their human-likpression of phase Il enzymes. However,
their metabolic capacity is low compared to priméwgpatocytes caused by a low CYP

expression (Westerink & Schoonen, 2007).
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A promising alternative tdiepG2is the human hepatocellular carcinoma cell lepaRG
(Gripon et al., 2002), a co-culture of hepatocyiles-and biliary-like cells. They exhibit a
xenobiotic metabolism comparable to primary hepdex and are stable in long-term
cultivations (Lambert et al., 2009). However, Geret al. showed that botHepG2 and
HepaRGhave a crucially lower sensitivity to hepatotoxthan primary human hepatocytes
(Gerets et al., 2012). Overall, these findings shbat cell lines are only suitable for very
specific scientific questions and of course notadie for aging studies at all. Therefore, we
chose primary rat hepatocytes for auritro model for aging and oxidative stress.

1.4 Proteomics

The term “proteome” was first introduced in 1995 Mgrc Wilkins (Wasinger et al., 1995)
and means the entirety of all proteins expresseddall, tissue or organism at a certain time.
Proteomics, a term chosen in analogy to genomiaméd, 1997), includes all methods
available for the identification, quantificationdalocalization of the proteome.

The proteome is highly dynamic and therefore clés¢he actual phenotype than the genome
and still more stable than the metabolome (Schan&trMischak, 2015). Milestones in
proteomic analysis were the development of sofisation procedures in mass spectrometry
like electrospray-ionisation (ESI) (Meng et al., 889 and matrix-assisted laser
desorption/ionization (Karas & Hillenkamp, 1988&dathe development of two-dimensional
gel electrophoresis (O'Farrell, 1975). The genenatif huge amounts of complex data made
high-capacity bioinformatic tools necessary. Theeah resulted in the creation of databases
and search algorithms like SEQUEST, Mascot or OMS8#ich made a novel high-
troughput protein identification possible (Kim &\Paer, 2014).

Methods for the analysis of the proteome have teeha high resolution and sensitivity
combined with a high reproducibility. Proteomic meds can be roughly divided in gel-based
“top-down” and LC-based “bottom-up” approaches. Ttop-down” analysis uses as a first
step two-dimensional separation of intact proteita chromatography or gel electrophoresis
followed by a enzymatic digest to peptides. Thetidep can than be identified with mass

spectrometry and a database search. This allowgh®ranalysis of a specific scientific
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guestion without the generation of unnecessarilgehamounts of data. However, this
approach requires the consideration of a more dimittargeted subproteomic analysis
considering that gel electrophoresis is no higlighput method. It is also limited to soluble
proteins. Nevertheless, the complexity of the saniyals to be reduced to obtain meaningful
data, e.g. by restricting the pH range or concénggaon a specific organelle (Sharov &

Schoneich, 2007).

The “bottom-up” or “shotgun” approach allows forbeoader analysis of the proteome of
interest. A complex protein mixture is first digedtto peptides and then analyzed with high-
resolution methods like HPLC. However, the analysisthis huge amount of data is

extremely time-consuming and requires increasirsglyhisticated bioinformatic tools (Qian

et al., 2005).

1.4.1 Two-dimensional gel electrophoresis and DIGE

The principle of two-dimensional gel electrophose&-DE) is based on the separation of
complex protein mixtures via a two-step protocolH@rell, 1975). In the first step proteins
are separated according to their isoelectric p@®t on a gel-strip with an immobilized pH
gradient (Figure 1-6 A). Proteins are amphoterioature and migrate in an electric field to
the pH where their net charge is zero. In the se@bep the proteins are separated according
to their molecular weight using SDS-PAGE. SDS (8odidodecylsulfate) is a negatively
charged anionic detergent which binds to the pmstelThe negative charge of the SDS-
protein-complexes allows for a consistent sepamatitovards the anode in an electric field.
The pore size of the polyacrylamide gel separdtiesptoteins according to their molecular
weight.

Both properties of a protein, IP and molecular \weigan be altered by post-translational
modifications such as phosphorylation, glycosylatemd oxidation. 2-D electrophoresis can
therefore also be used to detect alterations iniftnations (Nkuipou-Kenfack et al., 2014).
After 2-D electrophoresis, there are various stajnmethods for in-gel protein detection
(Steinberg, 2009). Most commonly, the proteinsstaed with Coomassie Blue, which has a
dynamic range of 10 and then digested with trypsin followed by MSritiication (Toda,
2001; Dierick et al., 2002; Sharov & Schoneich, 200
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2-D gel electrophoresis has certain drawbacks. fifethod it is time-consuming, the

separation of hydrophobic and highly acidic or bapgroteins is limited, it demands a

relatively high amount of sample, and shows a derable gel-to-gel variation (Magdeldin et

al., 2014). The last two points can be overcome tlwg-dimensional difference gel

electrophoresis (2-D DIGE) (Unlu et al.,

gel (Figure 1-6 B).

1997) whéwo samples can be compared in one
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Figure 1-6: A) Classical two-dimensional gel electrophoresisiged with MS for protein identification for

aging research; B) Differential gel electrophordsisrelative quantification of protein abundan&hérov &

Schoneich, 2007).

DIGE is a highly sensitive method for relative qufécation which is based on the use of

fluorescent dyes (CyDyes). They are N-hydroxy suaudyl ester reagents which bind to the
g-amine groups of lysine side-chains of proteinse Plotein samples can be run on the same
gel by using three differently fluorescing dyes (8yblue), Cy 5 (red) and Cy 2 (yellow,
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internal standard)) and therefore reducing thetajel variation. The internal standard
consisting of 1:1 mix of protein from the compareaimples enables intra- and inter-gel

comparability (Lilley & Friedman, 2004).

1.4.2  “Shotgun” proteomics

Non-gel based “shotgun” approaches mostly use smssrometry for peptide separation and
identification (Figure 1-7 A). One of the most commy used quantification methods is
SILAC (Stable isotope labeling by amino acids in cell wd}. SILAC is a metabolic
labeling method (Ong et al., 2002) which reliestloa incorporation of stable isotopes.
The isotope labeled amino acif{ssNs-arginine or {3Ce-lysine) aresupplemented to the
media and incorporated into the intracellular prigeThe “heavy” isotopes can then be
distinguished from the “light” non-labeled aminoidsc using mass spectrometry. With
SILAC, similar to DIGE, a relative quantificationf @rotein abundance is achieved.
However, SILAC requires a high protein-turnover eénsure a sufficient labeling rate
(Mann, 2006) limiting its application mostly to higproliferating cells.

Other methods without this kind of limitation arkemical labeling methods like ICAT
(isotope-coded affinity tag), iTradsébaric tags for relative and absolute quantitgtior
1%0-labeling.

ICAT was first introduced by Gygi et al. in 1999y@ et al., 1999). ICAT consists of
three elements: eeactive group for derivatizing an amino acid sith@in, an external mass
tag and isotopically coded linker. The reactiveugras usually iodoacetamide to modify
cysteine residues. The isotope linker can eithenyuirogen as the “light” isotope control or
deuterium as the “heavy” variant (Figure 1-7 B).eTdag itself is biotin which is used for
affinity purification to separate the labeled and unlabeled peptides in ECHbwever,
because cysteine is often a rare amino acid, agtigic of ICAT is limited if the proteins
of interest do not contain cysteines.

A popular alternative tag to ICAT is iTraq. Conyrdo ICAT, isobaric mass tags all have the
same total mass. The method is based on the covabsting of the amines of peptides from
protein digestions. The mass differences in isalabels are only apparent after tandem MS
fragmentation generating different reporter masgash are unique to each sample.
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Figure 1-7: A) Classical workflow of a proteomic “shotgun”@pach in aging research; B labeling [bottom
left]; SILAC [top]; ICAT (isotope-coded affinity @ [bottom right]: quantitative differential protexdc analysis
based on light/heavy isotope labeling (8 Da diffiesd (Sharov & Schoneich, 2007).

An alternative to ICAT and iTraq O labeling (Figure 1-6 B). This method is based on
the incorporation of®0O via isotopically altered #¥D. The isotope labelling of proteins
takes place during trypic digest with trypsin bethg catalyst for the reaction (Nkuipou-
Kenfack et al., 2014). This procedure generateaviiteand “light” peptides with a mass
difference of 4 Da. However, this methods has samgor disadvantages. First,
incorporation of isotopes is often insufficient asetond, the mass shift is too small for a
reproducible analysis.

A completely different approach for the quantifioatof protein abundance is the label-
free quantification. Thereby, signal intensity mmpared for quantification. The major
advantage of this method is that the number of timnd which can be compared to each

other, is not limited (Bantscheff et al., 2012).
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1.4.3 Mass spectrometry

All above mentioned quantification methods havecwmmon that they rely on mass
spectrometry for the identification of the analyz#dteins. MALDI ToF and ESI are two of
the most commonly used ionization methods for M®tgomics (Meng et al., 1988;
Hillenkamp et al., 1991).

ESI (electrospray ionization) is based on the gar@r of an aerosol by the application of a
high voltage to a liquid sample under atmosphenesgure. During ESI, the analyte is
dissolved in a volatile solvent. The strong electiied applied leads to an accumulation of
charges at the surface of the liquid sample. Higihlggrged, small droplets dissolve from the
sample until the solvent is completely evaporafHte analytes are released as single and
multiple charged ions into the high vacuum of thasm analyzer. For ESI, the most
commonly used analyzers dtee ion trap and the hybrid quadrupole time-ofHtigQTOF)
instruments.

MALDI ToF is based on the co-crystallization of ttrgpsin digested peptides with a matrix
which absorbs the laser energy to create ions frafecules with minimal fragmentation.
The suitability of the matrix depends on the molesu of interest. a-Cyano-4-
hydroxycinnamic acid is a matrix commonly used peptides with a mass lower than 2.5
kDa.

The matrix is added at a high molar excess compardte analyte to reduce the formation of
analyte aggregates. The sample is brought intditfte vacuum of the mass spectrometer and
irradiated with a UV laser (usually nitrogen) leaglito the desorption of the peptides into the
gas phase and the generation of single charged ions

MALDI is often coupled to a time-of-flight (TOF) alyzer. There, the ions are accelerated by
an electric field. The time the ions need to phsdlight tube depends on their mass to charge
ratio (m/z) considering that they are acceleratéth the same kinetic energy. The tandem
mass spectrometer contains a CID (collision-indwtisdociation) chamber for fragmentation
of the ions in MS/MS mode. This chamber can bedé&mbwith an inert gas (e.g. helium). A
selected precursor with a specific mass is isolaiethe timed ion selector by deflecting all
ions with the wrong mass. After fragmentation o gorecursor in the CID chamber, the
resulting fragment ions are accelerated again apdrated in the second TOF analyzer to
obtain the MS/MS spectrum.
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1.5 Aim and outline of the thesis

The presented thesis was part of the BMBF fundegepr “Oxisys”. The aim of the project
was to analyze ROS-induced proteomic alterationzimary hepatocytes from middle-aged
(6 months) and old (> 23 months) rats. A lot igatly known about oxidative stress response
and mechanisms in aging cells. The changes inrbtegme of age-accelerated mouse brain
cells (Poon et al., 2004) and the influence of retgss inin vivo rat models (Qian et al.,
2004; Shen et al., 2007; Chen et al., 2017) watieddlbeforeHowever, a detailed analysis of
thein vitro proteome-wide changes in primary rat hepatocytestd oxidative stress has not been
done before. Additionally, the integrated analysfighe effect of quercetin on old heat-stressed
PRH was not done before.

First in chapter 3, the secretomes of primary repaes were studied to evaluate potential
biomarkers and therapeutic targets that could afloediction and diagnosis of ROS-induced
cell aging. For that purpose, hepatocytes from teidgied and old Wistar rats were analyzed
under heat stress conditions compared to contralitions using 2-D DIGE and MALDI ToF
MS/MS. Oxidative stress was induced by heat treatraé 42 °C for 30 min. The hepatic
function and induction of oxidative damage was rayed by measuring albumin secretion,
LDH- and AST-leakage and protein oxidation. In thkowing chapter 4, the influence of two
antioxidant compounds, namely N-acetylcysteine godrcetin, was in the focus of the
analysis. Therefore, hepatic function and oxidaswess response of primary hepatocytes
from middle-aged Wistar rats and the human hepatmtidine HepG2were analyzed under
oxidative stress conditions. The cells were pratae with 500 uM NAC or 50 uM quercetin
and the effect was compared 1 h, 5 h and 24 h aftlrction of oxidative stress by heat
treatment at 42 °C or treatment with 2 mMQ4 Hepatic function was monitored during the
cultivation time by measuring albumin productiomabH release into the supernatant at the
corresponding time-points. The oxidative stresparse was examined by measuring ROS
production, GSH/GSSG content, protein oxidation 8D (superoxide dismutase) and CAT
(catalase) activity. The aim of this study was wmleate the properties of NAC (N-
acetylcysteine) and quercetin in onvitro heat stress model.

In chapter 5, the results from previous studiesewesed to establish a complete model for the
identification of molecular targets for the predatand diagnosis of ROS-induced cell aging

and to analyze cellular mechanisms of the defegaest oxidative stress. For that purpose,
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cells were pre-treated with 50 uM quercetin anddfiect was compared 1 h, 5 h and 24 h
after induction of oxidative stress by heat treattrag 42 °C or treatment with 2 mM.,8..
The hepatic function, oxidative damage markers #@uedproteome of primary hepatocytes
from middle-aged (6 months) and old (> 23 monthmga§ue Dawley rats (SD) were analyzed
under oxidative stress conditions compared to obntonditions using 2-D DIGE and
MALDI ToF MS/MS. The outbred rat stock Sprague Deyviwas used because of the
unavailability of old Wistar rats. In chapter 6etfocus was on the influence of cultivation
methods on the proteome of primary mouse hepato¢a®H). This study was part of the
BMBF funded project “Virtual Liver”. Here, the irgtcellular proteome of middle-aged
primary mouse hepatocytes in conventional monolaydtures (ML) was compared to
collagen sandwich culture (SW) after 1 day and $sdaf cultivation with 2-D DIGE and
MALDI ToF MS/MS. Proteomic methods were supposeddeeal whether the choice of
cultivation method has influence on specific proteiarkers related to oxidative stress.
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2. Materials & Methods

2.1 Chemicals

William’s medium E (WME) was purchased from PantBah GmbH (Aidenbach, Germany).
Dexamethasone, calcein AM, bovine serum albumiBARB trichloroacetic acid (TCA),
tetrahydrofuran, N-laurylsarcosine, CHAPS, sodiwdetyl sulfate (SDS), glycerol, ammonia
bicarbonate, bromophenol blue, N,NN-tetramethylethylenediamine (TEMED), ammonium
persulfate (APS), DCFH DA, quercetin, N’ acetylcysteine, iodoacetamidéAA),
hydrocortisone, DTNB and glutathione reductase (@Rj}e obtained from Sigma Aldrich
(Steinheim, Germany). Insulin/transferrine/selenigiiS) was purchased from Invitrogen
(Karlsruhe, Germany) and lyophilized rat tail cgbam from Roche (Penzberg, Germany).
TRIS, 24eroxiredoxin24 (DTT), GSH, NADPH and urearev purchased from Carl Roth
(Karlsruhe, Germany). Thiourea was purchased fraenckl(Darmstadt, Germany) and Percoll
from Biochrom (Berlin, Germany). Mineral oil, Bioyte® 3/10 ampholyte 100x and 10x
Tris/Glycine/SDS-buffer were bought from Bio-Radbbaatories, Inc. (Hercules, CA, USA)
and NaCl from VWR International GmbH (Bruchsal, Gany). LE Agarose was purchased
from Biozym  Scientific  GmbH, Hessisch Oldendorf, rfdany). HEPES,
penicillin/streptomycin, gentamycin and insulin e&epbtained from cc-pro (Oberdorla,
Germany). Fetal calf serum (FCS) was purchased Réw Laboratories (Pasching, Austria).

2.2 Cell culture

2.2.1  Monolayer culture of primary rat hepatocytes

The isolation of primary rat hepatocytes was penkxt by Pharmacelsus GmbH (Saarbriicken,
Germany). The cells were extracted from male Wiglanvier, Le Genest-St-Isle, France) and
Sprague Dawley rats (Harlan Laboratories Inc., dndpolis, USA) using two- step
collagenase perfusion as previously described idfigini & Abdel-Rahman, 1998). Animals
were either middle- aged (6 months) or old (> 2Aths). Viable hepatocytes were enriched
with Percoll density gradient centrifugation (Pértet al., 1978). Percoll solutions contain

silica particles coated with a layer of polyvinytpglidone (PVP). Percoll solutions diluted
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with water have high density, low osmolarity and leiscosity resulting in the generation of
gradients during centrifugation of the colloid, uktisig in the separation of viable hepatocytes
from dead ones.

For enrichment of hepatocytes, a 25% Percoll swiufv/v with PBS) (Easycoll, Biochrom,
Berlin, Germany) was overlaid with the cell suspemscontaining 35 x 1Dviable cells
(estimated with trypan blue staining, chapter 2.23a volume of 5 ml culture medium and
centrifuged at 1000 x g for 20 min at 25 °C (Lalgg#fwi00 R, Thermo Scientific, Waltham,
USA). The supernatant with the dead cells was aigulrand the pellet was resuspended in 50
ml of PBS prior to centrifugation for 5 min at 50gxand 25 °C. In the resulting pellet living
hepatocytes were enriched. It was resuspended lirmi¥s Medium E (WME) supplemented
with 15 mM HEPES, 1% penicillin/streptomycin, 5Qg/ml gentamycin, 1.4uM
hydrocortisone and 1uM insulin (WME 0). For adhesion of the cells, WM&as
supplemented with 10% fetal calf serum (WME 10).

The hepatocytes were seeded in culture vesselsoated with 7.51g/cnt of rat tail collagen
as described in Table 2-1 and left to adhere &C3in a humidified atmosphere containing 5%
CO; for 4 hours. The medium was changed to WMEO aerdc#ils were incubated over night

before starting antioxidant treatment and heasstre

Table 2-1: Number of seeded viable hepatocytes in differefitice vessels

Culture vessel Seeded cell number
6 well plate (assays) 1x10
6 cm petridish (intracellular proteome) 2 x10
75 cnf flask (extracellular proteome) 10 x 16

2.2.2  Monolayer and sandwich culture of primary mouse heptocytes

Culture of primary mouse hepatocytes (PMH) wasiedrout by Saskia Sperber. Primary
mouse hepatocytes were isolated from livers of m@E//BL6 mice (Charles River
Laboratories, Sulzfeld, Germany) using collagensséusion as previously described (Seglen,
1972). After over-night shipping in suspension wedly after isolation the transport medium
was removed via centrifugation (Heraeus Laborfu§8R4 Functionline, Thermo Scientific;
50 x g, 5 min, RT). The cells were seeded at aigen$ 600 000 cells per well on 6 well
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plates pre-coated with a collagen solution of 1mgfThe cultures were prepared as collagen
sandwich (SW) and collagen monolayer (ML) cultuess previously described (Tuschl &
Mueller, 2006). Hepatocytes were cultivated in Waits Medium E (WME) containing
100 U/ml penicillin, 10Qug/ml streptomycin, 0.00001% ITS and 100 nM dexamsthe at
37 °C in a humidified atmosphere containing 5%, @ up to 5 days.

2.2.3  Monolayer culture of the hepatoma cell lineHepG2

The human hepatoma cell line HepG2 (DSMZ, BraunsthwGermany) was maintained in
Williams Medium E (WME) supplemented with 15 mM HEP, 1% penicillin/streptomycin,
50 ug/ml gentamycin, 1.4M hydrocortisone and M insulin (WME 0). For adhesion of the
cells, WME was supplemented with 10% fetal caluse(WME 10).HepG2were cultivated
at 37 °C in a humidified atmosphere containing 5%, dn an incubator and were
subcultivated at 90% confluency. The cells weralsdan culture vessels without coating and
left to adhere at 37 °C in a humidified atmospheoataining 5% C@ for 4 hours. The
medium was changed to WMEO and the cells were meab over night before starting

antioxidant treatment and heat stress.

2.2.4 Determination of viable cell number

Trypan blue

To estimate viable cell number before seedingpull6f cell suspension were mixed with an
equal amount of trypan blue solution (Invitrogemrisruhe, Germany). 1d of that mix were
transferred into a Neubauer chamber and then counteder the microscope (IX70
microscope, Olympus, Hamburg, Germany). Trypan Bhlaes only dead cells blue, whereas

living cells remain white.

Calcein AM

For the determination of viable cell number in atdt calcein AM (1 mg/ml in dimethyl
sulfoxide) was diluted with serum free WME to aalirconcentration of 4ig/ml. Adherent

cells in culture were stained and analyzed as posWy described (Priesnitz et al., 2016).
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2.3 Induction of oxidative stress and administration ofantioxidants

For induction of oxidative stress, the cells wexpased to heat stress for 30 min at 42 °C in a
humidified atmosphere containing 5% €00 reach a temperature of 42 °C inside the caltur
vessels, the incubator was set to a temperaturdld °C (Figure 2-1). Temperature
measurements were carried out with a PT100 FS-4@0Ror and Labview 8.0 (National
Instruments, Austin, SA). The temperature in thituce vessels reached 42.2 °C after 25 min
of heating. Due to technical limitations, the attiganperature was slightly above the target
temperature of 42.0 °C. However, this default terajpee was reproducible in all experiments
and adequate to induce oxidative stress in ourrexpatal setup. The heating phase was
followed by the 30 min heat stress phase (cons@mperature at 42 °C) and a 5 min cool
down to 37 °C.
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Figure 2-1: Temperature curve during the induction of oxidatsiress through heat treatment; Temgl.5 °C,
TeMpargei 42.0 °C (t = 25 min).

As a control, cells were treated with a subtoxiaagamtration (2 mM) of hydrogen peroxide
(Conde de la Rosa et al., 2006) for 1 h to inducenétion of reactive oxygen species. For
antioxidant treatment, cells were incubated with (8@ of quercetin (Liu et al., 2010) or
500 uM of N’ acetylcysteine (Zaragoza et al., 20€8) 4 h prior to heat stress angd®3-
treatment.
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2.4 Determination of hepatic function and oxidative stess response

2.4.1  Albumin secretion

The albumin release into the supernatant was detedrusing a highly sensitive two site
enzyme linked immunoassay (ELISA) for meagpafbumin in biological samples of rats
(Immunoperoxidase for determination of alouminah samples (Genway Biotech, San Diego,
CA)).

The principle of the assay is represented in Fidli&e Collected supernatants were diluted
1:30 or 1:80 depending on cultivation time. Theualin in the samples binds to the anti-
albumin antibodies on the surface of the polystgrencrotiter plate. After removing unbound
proteins, anti-alboumin antibodies conjugated witirskradish peroxidase (HRP) are added.
The resulting complexes are assayed by adding a@mdgenic substrate, 3,3',5,5'-
tetramethylbenzidine (TMB) and measuring the abmach with an iIEMS absorbance Reader
MF (Labsystems, Helsinki, Finland) at 450 nm.

Anti-Albumin Antibodies Bound To Solid Phase

Standards and Samples Added

Albumin*Anti-Albumin Complexes Formed

Unbound Sample Proteins Removed

Anti-Albumin-HRP Conjugate Added

Anti-Albumin-HRP * Albumin = Anti-Albumin Complexes Formed

Unbound Anti-Albumin-HRP Removed

Chromogenic Substrate Added

Determine Bound Enzyme Activity

Figure 2-2: Principle of the two site enzyme linked immunogsdzLISA) for measuring albumin production of

primary rat hepatocytes (http://www.genwaybio.com).

2.4.2 AST release

Aspartate aminotransferase (AST) is a liver spe@fizyme only present in the supernatant, if
the integrity of the cell membranes is disturbelerEfore it is commonly used as a viability

marker inin vitro hepatocyte cultures. AST activity was determinsohg the Fluitest® GOT

28



Chapter 2 Materials and Methods

AST test kit from Analyticon Biotechnologies AG @htenfels, Germany). AST catalyzes the
conversion of aspartate aneketoglutarate to oxaloacetate and glutamate. @Gxakate is then
reduced to malate while NADH is consumed. The dimmare of NADH was measured with an
IEMS absorbance Reader MF (Labsystems, HelsinkiaRd) at 340 nm. The AST activity
was interpolated from the standard curve using #i4walibrator (Bio Cal® E, Analyticon

Biotechnologies AG, Lichtenfels, Germany).

2.4.3 LDH release

Lactate dehydrogenase (LDH) is a stable cytoplasniyme catalyzing the conversion of
lactate to pyruvate, as it converts NA®D NADH. It is present in all cells and rapidlyeased
into the cell culture supernatant upon damage efplasma membrane. LDH release was
determined using the LDH Cytotoxicity Detection Kitom Roche Diagnostics GmbH
(Mannheim, Germany). Collected supernatants weltatedi 1:5 or 1:20 depending on
cultivation time. The principle of the assay ismesgented in Figure 2-3. In the first step NAD
is reduced to NADH by the LDH-catalyzed conversainactate to pyruvate. In the second
step the catalyst (diaphorase) transfers "Hibl the tetrazolium salt, which is reduced to
formazan. The absorbance of the formazan dye wasumed with an iIEMS absorbance reader
MF at 490 nm. The LDH release was interpolated fitvn standard curve using a multi-
calibrator (Bio Cal® E, Analyticon Biotechnologi@s§s, Lichtenfels, Germany).

1. Step:

Co0" Ccoo"
I LDH I
HO —C—H > c=0
| |
CH: CH:
lactate pyruvate
+
NAD NADH + H*
2. Step:
/© | /©/ |
H
7 N—N P N—N
©_ ¢ “ < ©— ¢ | *
“n= N*\©\ Catalyst N =N*\©\
H
NO: NO:
formazan salt (red) tetrazolium salt (pale yellow)

Figure 2-3: Assay principle of the LDH Cytotoxicity Detectid¢fit (Sigma-Aldrich). Abbreviations: LDH:

lactated dehydrogenase; NABI+H": nicotinamide adenine dinucleotide.
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2.4.4  Superoxide dismutase activity

Superoxide dismutase (SOD) catalyzes the dismutaifosuperoxide radicals to hydrogen

peroxide. The SOD activity was determined using @aSelect™ Superoxide Dismutase

Activity Assay from Cell Biolabs (San Diego, USAptracellular samples were concentrated
7-fold using centrifugal filter devices according manufacturer’s instructions (Amicon®

Ultra- 0.5, 10 kDa MWCO, Merck Millipore, Darmstadiermany) to reach the detection limit

of the assay. The SOD activity assay uses a xaiia@nthine oxidase (XOD) system to

generate superoxide anions. The included chrompgmtuces a water-soluble formazan dye
upon reduction by superoxide anions. The activitys®D is determined as the inhibition of

chromagen reduction (Figure 2-4). The absorband¢bheoformazan dye was measured with an
IEMS absorbance reader MF at 490 nm.

Fanthine 20, oD490 4
XoD
HO,
+ 20, Chromagen

Uric Acid

SOD

¥

0,+H,0,

Figure 2-4: Assay principle of the OxiSelect™ Superoxide Dismse Activity AssayCell Biolabs (San Diego,
USA)). Abbreviations: SOD: Superoxide dismutase;D{@anthine oxidase

2.4.5 Catalase activity

The catalase activity was determined using therdionetric OxiSelect™ Catalase Activity

Assay Kit (Cell Biolabs, San Diego, USA). Catalasean antioxidant heme enzyme that
removes hydrogen peroxide by dismutation. Hydrquenoxide is toxic to eukaryotic cells and
initiates oxidation of DNA, lipids, and proteinshd& principle of the assay is presented in
Figure 2-5. Catalase induces decomposition gdDHo produce water and oxygen. In the
presence of horseradish peroxidase (HRP), nondbomnt ADHP (10-Acetyl-3,7-

dihydroxyphenoxazine) is oxidized to the highlyditascent resorufin. As the catalase activity
increases, the resorufin signal decreases. Therkabsme of resorufin is measured
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fluorometrically with Fluoroscan Ascent CF (Lab®yss, Helsinki, Finnland) with a 544/590

nm filter set.
Catalase
2H,0, —— > 2H0,+0;
. . HRP
H,0; (remaining) + ADHP ——————»  resorufin (fluorescence)

Figure 2-5: Assay reactions of the OxiSelectTM Catalase Autigissay. Abbreviations: ADHP: 10-Acetyl-3,7-

dihydroxyphenoxazine; HRP: horseradish peroxidase

2.4.6  Protein carbonyl content

Protein oxidation is the covalent modification gbratein by reactive oxygen species (ROS) or
by reaction with secondary by-products of oxidatsteess. The most common products of
protein oxidation in biological samples are thetgio carbonyl derivatives of proline, arginine,
lysine, and threonine (Berlett & Stadtman, 199'feSe derivatives are chemically stable and
serve as markers of oxidative stress.

Carbonyl content in protein samples was determumsdg the OxiSelect™ Protein Carbonyl
Fluorometric Assay (Cell Biolabs, San Diego, USA)he carbonyl residues are first
derivatized with a protein carbonyl fluorophore,igfhbinds to the protein carbonyl group in a
1:1 ratio. Proteins are then TCA precipitated amee fluorophore is removed by washing the
protein pellet with acetone. After dissolving th®tein pellet in guanidine hydrochloride, the
absorbance of the protein- fluorophore is meastitetometrically with Fluoroscan Ascent
with a 485/538 nm filter set.

2.4.7 Reactive oxygen species (ROS)
For detection of ROS, an assay initially develofuedH,0O, detection (Brandt & Keston, 1965)

was used.

The principle of the assay is represented in Fi@uée The cells were treated with @b 2',7'-
dichlorofluorescin diacetate (DCEHDA) at 37 °C in a humidified atmosphere contagnt®%o
CO, for 30 min. The nonfluorescent lipophilic DCEFH-DA diffuses through the cell
membrane. Intracellular esterases deacetylate DCHPA to form DCFH, which is
membrane-impermeable (Chen et al., 2010). DLedcts with intracellular ROS to produce

the fluorescent DCF, which can be measured witB5588 nm filter set.
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Figure 2-6: The generally accepted formation mechanism of DCéell. AbbreviationsDCFH, —-DA: 2,7"-

dichlorofluorescin diacetate

2.4.8 Determination of total cellular glutathione

The quantitative determination of total glutathig@®SH/GSSG) was carried out as previously
described (Rahman et al., 2006). The principldefiinetic recycling assay is shown in Figure
2-7. Reduced glutathione (GSH) reacts with DTNB'(ithiobis-(2-nitrobenzoic acid)) to
form free TNB, which can be measured with an iEMSasmbance reader MF at 412 nm.
Oxidized glutathione (GSSG) is reduced by glutathioeductase (GR). Therefore, the
determined concentration represents the total amob@inglutathione in the sample. The
adherent cells were washed twice with 2 ml cold PB&lected with a cell scraper and
resuspended in 1 ml PBS. After centrifugation (160@/5 min/4 °C), the cell pellet was
resuspended in 10d 3 % (w/v) metaphosphoric acid. The sample wagdm defrosted and
centrifuged at 3000 x g and 4 °C for 10 min. Thetg@n content in the pellet was analyzed
using a Bradford assay (see chapter 2.5.1). Thersag@nt was used for total glutathione
measurement. 20l of supernatant were mixed with 120 of a 1:1 solution of DTNB/GR
(2.7 mM DTNB and 6.8 units GR) and incubated for s#&onds. Then, 60l of 0.8 mM
NADPH were added and the absorbance at 412 nm weesured. GSH values were
interpolated from a GSH standard curve. Duringabsay oxidized GSH (GSSG) is reduced by
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GSH reductase (GR) in the presence of NADPH. Theeethe measured values represent the
total amount of cellular GSH. For data analysis GQ&ttlues are expressed as nmol per mg

protein.

QNOz 2 GSH
HOOCD/S‘S COOH TNB
O,N TNB
DTNB
GR +
NADPH
HOOC 5
\/
A i [GsanB | [ G556 ] /
) TNB B) GSH/GSSG

Figure 2-7: A) Schematic representation of the glutathiongclieg assay for quantitative determination of tota
cellular glutathione. B) Principle of the kinetissay for determination of total glutathione. Abbations: GR:
glutathione reductase; DTNB: 5,5'—dithiobis-(2-oltenzoic acid); GSH: reduced glutathione; GSSGdingd

glutathione

2.5 Proteome analysis

2.5.1 Bradford assay

The protein content of the samples was determisggla Bradford assay (Bradford, 1976).
Bovine serum albumin (BSA) in a concentration ramfed-1 mg/ml served as calibrator.
Samples were diluted with MilliQ water to be withgalibration range. 10l of BSA or protein
samples were mixed with 2Q0 assay reagent (1:5 with MilliQ water, Bio-Rad bahtories,
Inc., Hercules, USA) in a 96-well plate and incéohfor 10 min on a rocking table. The

absorbance was measured at 595 nm with an iIEMStabste Reader.

2.5.2  Extracellular proteome

Ultrafiltration and purification of extracellulargteins

Cell culture supernatants were collected 24 h @t after heat stress and centrifuged for 20
min at 3000 x g and 4 °C (Labofuge 400R, Heraehsrmo Fisher Scientific, Waltham, USA)
to remove dead cells and cell debris.

The samples were 20fold concentrated, desaltedrenduffer exchanged using Vivaspin 15
ml ultrafiltration devices (10 kDa MWCO, Sartoristedim Biotech GmbH, Géttingen,
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Germany). The filter devices were first sterilizagth 70% ethanol and then washed with
MilliQ water at 3000 x g and 4 °C (Labofuge 400Rer&kus, Thermo Fisher Scientific,
Waltham, USA). 10 ml of cell culture supernatantreveoncentrated for 45 minutes at
3000 x g at 4 °C to a volume of 500 The filter devices were then filled up twice wit0
mM NH4HCO; (pH 9.5) containing 0.4 mM Pefabloc® SC Plus (Roddiagnostics,

Mannheim) and centrifuged as described before.

Immunodepletion for the removal of highly abundardteins

Selective immunodepletion enables the removal wérsehighly abundant proteins from rat
serum. 60-70% of total protein was depleted resylin the enrichment of low-abundant
proteins for downstream proteomic analyses. Theletlep of albumin, transferrin,
haptoglobin,a; antitrypsin, fibrinogen, 1gG and IgM was carriedt aising Seppfd Rat Spin
Columns (Sigma Aldrich, Steinheim, Germany).

Samples containing 600 pg of protein were transfeto the spin columns and incubated on a
rocking table for 15 min at room temperature. Thkimns were then centrifuged at 2300 x g
for 30 s (Heraeus Biofuge Fresco, Thermo Fishegrific, Waltham, USA) to obtain the first
fraction (F1) of flow-through proteins. This cefugation step was repeated with 500 pl of
dilution buffer to obtain the second fraction (F#f)flow- through. Bound proteins (B) were
eluted by washing four times with stripping buffes described above. All bound fractions
were pooled and neutralized with neutralizationférufor further analysis of highly abundant
proteins.

Afterwards, the depleted samples were filtered Withaspin 4 ml to exchange buffer to 40
mM NH4sHCO; (same procedure as Vivaspin 15 ml, chapter 2.R&3¥pective fractions were
separated with 1-D gel electrophoresis (Figure afR) proteins were identified with MALDI
ToF/ToF mass spectrometry to verify successful imoaepletion. Albumin, transferrin and

haptoglobin were identified in the bound fractibot not in the flow-through fraction.
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Figure 2-8: 1-D SDS PAGE with 10 pg protein after 24 h of amllture, EZBlue Coomassie staining; protein
identification with MALDI ToF/ToF. M: molecular wght marker, F: flow- through fraction with extralcér
proteins (high to low molecular weighttl-inhibitor 3, hemopexin, vitamin D-binding proteimajor urinary
protein), B: specifically bound fraction with highdbundant proteins (high to low molecular weidtaptoglobin,

albumin, transferrin)

Acetone precipitation

Acetone precipitation is a widely used method fonaentrating and purifying most soluble
proteins. Salts and many lipid soluble contaminamésremoved. Four volumes of prechilled
(4 °C) acetone were mixed with one volume of cotreged protein solution and incubated for
2 h at -20 °C. Afterwards, the samples were cemgell at 12300 x g and 4 °C for 10 min
(Heraeus Biofuge Fresco, Thermo Fisher ScientiMaltham, USA). The supernatant was
discarded and the pellet left to dry for 30 mimaim temperature. The pellet was resuspended
in 125 pl of rehydration buffer (7 M urea; 2 M threa; 4% CHAPS (w/v); 0.6% Bio-Lyte®
3/10 ampholyte 100x (v/v); 40 mM DTT) prior to 2¢el electrophoresis.

2.5.3 Intracellular proteome

Extraction of intracellular proteins

Cells were washed twice with PBS (4 °C) followedthg addition of cold lysis buffer (50 mM
Tris, pH 7.4; 150 mM NaCl; 0.1% N-laurylsarcosing\); 1 mM EDTA,; 0.4 mM Pefabloc®
SC Plus). Cells were incubated for 30 min at 4 @0llagen and cells were scraped of the
dishes, transferred into Eppendorf reaction tulmescentrifuged at 12300 x g and 4 °C for 10
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min (Heraeus Biofuge Fresco, Thermo Fisher Scieniifaltham, USA). TCA (7.5% v/v) was
added to the supernatant to precipitate proteidstla@ mixture was incubated for 2 h on ice
followed by another centrifugation step at 12300 *and 4 °C for 10 min. The pellet was
washed twice with 2 ml tetrahydrofuran (4 °C), céaged as mentioned above and
resuspended in 125 pl rehydration buffer (7 M ue¥ thiourea; 4% CHAPS (w/v); 0.6%
Bio-Lyte® 3/10 ampholyte 100x (v/v); 40 mM DTT) bgonication for 30 min. The
determination of the intracellular protein conteméis carried out using the previously
described (chapter 2.5.1) Bradford assay (Bradft®dg).

Intracellular protein extracts were cleaned fromicadetergents, salts, lipids and nucleic acids
prior to 2-D gel electrophoresis using the ReadyPr cleanup kit (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) according to manufactwgarstructions. Resulting protein pellets
were resuspended in 1Q0of rehydration buffer (7 M urea; 2 M thiourea; 48HAPS; 0.6%
Bio-Lyte® 3/10 ampholyte 100x; 40 mM DTT).

Protein purification

Protein extracts were purified using the ReadyPxdp cleanup kit (Bio-Rad Laboratories,
Inc., Hercules, USA) prior to 2-D gel electrophaseS he procedure works by quantitatively
recipitating and concentrating proteins in a samyide washing away ionic detergents, salts,
nucleic acids, lipids, and plant-derived phenolmmpounds, all of which are known to
interfere with IEF.

Up to 500ug protein in a final volume of 100l were mixed with 30Qul of agent 1 to
precipitate proteins. After 15 min incubation om,i@00ul of agent 2 were added and the
samples centrifuged at 12300 x g for 10 min at 4H€raeus Biofuge Fresco, Thermo Fisher
Scientific, Waltham, USA). The resulting pellet wiast washed with 4@l of wash reagent 1
and then with 2%l MilliQ water. 1 ml of wash reagent 2 (pre-chilled -20 °C) and % of
wash 2 additive were added to the pellet. The mas wcubated for 30 min on ice and
vortexed every 10 min for 30 sec. After centrifugatat 12300 x g for 10 min at 4 °C
(Heraeus Biofuge Fresco, Thermo Fisher Scientfigltham, USA), protein pellets were
resuspended in 128 of rehydration buffer (7 M urea; 2 M thiourea; 4SHAPS (w/v); 0.6%
Bio-Lyte® 3/10 ampholyte 100x (v/v); 40 mM DTT) prito 2-D gel electrophoresis.
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254 Two-dimensional SDS-PAGE

In the first dimension, the protein samples wengassted by isoelectric focusing (IEF) using
immobilized pH gradient (IPG) strips (7 cm, pH 3-b@n-linear for intracellular proteins and
pH 5-8, linear for extracellular proteins) (Bio-Radboratories, Inc., Hercules, USA) in a
Protean® IEF cell (Bio-Rad Laboratories, Inc., Hiées, CA, USA). IPG strips were thawed
for 1 h at room temperature prior to use. The sampbntaining 10Qg of protein in a volume
of 125ul rehydration buffer (7 M urea; 2 M thiourea; 4% &PIS (w/v); 0.6% Bio-Lyte® 3/10
ampholyte 100x (v/v); 40 mM DTT) were pipetted itoading tray and carefully covered with
the IPG strip avoiding air bubbles. The samplesewererlaid with mineral oil and left inside
the Protean® IEF cell for 16 h at 20 °C for passefeydration. IEF was carried out using the
program described in Table 2-2 with a total of 46 ©olt-hours.

Table 2-2: Program for isoelectric focusing of protein samsple

Stage Voltage [V] Duration [h]
S1 10C 1
S2 20C 1
S3 50C 2
S4 70C 1
S5 25007 6 (linear)
S6 250( 14
S7 50C unlimitec

After IEF, the focused strips were equilibratedaorocking table in equilibration buffer | (6 M
urea; 2% SDS; 0.375 M TRIS; 30% glycerol; 1% DT®) 5 min followed by 15 min
incubation in equilibration buffer Il (6 M urea; 28DS; 0.375 M TRIS; 30% glycerol; 2.5%
IAA). For the second dimension, the samples weparsged on a 12.5% SDS Laemmli gel
(Laemmli, 1970) overlaid with agarose (1% low-nearose (w/v), 0.4% bromphenol blue in
5 x Tris/glycine/SDS-buffer) in a Mini- PROTEAN Tat cell (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). The chamber was filled with 1.6f 1 x Tris/Glycine/SDS-buffer. A
constant current of 15 mA per gel was applied utitd bromophenol blue tracking lane
reached the end of the gel. For protein identiiicatgels were stained with EZBIl&
according to the manufacturer’s instructions (BadR.aboratories, Inc., Hercules, CA, USA).
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2.5.5 Colloidal Coomassie staining (EZBlue™)

SDS gels were stained with EZBlue™ Coomassie BntlBlue G-250 colloidal protein stain

(Bio-Rad Laboratories, Inc., Hercules, CA, USA).te&xf SDS- PAGE, the gels were first

washed 3 x 5 min with deionized water to removees&(SDS. Protein spots were fixed in 50%
methanol, 10% acetic acid for 15 min followed byashing step with deionized water for
another 15 minutes. Gels were stained with EZBluestéihing for 45 — 60 min.

As a colloidal stain, it interacts only with pratsj not the gel itself. Therefore, background
staining is reduced. Additionally, a washing stegihwdeionized water for 2 h further

intensifies the protein spots.

2.5.6 In-Gel digest

For the identification of proteins which show sigrantly changed abundance in DIGE
analysis, EZBIuB"- stained protein spots were picked and destainetgpletely by washing 3-

5 times with 100ul 50% acetonitrile for 5 min at 37 °C. The destdingel-pieces were
dehydrated with 100% acetonitrile, b of sequencing-grade modified trypsin (Oddiul in

40 mM ammonium bicarbonate buffer; Promega Corpadisbn, USA) was added and
incubated overnight at 37 °C for digestion. Trypsiateolysis was stopped by adding (L ®f
10% trifluoroacetic acid (TFA). For further peptid&traction, gel pieces were covered with
60% acetonitrile, 0.1% TFA and sonicated for 15.mihis step was repeated with 100%
acetonitrile. All supernatants were pooled anduwbleme was reduced in a SpeedVac (Jouan
RC 10.22). The peptide samples were concentratddpanfied using ZipTip C18 (Merck

Millipore, Billerica, USA) according to manufactui®instructions.

257 Desalting and concentrating with ZipTip C18

For desalting and concentrating of peptides, ZipTiB (Millipore Corporation, Billerica,
USA) were used. The tips were wetted with 10 p1@9% ACN and equilibrated with 10 pl of
0.1% TFA. Afterwards, the peptides were bound @18 material by pipetting the samples
up and down ten times. Bound peptides were waslited1® pl of 0.1% TFA and eluted in 5
pI matrix solution (5 mg/mb-cyano-4-hydroxycinnamic acid (CCA) in 70% acetoldf 0.1%
TFA) prior to spotting onto a MALDI-target plate88 well Opti-TOF, Applied Biosystems,
Darmstadt, Germany).
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2.5.8 Matrix assisted laser desorption/ionization (MALDI) mass spectrometry

MS and MS/MS analysis was performed on an Applieas¥stems 4800 MALDI TOF/TOF
Analyzer (Applied Biosystems). The analyzer wasibcated using the 4700 Proteomics
Analyzer Calibration Mixture (Applied BiosystemsMS-data was generated in positive
reflector-mode in a mass range of 700-4000 m/z witlshots per subspectrum accumulating
1000 shots in total. Common fragments of the caliband matrix were added to an exclusion
list. Laser frequency was set to 200 Hz using aYlR¢ laser operating at 355 nm and laser
intensity was adjusted according to spectrum qudlisually 2700 — 3000). For MS/MS
analysis a total of 5 precursor ions per fractiogravselected by the software (4000 series
explorer software, version 3.5.1, Applied Biosyss¢for MS/MS-analysis.

The threshold criteria for MS/MS were a minimumnsigto-noise ratio of 20 and a precursor
mass tolerance between spots of 100 ppm. MS/MS wataproduced with 100 shots per
subspectrum with 2000 shots in total or after aghgestop criteria of a signal-to-noise ratio of
20 for at least 10 peaks in the MS/MS spectrum acwimulation of at least 12 subspectra.
Peptides were fragmented by 1 kV collisions vidisioin-induced dissociation (CID).
Generated spectra were searched with MASCOT sealgdrithm (Perkins et al., 1999)
(version 2.1.03) (http://www.matrixscience.com) iagathe Swiss-Prot database with mouse
taxonomy using GPS explorer software v. 3.6 (AmpB2osystems). Search parameters were:
maximum missed cleavages: 1; precursor mass takerahO0 ppm; MS/MS fragment
tolerance: 0.3 Da; variable modifications allowedxidation of methionine and
carbamidomethylation of cysteine. Protein scoreseveggnificant above a value of 55 or 85
depending on the measurement. The function of dieatified proteins was retrieved from

Uniprot Knowledge Base (Bateman et al., 2017) .

2.5.9 Difference gel electrophoresis (DIGE)
The CyDyé" DIGE Fluor (minimal dye) labeling kit (GE Healthea Little Chalfont, UK)

was used to quantify significant differences inrmdance of proteins. The DIGE method was
previously described (Unli et al.,, 1997). The miairfabeling ensures that the dyes label
approximately 1- 2% of the available lysines arat tinly a single lysine per protein molecule
is labeled. CyDyes were reconstituted in 99.8% dntys dimethylformamide (DMF) to give
a stock solution of 1 mM. For each of the thredicafe gels 15:g of untreated sample (Cy3),
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treated sample (Cy5) and internal standard (Cy2gw#éuted with lysis buffer (30 mM TRIS;
7 M urea; 2 M thiourea; 4% CHAPS (w/v)) to a firalume of 7.5ul and incubated with 120
pmol of the respective CyDye for 30 min on ice.slop the labeling reaction,d of 10 mM
lysine was added to the samples and the mix wabated for another 30 min on ice. After the
protein samples have been CyDye labeled, an eqhame of 2 x sample buffer (8 M urea;
4% CHAPS (w/v); 2% Bio-Lyte® 3/10 ampholyte 100¥\N 130 mM DTT) was added and
left on ice for 10 min. The protein samples thatevgoing to be separated on the same gel
were pooled.

2-D gel electrophoresis was carried out using spetbw-fluorescence glass plates
(NHDyeagnostics, Halle, Germany). Fluorescence eragf the gels were obtained using
Typhoon Trio Variable Mode Imager (GE Healthcargtldé. Chalfont, UK) and analyzed with
DeCyder 2-D v 7.0 software according to developer&ructions. Statistical evaluation was
accomplished by applying one-way ANOVA and Studenttest. Only proteins with a
threshold change of at least 1.5 or -1.5 and amum significance level of p=0.05 were

accepted as significantly changed in the treatedmr
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3. Secretome analysis of primary hepatocytes
from middle-aged and old Wistar rats under
oxidative stress conditions for biomarker

discovery

3.1 Introduction

The inevitable process of aging is defined as &-i@pendent decline in the maintenance of
homeostasis and hence an increasing dispositidagenerative diseases and death (Hayflick,
1998). There are various theories of aging (seeptéhd). The most prominent is the free
radical theory of aging (Harman, 1956) which pragmthat the damage to macromolecules
induced by reactive oxygen species is responsimeafiing. Consequently, the search for
potential therapeutic biomarkers that could allomgdosis and protection from ROS-induced
cell aging is of wide interest.

According to the National Institutes of Health (NIE biomarker is “a characteristic that is
objectively measured and evaluated as an indicdtioormal biological processes, pathogenic
processes, or pharmacologic responses to a thei@petervention” (2001). For clinical
purposes, a biomarker candidate requires a higtifgpey and reproducibility and is, ideally,
easy to access and robust. One approach for biemdidcovery is the analysis of the entirety
of the proteins secreted by amvitro hepatocyte culture into a conditioned medium. &ed,
soluble proteins are likely to be present in bodilyds and therefore easy to measure with
non-invasive methods. Active secretion of protemsdivided into the classical and the non-
classical secretory pathway. Classically secretesktems contain a N-terminal signal
sequence which can be processed via endoplasnisaluet and Golgi apparatus (Klee &
Sosa, 2007). All secretion pathways of proteinsheut signal sequence are referred to as
non-classical, including transport in lysosomes axadsomes, shedding of plasma membrane
vesicles and direct secretion through membranspaters (Nickel & Seedorf, 2008).

The totality of proteins secreted actively fromiriy cells is referred to as the secretome, a

term first introduced in 2000 (Tjalsma et al., 2D@ecretome analysis already revealed many
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promising biomarker candidates, e.g. oxidized alinuior type 2 diabetes (Jun et al., 2017) or
other proteins related to diabetes (Dowling et 2008; Song et al., 2009), several types of
cancer (Kulasingam & Diamandis, 2008; Gunawardarel.£2009; Srisomsap et al., 2010),

(Gunawardana et al., 2009) and neurodegeneratiseasis (Jeon et al., 2010) such as

Parkinson’s disease (Pan et al., 2014).

In this study the secretomes of primary hepatocfiim®n middle-aged (6 months) and old

(> 23 months) Wistar rats (PRH) were analyzed undé&tative stress conditions compared to
control conditions using 2-D DIGE and MALDI ToF M&5. Oxidative stress was induced

by heat treatment at 42 °C for 30 min. Heat stiedsces the formation of ROS through

various mechanisms (see Chapter 1). For instanggerthermia causes an increase in
superoxide anions (Mujahid et al., 2006), hydrogeroxide (Zhao et al., 2006) and hydroxyl

radicals (Zhao et al., 2006). Additionally, heatess activates NADPH oxidase, an enzyme
which generates ROS by converting NADPH to NADRN{8h et al., 2014). The advantage
of using heat stress for induction of oxidativeest is that the method is chemically non-
invasive and therefore also suitable fiorvivo studies (Hall et al., 2000; Zhang et al., 2003;
Slimen et al., 2014).

The aim of the study was to evaluate potential lsidwrs and therapeutic targets that could

allow prediction and diagnosis of ROS-induced aglhg.

42



Chapter 3 Secretome Analg$id/istar Primary Rat Hepatocytes

3.2 Results

The secretomes of primary hepatocytes of middlelaged old Wistar rats were compared
24 h after induction of oxidative stress by heatatment at 42 °C. Hepatic function was
monitored during the cultivation time by measuradgumin production and AST and LDH
release into the supernatant at 24 h (Figure 3-1).

4 isolation of H WME 10 i WME 0 )
hepatocytes H E
1
1
Percoll : 1
enrichment | | Heat stress |
I 18 h of adherence |42°C/30 min I
Cell seeding ]
10 x 10° cells/flask
(collagen coated) Start 24 h
collection of
k supernatant/

Figure 3-1: Experimental setup of the secretome analysis ohgry hepatocytes from middle-aged and old
Wistar rats (isolation at Pharmacelsus GmbH, Séaken) and sampling of extracellular proteins afteat
induction of oxidative stress; Abbreviations: WME(Williams Medium E w/o FCS), WME 10 (Williams
Medium E with 10% FCS); dashed lines: medium change

After isolation, viable hepatocytes were enrichathwercoll density gradient centrifugation
(Pertoft et al., 1978). After Percoll enrichmentx 3¢ cells were lysed and the intracellular
protein content was measured with a Bradford asHag.cells were seeded in 75 Taulture
flasks pre-coated with 7 gg/cnt of rat tail collagen and left to adhere in WME dt037 °C
for 18 h. After the adherence phase, medium wasggthto WME 0 and an oxidative stress
response was induced by heat treatment. The supetaavere collected 24 h after induction
of oxidative stress. High-abundant proteins likeuahin were removed via immunodepletion
prior to secretome analysis with 2-D DIGE and MALDdOF MS/MS to intensify the low-
abundant proteins. The 24 h time point for theemibn of supernatant was chosen for two
reasons: First, because the time is needed foat¢hamulation of secreted proteins in the

supernatant and second, because primary hepatocytegmnolayer cultivation dedifferentiate
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into a fibroblast-like phenotype within the firsdays after hepatocyte isolation (Godoy et al.,
2009).

3.2.1 Influence of oxidative stress on cell viability, potein oxidation and albumin

secretion of primary hepatocytes from Wistar rats

The degree of heat-induced oxidative stress in gmynmrat hepatocytes was estimated by
determining the carbonylation status of the intlats proteins after 24 h of incubation

(Figure 3-2).

Hepatocytes from middle-aged rats show an oveoalef protein oxidation level than old

hepatocytes. Moreover, the influence of oxidatitress on middle-aged cells is contrary to
old hepatocytes with respect to carbonyl conterfteyT show a significantly decreased
carbonyl content compared to the control, wherddshepatocytes exhibit an increase in
protein oxidation by heat exposure. These resultsewconfirmed in further studies (see
Chapter 4).

4 - * m control

l Wheat stress 42°C

2,5 A |

0,5 -

protein carbonyl content [nmol/mg protein]

middle-aged old

Figure 3-2: Protein carbonyl content of PRH from middle-agaed ald Wistar rats under control and heat stress
conditions after 24 h of cultivation. The amountoafdized proteins as a marker for oxidative stissgiven as
nmol per mg protein (protein content determinechvBtadford assay). Error bars indicate standardatiens

(N=2, n=6).* indicate significance at p=0.05.

The level of hepatic function was determined 24fterainduction of oxidative stress by

measuring albumin production and AST and LDH redeas
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The measurement of albumin secretion into the spant of primary hepatocytes serves as
an indicator for cell viability and hepatocyte-siiecfunction. However, in middle-aged
hepatocytes a 40% lower basic albumin secretion thaold hepatocytes was observed
(Figure 3-3). Assuming that, in this case, albusegretion and viability do not correlate, we
determined the intracellular protein content of diedaged PRH (429 pg/cell £ 30 pg/cell)
and old PRH (687 pg/cell £ 63 pg/cell). The measwets confirmed an inherently higher
protein content of about 60% in old hepatocytes5-f@ld) which could be associated with

the higher albumin secretion.

*% m control

m heat stress 42°C

50 -

40 -

30 A

20 -

albumin secretion [ug/1E6 cells]

10 -

middle-aged old

Figure 3-3: Albumin production of PRH from middle-aged and ®dstar rats under control and heat stress
conditions within 24 h of cultivation. Albumin pradtion is given as pg per million seeded cellsoElrars

indicate standard deviations (N=2, n=6). ** indieatgnificance at p=0.01.

In old PRH the albumin secretion increased duestd btress whereas in middle-aged PRH no
significant differences were detected. The enzy&®$ and LDH are only released into the
supernatant if the integrity of the cell membrameompromised. Therefore, LDH is used as a

general viability marker in cell culture, whereaS™is a liver-specific viability marker.
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Figure 3-4 LDH and liver-specific AST activity of PRH from iddle-aged and old Wistar rats under control
and heat stress conditions within 24 h of cultatiThe amount of released enzyme is given asumitt (mU)
per million seeded cells. Error bars indicate staddeviations (N=2, n=6).* and ** indicate sigogince at
p=0.05 and p=0.01.

The measurements of AST and LDH activity of middted and old hepatocytes under
control and oxidative stress conditions are illastd in Figure 3-4. As was expected, a
comparable trend for each age group and stresstimondan be observed for both enzymes.

Old hepatocytes exhibit a higher level of oxidatsteess already under control conditions as
was indicated by the higher protein carbonyl cont®onsequently, it is not surprising that
the level of AST and LDH in the supernatant is ated due to dying cells and compromised
cell membranes. The results for the cells undedaiiie stress coincide with the protein
oxidation level. Middle-aged hepatocytes show nieddnces in viability, whereas old

hepatocytes show an increase in cell death markers.

3.2.2 Influence of oxidative stress on the secretome pfimary rat hepatocytes

The samples were immunodepleted to remove highddminserum proteins. They were
further concentrated and desalted with an ultrafitbn device with a MWCO of 10 kDa prior
to 2-D gel electrophoresis. 2-D gel electrophoresias executed as EZBlue-stained
preparative gels for further identification with NNBI ToF MS/MS (Supplementary Figure 3-

1) and as fluorescence-labeled DIGE gels for naguantification (Figure 3-5).
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q A

NE1 |/

Figure 3-5: representative-D DIGE gel images (pH 5-8) of secreted proteins fiistar PRH after exposure to

heat stress. Proteins were labeled with (a) Cy2aboing equal amounts of control (37°C) and tregt2rC)
sample as an internal standard for the quantitatorparison (473/530 nm), (b) Cy3 containing thetad
(37°C) sample (532/570 nm) and (c) Cy5 containirgtteated sample (635/665 nm).

DIGE allows the comparison of two different conalits at a time. In this experimental setup,
the control condition (cultivation at 37 °C) waswmgared to the heat stress condition (42 °C
for 30 minutes) for each age group. Representgteare shown in Figure 3-6.

In total 58 protein spots were identified on thepgarative gels (Supplementary Table 3-1 and
3-2). For some proteins several isoforms were fowgsallting in 28 different proteins. The
identified proteins are involved in various biologi processes like transport (GO:0006810),
lipid metabolism (GO:0006629), catabolic procesg€¥0:0009056), iron homeostasis
(GO:0006879) and regulation of catalytic activits@:0050790). Almost half of the
identified proteins can also be associated witltggees involved in aging and oxidative stress
(GO:0006950), illustrating the importance of thecretbome as a source for biomarker

discovery.

When the extracellular proteomes of middle-aged P&Ridler control and heat stress
conditions were compared (Figure 3-6 a), it waseoled that most spots were white which
indicates a similar proteomic profile. Confirmings assumption, statistical analysis revealed
no significant changes in the secretion of prot&ios1 middle-aged primary hepatocytes due
to heat stress.

In total 144 protein spots were detected on theréiscent DIGE gels in the pH range 5-8.

Primary hepatocytes from old Wistar rats show cliffierences between control and heat
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stress condition (Figure 3-6 b). Statistical evatma of the DIGE-gels revealed 63
significantly & 1.5-fold) altered spots. These results compareld thie alterations in hepatic
functions indicate a stronger effect of heat sti@msld hepatocytes than middle-aged ones

and prove the basic applicability of the heat stresdel to study oxidative stress.

s 2

N J

Figure 3-6: Overlay of representative DIGE gels (pH 5-8) shayidifferential protein abundance in the
secretome of Wistar PRH 24 h after exposure to bgass. Comparison between control (37 °C) and- hea
stressed (42 °C) PRH samples (a) of middle-agedrft)old rats. Spots that are only present in obrgreen;

heat-stressed: red; same abundance: white; (n=3).

Comparing the number of proteins identified with MN ToF/ToF from EZBlue-stained
gels (58) and the number of detected spots on DgBE (144) there is a noticeable
discrepancy. Hence, it can be assumed that sontg, sgdch were identified as differentially
expressed under oxidative stress, could not betifteh The main reason for this is the
higher sensitivity of the fluorescent DIGE labelingpmpared to EZBlue staining.
Additionally, MALDI ToF/ToF measurements revealéat several spots contained isoforms
of the same proteins.

Figure 3-7 (a) represents the detailed distributibthe altered protein abundance in old PRH
under oxidative stress. Out of 144 detected spdisoatained proteins with higher abundance
and 20 contained proteins with lower abundance tthen control samples. As can be
expected, a high fold change is less likely. Acowgty, only 3 spots exhibited a fold change
above 4-fold of which only one spot could be assito a protein (SOBCu/zn], Table 3-1).
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Figure 3-7: Graphical representation of a) the number of sedrptoteins with a certain fold change and b) the
total number of proteins with an altered ( > 1.Bfabundance in PRH from old Wistar rats afteruicttbn of
oxidative stress. Positive fold changes represégien differential abundance compared to the corara

negative values represent lower differential abnodecompared to the control.

In Table 3-1, the results of the comparison of mdnand heat stress conditions in old rat

primary hepatocytes are listed. From the 2-D géssgots per gel could be assigned to
differentially expressed spots on the according BI@els For hemopexin, transthyretin,

vitamin D-binding protein, apolipoprotein E and weglcin several isoforms were found.
Shown are the averages of all isoforms of a sipgkein which show comparable behavior to
the stress conditions. In total we identified 1#edentially expressed proteins in old PRH

under oxidative stress compared to the control itiomd.
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Table 3-1: Identified extracellular proteins with significaptifferent abundance in PRH of old Wistar ratsh24
after induction of oxidative stress (at 42 °C). Heeretome of the PRH cultivated at 37 °C servecbasrol to

which the secretome of the PRH heat-stressed alCA%vas compared. Positive values indicate a higher

abundance of the detected protein due to heasstmapared to the control condition, whereas negatilues
indicate a lower abundance. Shown are the meatisedld change from the different gels (N=2, n=6)n

case of isoforms the average of all spots is sho@wiss-Prot database information is derived from

http://www.uniprot.org.

Swiss-Prot . Secretion Fold Std. .
. Protein GO molecular function
Accession no. status change dev.
G0:0005319: lipid
P02650 Apolipoprotein E* secreted -2.34 0.28 transporter activity
GO0:0007568: aging
G0:0006954:
) inflammatory response
P80254 D-dopachrome secreted 1.95 0.33 .
decarboxylase G0:0042438: melanin
biosynthetic process
Superoxide dismutase ~ Secretion via GO:0006979: response
e [Cu-Zn] exosomes e O to oxidative stress
P70619 Glutathi q secretion via 3.47 0.95 GO0:0006979: response
utathione reductase exosomes ' ' to oxidative stress
G0:0042562: hormone
P02767 Transthyretin* secreted -1.89 0.12 .
binding
G0:0003779: actin
o binding
P04276 Vitamin D-binding secreted 3.01 0.86 o
protein G0:0005499: vitamin D-
binding
T Apoli o A ted 4 0.06 G0:0017127: cholesterol
polipoprotein A- Secrete - ' transporter activity
P02761 Major uri i ted 2.23 051 C0:0009550:
ajor urinary protein secrete -2. . pheromone binding
: G0:0015232: heme
P20059 Hemopexin* secreted 2.09 0.17 .
transporter activity
G0:0004867: serine-
Q64240 Protein AMBP secreted 3.26 0.65 type endopeptidase
inhibitor activity
Retinol-binding GO0:0005215: transporter
P04916 secreted -1.96 0.03 .
protein 4 activity
G0:1901671: positive
regulation of SOD
Q03336 Regucalcin* secreted -2.78 0.16 activity
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Most of the detected proteins are directly or iadily related to oxidative stress, aging or age-
related diseases. One protein responsible fordhmval of reactive oxygen species, namely
SOD [Cu/Zn], and glutathione reductase respondibteupkeep of the GSH/GSSG redox
state, showed the overall highest increase in admoed(+4.63-fold and +3.47-fold) after heat
treatment. The regucalcin and protein AMBP expossvas also increased 24 h after heat
stress (+2.78-fold and +3.26). Contrarily, D-dopadhe decarboxylase expression, also
known for its role in the defense against oxidasuess, was decreased almost 2-fold. The
amounts of most of the proteins with transporterction were clearly lower under oxidative
stress conditions. Specifically, the serum levdishe lipoprotein transporters ApoE and
ApoA-IV, transthyretin, major urinary protein anetinol-binding protein 4 were significantly
decreased. Hemopexin and vitamin D-binding proten, the other hand, showed a
significantly higher abundance under stress comti The highest difference was found for

vitamin D-binding protein, which was more thani@és as abundant as in the control sample.

3.3 Discussion

In this study the extracellular proteomes of priynhepatocytes from middle-aged and old
Wistar rats were analyzed under control and oxréadtress conditions.

The determination of the AST and LDH levels, askaess for hepatic injury, revealed that the
PRH from old rats show impaired hepatic functioreatly under control conditions. AST
levels were 3-fold and LDH levels even 7-fold highiean in PRH of middle-aged Wistar rats
(Figure 3-4). This is most likely not an artifadttbe prevailing cultivation but a long-lasting
effect of the stress induced by the liver perfusemen after the adherence phase and the
subsequent washing step. The average cell vialitgr perfusion was about 10% smaller in
old than in middle-aged PRH. Additionally, heaess had no impact on middle-aged PRH,
whereas old PRH were highly susceptible to celldiamage through oxidative stress. AST
and LDH levels were both significantly increasedoid PRH. Additionally, the carbonyl
protein content, known as a marker for oxidativeesst (Dalle-Donne et al., 2003), was
elevated in old hepatocytes (Figure 3-2).

Contrary to this observation we determined an @mee albumin production in senescent

PRH under control conditions (Figure 3-3). Usuadlyhigh albumin production is considered
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as correlated to high cell viability. This is thase in studies of xenobiotic metabolism
(Soldatow et al., 2013), but is not applicableifovitro models of aging and oxidative stress.
In vivo studies confirm the higher albumin production imesxent animals under control
conditions (Schmucker, 1990). The higher albumicretgon of PRH from old rats may be
correlated to the higher intracellular protein emtof old PRH (687 pg/cell) compared to
middle-aged PRH (429 pg/cell). This may be duehiigber level of oxidative stress they are
exposed to even under control cultivation condgiolging lowers the expression of
antioxidant enzymes in primary hepatocytes (Ha#llet2001). Elevated albumin levels could
be a cellular mechanism to counteract this decr@astress protein expression. Previous
works have shown that more than 70% of the ROSeswgang ability of serum was due to
serum albumin (Bourdon & Blache, 2001). In old PR induction of heat stress resulted in
a further increase in albumin secretion demonsigdtie impact of heat treatment as a source
of oxidative damage.

PRH from middle-aged rats showed no signs of oridatress in the hepatic function or in
the expression level of secreted proteins undet $tezss conditions. The amount of protein
carbonyls was even significantly decreased aftemt teeatment. This effect could be
explained if we presume fully intact defense medras against oxidative stress in
hepatocytes from middle-aged rats. In this casat égposure at 42 °C would cause only a
mild physiological heat stress that initiates twmgesses. First, the induction of Hsp72
suppresses apoptosis via the inhibition of the jidkway (Gabai et al., 1998). Second, the
activation of the HSP70 recovery system may redpicgein aggregation by activating
refolding and degradation processes (Verbeke eP@D0) as illustrated in Figure 3-8. Since
heat shock proteins are intracellular proteins,caeld not confirm this speculation in this
experiment. However, there is strong evidencetthattheory is accurate because there was a
significant increase in the abundance of HSP7@ksarhepatocytes from middle-aged Sprague
Dawley rats after heat exposure (see chapter 5).

Primary hepatocytes from old Wistar rats, on theeohand, show a clear increase in protein
carbonylation under heat stress. Furthermore, ridaction of HSP70 transcription by heat
shock was significantly reduced in hepatocytesaignl from old rats compared to hepatocytes

isolated from young/adult rats as reported preno(tseydari et al., 2000).
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Figure 3-8 HSP70 recovery system protects against proteinada caused by oxidative stress; heat shock
proteins are overexpressed under oxidative strsditions; HSP70 initiates refolding or degradirfgoridized

proteins to provide peptides and amino acids ferctll.

These observations indicate impaired defense meshanagainst oxidative stress in aged
cells. On the secretome level, old PRH showed ogmt differences in the abundance of
proteins after heat treatment (Table 3-1). Howelieat exposure evoked contradictive effects
on the expression of stress-related proteins. Sprogins showed a lower abundance,
whereas others showed a significantly higher aboecelafter heat exposure.

The expression of retinol-binding protein 4 (RB®Yifold decreased. It is mainly produced
in the liver and is a transport protein for vitardinAdditionally, it plays an important role in
the modulation of the glucose metabolism. Previouwsianin vivo studies proved a positive
correlation of RBP and the development of adipssitad insulin resistance (Li, Wongsiriroj,
et al., 2014). Transthyretin (TTR) stands in cladation to RBP. Under oxidative stress, TTR
forms tetramers with thyroxine and RBP which aggtegto amyloidogenic plaques.
Therefore, oxidative stress is a major factor i development of Alzheimer’s disease (Ando
et al., 1997). The decrease in abundance of freP BBd TTR in heat-stressed old rat
hepatocytes could be due to the formation of agdesg It is known that carbonylated TTR
has a higher affinity to form aggregates than naranylated TTR (Zhao et al., 2013).
D-dopachrome decarboxylase (alternative name Dalopane tautomerase, DDT), is an
inherently intracellular protein. However, it ipoeted to be secreted into the serum (Merk et
al.,, 2011) as a protection mechanism against dxelagtress (Hiyoshi et al., 2009). Its
expression in old PRH after heat exposure is 2-fieidreased. DDT catalyzes the conversion

of D-dopachrome to 5,6-dihydroxyindole which is alamin precursor. Melanin has an
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antioxidant activity in liver which is however notearly understood (Hung et al., 2003). The
expression of both detected and identified apoliptgins is also significantly decreased.
Both proteins have an antioxidant activity, in daa to their important role in the transport
and metabolism of lipids. Apolipoprotein E protectdls against hydrogen peroxide (Miyata
& Smith, 1996; Tarnus et al., 2009), whereas apgpliptein A-IV is protecting against
oxidative modifications of lipoproteins (Qin et,&998).

In case of regucalcin (also known as SMP-30, semescmarker protein 30), the almost 3-
fold decrease supports our previous conclusion.uBagin is known to decrease in age,
causing inflammation and elevated levels of oxidatstress due to its importance for the
vitamin C biosynthesis pathway (Kondo & IshigamiQ1B). Regucalcin deficiency is
suspected to cause glucose intolerance, impapatiietabolism and elevated carbonylation
of proteins (Sato et al., 2014). All of the aboventioned stress-related proteins showed a
decreased abundance which confirms impaired deferesghanisms in PRH from old rats.
However, several other stress proteins were inetck@s abundance. Proteins involved in
detoxification of heme, namely hemopexin and prot&iMBP, showed an increased
abundance under heat stress conditions. Free heoneofes oxidative stress by catalyzing
free radical reactions (Kumar & Bandyopadhyay, J06fmopexin is necessary to mediate
heme-iron recovery and detoxification in hepatogynchi et al., 2008). Protein AMBP has
several antioxidant properties. It scavenges hemdeogher pro-oxidants, inhibits oxidation
reactions and catalyzes the reduction of oxidgpimuucts (Akerstrom et al., 2000). Though,
the decrease of protein AMBP in serum could bégadt in part, due to its affinity to bind to
albumin. Normally, 7% of protein AMBP in serum isund to albumin (Berggard et al.,
1997). The higher secretion of albumin into thausecould therefore reduce the amount of
free protein AMBP. The proteins showing the highesirease in abundance after heat
exposure are [Cu-Zn] superoxide dismutase (+4.68-fand glutathione reductase (+3.47-
fold). Both enzymes catalyze important reactionghe detoxification of reactive oxygen
species. Compared to the previously discussedtsftédieat stress on old PRH, this increase
in the expression of crucial antioxidant enzymesnse contradictory. Nonetheless, other
studies confirm that some antioxidant enzymes (harftgu-Zn] SOD, catalase, glutathione
peroxidase and glutathione reductase) of hepat®dyten 30 months old rats underwent
increases in their specific enzyme activities ali agin their mMRNA compared to 6 months
old Wistar rats (Sanz et al., 1997). These reduiigly that the expression of SOD and
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glutathione reductase increase with age but alleirstufficient to compensate the highly
increased generation of ROS, resulting in oxidaitjyary (see also Chapter 5).

Proteomic analyses of the rat secretome revealedaeotential biomarkers to determine the
risk of oxidative stress-dependent diseases likbeates, arteriosclerosis and cardiovascular
diseases. As a result of this study, the amountgificalcin and the ratio of RBP/TTR are
promising serum marker candidates for assessingexbent of oxidative injury in elderly

patients and their long-term prognosis for age-ddpet diseases.
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4. Comparison of the antioxidant effect of N-
acetylcysteine and quercetin on middle-aged

Wistar primary rat hepatocytes and HepG2

4.1 Introduction

Reactive oxygen species (ROS) are constantly gestena cells during metabolic processes.
The main source is hereby the mitochondrial resmiyachain. In normal cellular metabolism,
ROS play an important role in cell signaling andneostasis (Gil Del Valle, 2010). However,
as highly reactive molecules, they have the paétdi cause damage to macromolecules like
DNA, proteins and lipids. Therefore, organisms diewed various defense mechanisms to
prevent oxidative damage. The major endogenousxadént system includes the enzymes
superoxide dismutase (SOD), catalase (CAT), gligath peroxidase (GPx), glutathione
reductase (GR) and the GSH/GSSG redox system. Hyssems are widely responsible for
the redox homeostasis in the cell. However, thatiatddof exogenous sources of reactive
oxygen species (ROS), e.g. UV-light, pathogens,okaiiics, extensive exercise and
hyperthermia, can cause oxidative stress, an imbalaf pro- and antioxidants that leads to
diseases and aging (Finkel & Holbrook, 2000) by dgimg macromolecules. Therefore,
supplementation of exogenous antioxidants has becmereasingly popular to improve
health and prevent oxidative stress related chrdiseases and premature aging (Poljsak et
al., 2013). The used antioxidants vary from natyafts of the human diet such as the
vitamins C and E (Lobo et al.,, 2010) and polyphen@rquiaga & Leighton, 2000) to
synthetic compounds (e.g. EUK134, NAC) (Augustyraalal., 2010).

Previous research explored the effect of variou®sidants on diseases caused by oxidative
stress like Alzheimer’s disease (Scarmeas et @072 COPD (Cerda et al., 2006), diabetes
(Johansen et al., 2005) and cancer (Yasueda €0dlG). These studies confirm a positive
influence of antioxidants on prevention and treatimnef the aforementioned diseases.
However, there are also studies which revealed=amo(que et al., 2006) or even an adverse
effect on human health (Bardia et al., 2008; Setsa., 2008). Therefore, more research is

needed to specify the impact of antioxidant treatnwn aging and oxidative stress related
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diseases. A highly promising candidate for the préhon of oxidative stress is the polyphenol
quercetin (3,34',5,7-pentahydroxyflavone). Quercetin is the mostralant flavonoid in the
human diet with an average intake of 25 mg/d (Dajasl., 2003). It occurs in fruits and
vegetables such as onions, apples (Wach et alZ)20@rries, broccoli, tea and red wine
(Dajas et al., 2003). Quercetin (Figure 4-1 A) fias hydroxyl groups which account for its
role as a ROS scavenger with anti-inflammatory,dfippdemic and anti-fibrotic properties
(Yoon et al.,, 2012; Li et al., 2016). Moreover, mqetin chelates metal ions, effectively
inhibiting fenton reaction (Cheng & Breen, 2000fd@hus limiting the formation of hydroxyl
radicals. Due to its antioxidative properties, therapeutic potential of quercetin in the
treatment of oxidative stress related diseasesalikeriosclerosis (Hung et al., 2015), several
types of cancer (Szatrowski & Nathan, 1991; Zhoal £2003), ishemic heart disease (Perez-
Vizcaino & Duarte, 2010) and COPD (Tabak et al.0P0is discussed. Quercetin is also
discussed to have hepatoprotective effestvivo (Ansar et al., 2016; Tang et al., 2016;
Barros et al., 2017) and vitro (Gao et al., 2009; Liu et al., 2010; Ji et al., 201

A) B)

Figure 4-1: Chemical structure of the antioxidants A) quercatid B) N-acetylcysteine

Another promising candidate for the defense agamstative stress is N-acetylcysteine
(NAC, Figure 4-1 B). The NAC molecule contains elklgroup which serves as a scavenger
of free radicals and prevents oxidative damagerttems, lipids and DNA. Additionally,
NAC is a direct precursor for the biosynthesis aitaghione. Disturbances in the GSH
biosynthetic pathway are associated with variogeabies such as cystic fibrosis, diabetes,
heart attack and cancer (Wu et al., 2004) andtleejpguries such as alcoholic liver disease
(Hirano et al., 1992), non-alcoholic fatty liversdase and drug-induced liver toxicity

(Pessayre et al., 2012). NAC is already widely usethe treatment of respiratory diseases
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(Bolser, 2010; Santus et al., 2014) and as a nao-entidote for acetaminophen overdose
(Mahmoudi et al., 2015).

In the present study the influence of these twoioaiant compounds, namely
Nacetylcysteine and quercetin, was the focus ofatiedysis. Therefore, hepatic function and
oxidative stress response of primary hepatocytes middle-aged (6 months) Wistar rats and
the human hepatoma cell likepG2were analyzed under heat stress conditions. PRid we
pre-treated with 500 uM NAC or 50 uM quercetin t@laate their effect on the oxidative
stress response. The aim of the study was to eeallna properties of NAC and quercetin in
ourin vitro heat stress model.
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4.2 Results

The influence of the antioxidant compounds quenceind N-acetylcysteine was analyzed
using primary hepatocytes from two individual meldilged Wistar rats (PRH) and the
hepatoma cell lindHepG2. The effect was compared 1 h, 5 h and 24 h aftéudton of
oxidative stress by heat treatment at 42 °C otrireat with 2 mM HO,. Hepatic function was
monitored during the cultivation time by measuralgumin production and LDH release into
the supernatant at the corresponding time pointpu(€ 4-2). The oxidative stress response
was examined by measuring ROS production, glutaghmmontent, protein oxidation and SOD
and CAT activity.

\
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WME 10 WME 0

o wash

oy

Percoll . Lo
overnight cultivation |

&A enrichment| @adherence
[-m [ ~a ] ~15h |
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wash 1h 5h 24h
4 h pre-incubation with 50 uM I heat stress (42°C) I
| quercetin or 500 uM NAC
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wash Ih wash
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Figure 4-2 Experimental setup for the analysis of the infleee of the antioxidants NAC and quercetin; PRH of

two individual middle-aged Wistar rats and the hepe cell line HepG2 were pre-incubated with 50 uM
quercetin or 500 uM NAC for 4 h; induction of oxid@ stress was achieved by heat (42 °C) or treattwith
2 mM HO,; supernatants and cell lysates for enzyme assays wollected 1 h, 5 h and 24 h after oxidative

stress.

Viable hepatocytes andepG2were seeded in 6 well plates either pre-coatedH{RKth rat
tail collagen or without coatingHepG2 and left to adhere in WME 10 at 37 °C for 4 h.
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Afterwards, the cells were left to adapt to serueefmedium at 37 °C overnight. After the
adaptation phase, the cells were pre-treated vith | BM NAC or 50 uM quercetin for 4 h.
Afterwards, the medium was changed to WME 0 andxadative stress response was induced
by heat treatment at 42 °C or treatment with 2 mbOHfor 1 h. The supernatants and
intracellular proteins were collected 1 h, 5 h @dc after induction of oxidative stress.
Primary hepatocytes of two individual middle-agedstt rats were analyzed separately to
demonstrate the variance within this outbred raickst The addition ofHepG2 in the
experimental setup allows a comparison of rodedtraiman cells and provides a consistant
vitro model unaffected by stress due to liver perfusidre major disadvantage of thiepG2
cell line is its inherently lower metabolic capscidue to its low levels of cytochromes
(Westerink & Schoonen, 2007).

The dose of hydrogen peroxide of 2 mM significantigreases ROS production without
impairing cell viability (Garg, 2016). For the amtidants a treatment was chosen that balances
antioxidant effect and cytotoxicity. After 4 h aeatment, a dose of 5M of quercetin was
reported to significantly increase the concentratif glutathione without reducing cell
viability of hepatocytes. A longer incubation petiof 24 h increases LDH leakage about 4-5-
fold and lower concentrations have no effect onat#llular glutathione content (Alia et al.,
2006). Previous studies showed also that pre-teyatwith NAC rather than co-treatment
results in protection of hepatocytes against owdatstress caused by acetaminophen
(Pawlowska-Goral et al., 2013) and cocaine (Zaragaal., 2000).

4.2.1 Influence of oxidative stress and antioxidant treanent on cell viability and

albumin secretion of primary hepatocytes from Wista rats and HepG2

The level of hepatic function was determined 1 i &nd 24 h after induction of oxidative
stress by measuring albumin production and LDHasae Previous studies (see Chapter 3)
already assessed the influence of heat stress ddlevaged PRH after 24 h of incubation.
Including time points closer to the actual stresduction, provides the opportunity to gain
insights into time-dependent mechanisms of therdef@gainst oxidative stress.

The measurement of albumin secretion of PRH redesignificant differences between the
two individual Wistar rats (Figure 4-3). The PRH lafth rats showed an increased albumin

secretion after heat treatment in general. HowaWgstar 1 reached a peak 5 h after heat stress
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with almost 4-fold higher values than the contmwhereas Wistar 2 showed no such peak

(Figure 4-3 A and B).
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Figure 4-3: Albumin secretion of A) primary hepatocytes fronist¥r rat 1, B) Wistar rat 2 and C) hepatoma cell

line HepG2under heat stress and®3 stress related to untreated control (dashed l&lbumin production of D)
PRH Wistar 1 E) PRH Wistar 2 and HepG2after 4 h pre-incubation with 50 uM quercetin @hation to the
corresponding untreated and treated cells. Albupmoduction of G) PRH Wistar 1, H) PRH Wistar 2 dhd
HepG2after 4 h pre-incubation with 500 UM NAC in retatito untreated and treated cells (dashed lineprEr
bars indicate standard deviation (PRH Wistar 1:;2RH Wistar 2: n=3HepG2 n=3). Statistical significance
was determined with student’s t-test. *, ** and *#idicate significance at p=0.05, p=0.01 and p=0.08l|

results were correlated to the living cell numbigeral h, 5 h and 24 h of cultivation determinethgsalcein AM

staining. Abbreviations: HS: heat stress; NAC: Mtgicysteine; Q: quercetin.
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The albumin secretion dilepG2first decreased 1 h after heat stress. After Behalbumin
secretion increased above control levels, befomirmyp back to control levels after 24 h
(Figure 4-3 C).

The treatment with 2 mM D, revealed thaHepG2cells are more sensitive to this chemical
stress than Wistar PRH. They exhibited a reduckdnain secretion at all time-points. Only
Wistar 2 showed a significant decrease in alburearegion 1 h after chemical oxidative stress.
The pre-treatment with quercetin consistently edoaehighly decreased albumin secretion in
all cell types and under all cultivation conditiofiSgure 4-3 D-F). In contrast, the treatment
with NAC showed no unequivocal effect on PRH. Cellginating from the two Wistar rats
showed a significant reaction to NAC, however, ¢hisrno trend connecting both individuals
(Figure 4-3 G-H). NAC seems to have a time-dependéect. Hepatocytes from Wistar 1
responded 1 h after the start of the experimenéreds Wistar 2 responded with a delay after
5 h. OnlyHepG2were unsusceptible to NAC pre-treatment.

The enzyme LDH is used as a general viability mainkecell culture which is only released
into the supernatant if the integrity of the cekmbrane is compromised. LDH release was
determined to estimate the influence of stress amibxidant treatment on cell viability.
Primary hepatocytes from Wistar rat 1 showed arlglesignificant increase in LDH release
due to heat stress, whereas hydrogen peroxide ccaurdg a slight increase 1 h after stress
(Figure 4-4 A). The LDH leakage of PRH from Wistawas less distinct between heat and
H.O, treatment. Both types of stress induced a sigmfi¢. DH release after 5 h which lasted
until the end of the cultivation after 24 h. Intstiegly, in HepG2heat and chemical stress
resulted in a decreased LDH release compared toedheol cells (Figure 4-4 C). The cells
under control conditions exhibited a higher stiles®l than the cells which were treated with
heat and hydrogen peroxide. Accordingly, untrediepG2 cells showed a more beneficial
reaction to antioxidant treatment than treatedsc@figure 4-4 F/l). In treated cells, both
antioxidants seemed to even induce LDH leakagethns cell death. Primary hepatocytes
reacted in a similar way. Both antioxidants lecatoincrease in LDH release. Administration
of NAC and quercetin was only beneficial for thélscen case of heat stress, considering the
high LDH values under this condition. In case ofHPfRom Wistar 1, the LDH release was
more than 2-fold increased compared to the comiothat the cells could benefit from the

antioxidants (see Figure 4-4 D/G).
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Figure 4-4: LDH release of A) primary hepatocytes from Wigtatr 1, B) Wistar rat 2 and C) hepatoma cell line
HepG2under heat stress and®} stress related to untreated control (dashed litig)l release of D) PRH Wistar
1 E) PRH Wistar 2 and FlepG2after 4 h pre-incubation with 50 UM quercetin @hation to the corresponding
untreated and treated cells. LDH release of G) RRistar 1, H) PRH Wistar 2 and HlepG2 after 4 h pre-
incubation with 500 uM NAC in relation to untreatadd treated cells (dashed line). Error bars indistandard
deviation (PRH Wistar 1: n=3; PRH Wistar 2: n#3pG2 n=3). Statistical significance was determinedhwit
student’s t-test. *, ** and *** indicate significae at p=0.05, p=0.01 and p=0.001. All results wemeelated to
the living cell number after 1 h, 5 h and 24 h oftigation determined using calcein AM staining. kbviations:

LDH: lactate dehydrogenase; HS: heat stress; NA@c#tylcysteine; Q: quercetin.
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4.2.2 Influence of oxidative stress and antioxidant treanent on generation of reactive
oxygen species (ROS) and protein oxidation of printg hepatocytes from Wistar

rats and HepG2

To accurately characterize the stress responseeddoy heat and J@, treatment, the actual
ROS production and the ROS-associated protein baidavere measured with a DCFH2 —DA
assay. The ROS data obtained from PRH from twoviddal Wistar rats was comparable and
therefore discussed as average values of both(Fajare 4-5). Heat stress and®3 both
induced a significant ROS production of comparabiagnitude in PRH directly after
treatment. The amount of ROS returned to aboutrablavel after 5 h. The reaction of heat
stress orHepG2showed a clear delay. The peak of ROS product@as neached 5 h after heat
stress, whereas hydrogen peroxide induced an inateegaction which lasted until the end of
the experiment (Figure 4-5 B). This time delay doalso be observed in the reaction of the
cells to antioxidant treatment. Additionally, themas a clear separation between PRH and
HepG2regarding the effectiveness of NAC and quercetihe#as PRH showed reduced ROS
production due to quercetin pre-treatment at 1chsh,HepG2showed decreased ROS levels
5 h after NAC pre-treatment. NAC treatment alscersed the decrease in ROS production 24
h after heat stress lepG2(Figure 4-5 B and F).

In addition to ROS generation, the degree of oldattress in PRH andepG2was estimated
by determining the carbonylation status of theaicgtlular proteins after 1 h, 5 h and 24 h of
incubation (Figure 4-6 A-C). Primary hepatocytesnir Wistar rat 1 showed a decrease in
protein oxidation 24 h after heat stress, an etteat was already observed in previous studies
(see Chapter 3). A similar result could be detedtedPRH from Wistar 2, but the effect
occurred already after 5 h of incubation and caawk ko control level at 24 h. The same time
delay in Wistar 1 was measured in case of hydrggeoxide treatment. However, in contrast
to heat stress, there was a reverse effect,Ohldn the PRH of Wistar 1 and 2. In Wistar 1, it
caused a decrease in protein oxidation, whereatak\@sshowed increased protein oxidation.
To further determine the cause of these differenttes protein oxidation of the control cells
over the 24 h time course was examined (Supplemeirigure 4-3). This data revealed a
significantly higher protein oxidation (> 2fold) iARH from Wistar 2 compared to Wistar 1
under control conditions.
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Figure 4-5: ROS production of A) primary hepatocytes from Wistats and B) hepatoma cell lirkepG2under

heat stress and,B, stress related to untreated control (dashed IR®)S production of C) Wistar PRH and D)

HepG2after 4 h pre-incubation with 50 pM quercetin éfation to the corresponding untreated and treegdd.
ROS production of E) Wistar PRH and HepG2 after 4 h pre-incubation with 500 uM NAC in retatito
untreated and treated cells (dashed line). Erros adicate standard deviation (PRH: N=2; n¥&pG2 n=3.

Statistical significance was determined with stutdentest. *, ** and *** indicate significance gi=0.05, p=0.01

and p=0.001. All results were correlated to thantivcell number after 1 h, 5 h and 24 h of cultivatdetermined

using calcein AM staining. Abbreviations: ROS: & oxygen species; HS: heat stress; NAC: N-acgsytine;

Q: quercetin.
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Figure 4-6: Protein carbonyl content of A) primary hepatocyfesm Wistar rat 1, B) Wistar rat 2 and C)
hepatoma cell lineHepG2under heat stress and®3 stress related to untreated control (dashed liRetein
carbonyl content of D) PRH Wistar 1 E) PRH Wistaarad F)HepG2 after 4 h pre-incubation with 50 uM
quercetin in relation to the corresponding untreéated treated cells. Protein carbonyl content oP&H Wistar
1, H) PRH Wistar 2 and BlepG2after 4 h pre-incubation with 500 uM NAC in retatito untreated and treated
cells (dashed line). Error bars indicate standandadion (PRH Wistar 1: n=3; PRH Wistar 2: n¥8pG2 n=3).
Statistical significance was determined with stutdentest. *, ** and *** indicate significance gi=0.05, p=0.01
and p=0.001. All results were correlated to thetgrocontent after 1 h, 5 h and 24 h of cultivataetermined
using Bradford assay. Abbreviations: HS: heat stfi8&\C: N-acetylcysteine; Q: quercetin.

Overall (PRH andHepG2 the protein oxidation levels in the control celiscreased over the
time period of 24 h indicating a high basic stréssel at the beginning of the cultivation

independent of oxidative stress treatment. In ataare with these results, the PRH from the
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two rats showed different reactions to the admiaigin of antioxidants. Remarkably, PRH
from each rat showed a similar protein oxidatioafifg independent of the kind of the used
antioxidant (Figure 4-6 D/G and E/H). Hence, Wistareacted to NAC and quercetin with a
decrease in protein oxidation after 1 h of culimatunder treated and untreated conditions. In
case of HO,, this effect reversed 5 h after treatment. Coilyraantioxidant treatment of
Wistar 2 resulted in an increase in protein oxmatfter 5 hHepG2were, accordingly to the

aforementioned ROS values, more susceptible to M&G quercetin.

4.2.3 Influence of oxidative stress and antioxidant treanent on antioxidant defense

mechanisms of primary hepatocytes from Wistar ratsand HepG2

Glutathione is the most important non-enzymatidoxidant system to counteract oxidative
stress in cells. The total amount of glutathionarabterizes the antioxidant potential of the
system. The glutathione data obtained from PRH friovo individual Wistar rats was
comparable and therefore discussed as averagesvaieboth rats (Figure 4-7). The
measurement of the intracellular content of reduglaththione revealed opposite reactions of
PRH andHepG2towards heat and chemical stress. Primary hep@®dyeated with pD,
showed a decreased glutathione (GSH/GSSG) conteaids 1 h after treatment. In contrast,
heat stress provoked a time-delayed increase inGBel/GSSG content at 5 lidepG2
responded exactly the other way around. Heat spmres®ked a drastic decrease in the amount
of glutathione (~20 % of control) immediately aftezatment and glutathione increased due to
H.O, treatment. The influence of antioxidants on tHédent cell types was diverse. In PRH,
antioxidant treatment further decreased glutathiooetent in the control cells (Figure 4-7
C/E). Under oxidative stress conditions, antioxidashowed no significant effect. kepG2
control cells cultivated at 37 °C reacted diffehgid NAC compared to quercetin. Here, pre-
treatment with quercetin increased GSH/GSSG, NA&tmatment decreased GSH/GSSG
content (Figure 4-7 D/F). The treatment of celksated with heat or ¥, with both NAC and
guercetin caused an adjustment of GSH/GSSG cotuestrds the control values (Figure 4-7
D/F). This means, heat stress decreased GSH/GSB@ntdFigure 4-7 B) and antioxidant
treatment increased GSH/GSSG relative to this sass condition. In the same way(Gd
increased GSH/GSSG content (Figure 4-7 B) and xadaaot treatment decreased GSH/GSSG
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relative to this HO, stress condition (see Supplemetary Table 4-1 feasured values in
nmol/mg protein).
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Figure 4-7: GSH content of A) primary hepatocytes from Wistds and B) hepatoma cell liepG2under heat
stress and §D, stress related to untreated control (dashed I@8H content of C) Wistar PRH and BepG2

after 4 h pre-incubation with 50 pM quercetin itation to the corresponding untreated and treatdd.dROS
production of E) Wistar PRH and HepG2after 4 h pre-incubation with 500 uM NAC in retatito untreated
and treated cells (dashed line). Error bars indisg&andard deviation (PRH: N=2; n36epG2 n=3). Statistical
significance was determined with student’s t-tést** and *** indicate significance at p=0.05, p@l and
p=0.001. All results were correlated to the liviogll number after 1 h, 5 h and 24 h of cultivatitetermined
using calcein AM staining. Abbreviations: GSH/GSSfutathione; HS: heat stress; NAC: N-acetylcyseiQ:

quercetin.
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In addition to glutathione as a central part ofyenatic defense mechanism against oxidative
stress, it was examined in which way the activitéghe endogenous antioxidant enzymes
catalase and superoxide dismutase were influemcedriexperimental setup.

Heat and chemical stress had only a minimal initeeon catalase activity in both PRH and
HepG2(Figure 4-8 A-C). Nonetheless, catalase activigsvaffected by treatment with NAC
and quercetin. Primary hepatocytes from Wistar stibwed a rapid increase in catalase
activity due to NAC and quercetin which abated dirae. Cells which were heat stressed after
antioxidant treatment showed an especially straagtion compared to chemically stressed
cells (Figure 4-8 D/G). In contrast, PRH from Wista were remarkably unsusceptible to
changes in their catalase activity. This differepiction to antioxidants is surprising,
considering that both Wistar rats showed the saatalase activity in their control cells. In
hepatocytes from both rats the activity increaseer ime independent of oxidative stress or
antioxidant treatment (Supplementary Figure 4-1 AgpG2control cells showed a peak in
catalase activity 5 h after the start of the expent (Supplementary Figure 4-1 B). Treatment
with NAC showed a remarkable effect iepG2 cells which were incubated with .8,
(Figure 4-8 1). Here, catalase activity increasedliout 140% compared to untreated cells at 1
h, then decreased to only 60% at 5 h and cametbadbout control levels at 24 h.

In contrast to catalase, the measurement of supgeraismutase activity showed a constant
activity in PRH at all time-points (Supplementangute 4-2 A). InHepG2cells, the SOD
activity dropped after 5 h of cultivation and reeced after 24 h (Supplementary Figure 4-2
B). Comparable to catalase, all cell types weratinadly unsusceptible to heat and chemical
stress concerning SOD activity. PRH from Wistahavwged a small decline at 1 h and 5 h after
heat stress, whereas PRH from Wistar 2 showedgmifisant changes (Figure 4-9 A/B). In
HepG2 the effect was much more pronounced (Figure H9)rogen peroxide caused a clear
increase in SOD activity already after 1 h. Hestssted cells followed with a time delay after
5 h with an activity of about 140% compared to contAfter 24 h the values dropped back to
about control level. PRH from Wistar 2 showed noasuzable reaction to antioxidant
treatment (Figure 4-9 E/H). In PRH from Wistar Lieccetin caused a general decline in SOD
activity. NAC had a similar effect at 1 h which sMaowever reversed at 5 h (Figure 4-9 G). In
HepG2 untreated control cells showed a decreased S@idta@fter 5 h of incubation (see
Supplementary Figure 4-2). The treatment with qemaesulted in a increase of SOD activity
(Figure 4-9 F) towards the level of the controllah and 24 h. SOD activity of control cells
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increased and that of oxidatively stressed celtsedesed towards the control level.HepG2

treated with NAC this effect was also observedlbss pronounced for heat stress (Figure 4-9

).
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Figure 4-8: Catalase activity of A) primary hepatocytes fronsi&r rat 1, B) Wistar rat 2 and C) hepatoma cell

line HepG2under heat stress and®j stress related to untreated control

(dashed li@a)alase activity of D)

PRH Wistar 1 E) PRH Wistar 2 and HepG2after 4 h pre-incubation with 50 uM quercetin @hation to the
corresponding untreated and treated cells. Cataletbéty of G) PRH Wistar 1, H) PRH Wistar 2 andHepG2
after 4 h pre-incubation with 500 UM NAC in relatito untreated and treated cells (dashed lineprHyars
indicate standard deviation (PRH Wistar 1: n=3; PRistar 2: n=3;HepG2 n=3. Statistical significance was
determined with student’s t-test. *, ** and *** ifghte significance at p=0.05, p=0.01 and p=0.00L results

were correlated to the living cell number after ,15hh and 24 h of cultivation determined using eadcAM

staining. Abbreviations: HS: heat stress; NAC: Mtgicysteine; Q: quercetin.
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Figure 4-9: Superoxide dismutase activity of A) primary heggtes from Wistar rat 1, B) Wistar rat 2 and C)
hepatoma cell lindHepG2 under heat stress and®j} stress related to untreated control (dashed liB8&)D
activity of D) PRH Wistar 1 E) PRH Wistar 2 and HgpG2after 4 h pre-incubation with 50 uM quercetin in
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1) HepG2after 4 h pre-incubation with 500 uM NAC in retatito untreated and treated cells (dashed linepr Er
bars indicate standard deviation (PRH Wistar 1:;2RH Wistar 2: n=3HepG2 n=3). Statistical significance
was determined with student’s t-test. *, ** and *#idicate significance at p=0.05, p=0.01 and p=0.08l|
results were correlated to the living cell numbigeral h, 5 h and 24 h of cultivation determinethgsalcein AM

staining. Abbreviations: SOD: superoxide dismut&t®; heat stress; NAC: N-acetylcysteine; Q: quéncet
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4.2.4 Estimation of biological variance of Wistar rats ard HepG2 by Principal
Component Analysis (PCA)

In order to determine if there are clear separatibatween the PRH of the two individual
Wistar rats and the human hepatoma cell kiepG2a Principal Component Analysis (PCA)
with all available assay data was performed usiraglslb 2017a (MathWorks, Nattick, MA,
USA). The results are illustrated in Figure 4-12.
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Figure 4-12 Principal component analysis (PCA) of the assaty dor albumin, LDH, ROS, protein oxidation,
GSH, catalase and SOD from PRH of two individuakafi rats (magenta: Wistarl, blue: Wistar2) aephG2
(green) (n=3). The data was normalized to Z-scyd?CA with two principal components, B) 3D plotttvithree
principal components. Hepatocytes were exposedittative stress by heat or,8,. Antioxidant effect of NAC
and quercetin were normalized to the respectiverabnincreasing size of the data symbol represéngs
progressing time after treatment.

The PCA is a widely used method for multivariatgtistics, which was first invented 1901 by
Pearson. PCA concentrates linear combinationseobtlginal variables to a new variable, the
principal component, which explains most of theessed variation in the data and therefore

reduces dimensions and brings out patterns in ldagg sets. The data is transferred to a new
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coordinate system, where the first principal congmar{PC1) is the variable which stands for
the highest data variance and the second prin@paiponent (PC2) the second highest
variance. Including a third principal component @@ creases the coverage of the variance of
the first and second component (see Figure 4-12H8)y. PCA the measured data was

normalized using the average and standard deviatiguiting in the Z-score (in-built MatLab
PCA routine). Z-score is defined & = %, where xis a measured valug,the average of

all the measurements aadhe standard deviation of all the measurements.

Because of the low significance level of the oladirdata groups, it was refrained from
inserting confidence ellipses into the plot. Instirggly, for all chosen conditions a clear
separation of PRH of Wistar 2 from Wistar 1 ddepG2was observed (Figure 4-12). In this
PCA plot, PC1 represents 39% and PC2 28.1% of ditee \hriance. PRH from Wistar 1 and
HepG2 on the other hand, showed many overlapping regido further examine a potential
difference of data from Wistar 1 aktepG2 the third principal component (PC3) was added to
create a 3D plot (Figure 4-12 B). The addition &3P which represents 16.5% of the data
variance, revealed that there is also a separdt@iween PRH of Wistar 1 andepG2
However, the variance of data was much less prarexithan expected considering the human
origin of theHepG2cell line. A closer look at the data using 3D plofsonly two cell types
confirmed this first impression (see Supplemenkgyure 4-4 E).

The influence of individual measured variables lom Yariance between the three cell types is
expressed as the loading coefficient (Figure 4-BRcording to this figure, SOD is most
influential on PC1. Loadings for PC2 showed simdantribution of catalase on the positive

axis and protein oxidation on the negative axis3 R@s clearly dominated by ROS.
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Figure 4-13 Loading coefficients for PC1, PC2 and PC3 comesiing to the principle component analysis (see
Figure 4-12). Assay data with the greatest infleepo separation between PRH from Wistar 1, PRH from
Wistar 2 andHepG2

PCA revealed a clear separation between controlhaad stress pre-treated with quercetin in
PRH from Wistar 1 (Figure 4-14 B) and Wistar 2 (Blepnentary Figure 4-6 A). Furthermore,
both NAC and quercetin pre-treatment of untreatadrol cells results in a separation between
control and antioxidants in Wistar 1 (Figure 4-1¥ Ahe influence of antioxidant treatment on
PRH from Wistar 1 is illustrated in Figure 4-141Bshows a trend towards separation between
heat stress and heat stress after quercetin @ereat in PRH from Wistar which was not
observed in Wistar 2 antdepG2(Supplementary Figure 4-6 BlepG2showed a similar trend
towards separation between heat stress and NA@nee& (Figure 4-16 B and Supplementary
Figure 4-6 F). This observation corresponds toRES and protein oxidation data presented in
chapter 4.2.2. The experimental data for the treatrwith 2 mM HO, did not allow for a
clear conclusion regarding PCA. For PRH from Widtathe untreated control condition seems
to be separated from all other conditions (Figuet4C), whereas for Wistar 2 aktepG2the
H.O, treatment shows no obvious systematic differendbe other conditions (Figure 4-15 C
and 4-16 C).
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Figure 4-14: 3D plots of the principal component analysisthe assay data for albumin, LDH, ROS, protein
oxidation, GSH/GSSG, catalase and SOD from PRH istaVrat 1(magenta) (n=3). A) Comparison of untreated
hepatocytes (control) from Wistar 1 with PRH preated with quercetin (ControlQ) or NAC (ControINA®)
comparison of untreated hepatocytes (control) fiafistar 1 with PRH under heat shock (HS) and PRH pre
treated with quercetin (HS+Q) or NAC (HS+NAC) priorHS; C) comparison of untreated hepatocytest{abn
from Wistar 1 with PRH after hydrogen peroxide treent (H202) and PRH pre-treated with quercetin@g2
Q) or NAC (H202-NAC) prior to kD,. Increasing size of the data symbol representptbgressing time after

treatment.

PCA for Wistar 2 showed no separation regardingoaigant effect of quercetin or NAC
(Figure 4-15). However, PCA revealed a strong tdependent pattern for Wistar 2 compared
to Wistar 1 orHepG2 This is clearly shown in the 2D plots (SupplenaentFigure 4-5) with
long lines between the three time-points which gominated by PC2. Additionally, an also
time-dependent v-pattern can be observed in ths plbich appears in all experiments (Figure
4-15).
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Figure 4-15: 3D plots of the principal component analysisthe assay data for albumin, LDH, ROS, protein
oxidation, GSH/GSSG, catalase and SOD from PRH wftai rat 2(blue) (n=3). A) Comparison of untreated
hepatocytes (control) from Wistar 2 with PRH preated with quercetin (ControlQ) or NAC (ControINA®)
comparison of untreated hepatocytes (control) fiafistar 2 with PRH under heat shock (HS) and PRH pre
treated with quercetin (HS+Q) or NAC (HS+NAC) priorHS; C) comparison of untreated hepatocytest{abn
from Wistar 2 with PRH after hydrogen peroxide tneent (H202) and PRH pre-treated with quercetin@B22
Q) or NAC (H202-NAC) prior to KO,. Increasing size of the data symbol representpitbgressing time after

treatment.
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Figure 4-16: 3D plots of the principal component analysisthe assay data for albumin, LDH, ROS, protein
oxidation, GSH/GSSG, catalase and SOD from hepatosiialine HepG2 (green) (n=3). A) Comparison of
untreated hepatocytes (control) froMepG2 with cells pre-treated with quercetin (ControlQ) bdIAC
(ControlNAC); B) comparison of untreated hepatosyteontrol) fromHepG2with cells under heat shock (HS)
and cells pre-treated with quercetin (HS+Q) or NAES+NAC) prior to HS; C) comparison of untreated
hepatocytes (control) frordepG2with cells after hydrogen peroxide treatment (H2@2Jl cells pre-treated with
qguercetin (H202-Q) or NAC (H202-NAC) prior to,8,. Increasing size of the data symbol represents the

progressing time after treatment.
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4.3 Discussion

In this study the influence of the two antioxidanmpounds N-acetylcysteine and quercetin on
primary hepatocytes of two individual middle-agedsiér rats and on the cell litdepG2was
analyzed under oxidative stress conditions. The afmthe study was to evaluate the
effectiveness of NAC and quercetin in our in vitveat stress model. However, data evaluation
showed different reactions of PRH from two indivadlVistar rats to diverse stress stimuli and
antioxidant treatment. Principal component analysasfirmed a high diversity of primary
hepatocytes of the two individual Wistar rats (Cleap@.2.4). As an outbred rat stock, Wistar
rats are not genetically uniform (Festing, 1993)t benetically heterogeneous (Kacew &
Festing, 1996), which e.g. results in a differeispdsition for obesity (Harrold et al., 2000).
Another study revealed that individuals of outbradl stocks show a varying response to
hypoxia. Individual rats could be divided in grouplshigh-, middle- and low-responders to
hypoxia due to inter-individual differences in cgfioome P450 activity, an enzyme family
which crucially contributes to xenobiotic metaboligBayanov & Brunt, 1999). Because of
this diversity, the results from primary hepatosyt# the two individual middle-aged Wistar
rats were discussed separately. To summarize therreomplex results of this chapter, Table
4-1 is given as a condensed overview. The presentat the data in color scales illustrates the
differences between the PRH of the two individuastar rats andtHepG2

Albumin, normally used as a specific marker foretifunction, was measured under all
oxidative stress conditions and under antioxideggtment (Chapter 4.2.1). PRH from Wistar 1
reacted to heat treatment with a strong increasellbamin secretion, whereas hydrogen
peroxide induced no changes in albumin secretiompeoed to control conditions. This higher
albumin secretion due to heat stress was alreadgro&d in previous studies (see Chapter 3)
as a result of increased antioxidant defense. Hewyén these cases only PRH from old rats
were affected after 24 h. Previous works showed rii@e than 70% of the ROS scavenging
ability of serum was due to serum albumin (BourdoBlache, 2001). Therefore, a high serum
concentration of albumin in PRH from this individuaiddle-aged Wistar 1 could indicate
long-lasting oxidative stress effects due to hesdtiment. Quercetin pre-treatment induced a
decrease in albumin secretion. This reaction t@omidiant treatment is possibly due to the

ROS scavenging activity of quercetin (Boots et &008) which causes reduced
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Table 4-1: Summary of all quantitative data sets (see FiguBe-4Figure 4-9) related to oxidative stress and
antioxidant treatment of PRH ardepG2 relative to control conditions. Trends for all mificantly altered

categories according to the color scale below.
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oxidative stress and therefore a limitation of aflou production to control levels.
Additionally, ROS-oxidized quercetin binds covalgrib serum albumin with a high affinity
(Kaldas et al., 2005), leading to reduced serunel¢ewf unbound albumin. NAC pre-
treatment resulted in a similar but less pronouneattion. Interestingly, NAC showed a
beneficial effect on control cells. Albumin prodiect was significantly increased 1 h after
NAC treatment, indicating an improved hepatic fumetof untreated cellsn vitro. This
assumption is supported by the reduced LDH lealdige 24 h of incubation in monolayer
culture. Previous studies showed that culture medracatalyse oxidation processes which
lead to oxidative stress in monolayer cultures Ijitall, 2003). Our own studies of the
proteome of primary mouse hepatocytes revealedfisgntly higher abundance of proteins
related to oxidative stress in monolayer culturenpared to sandwich culture (Orsini et al.,
2018). The present study indicates a beneficiad @i NAC pre-treatment for reducing
oxidative stress processes in monolayer cell celtunder control conditions.

Similar to the albumin data, PRH from Wistar 1 skdwa higher LDH leakage after heat
stress than after treatment with hydrogen peroxitie.overall higher impact of heat stress on
PRH from Wistar 1 compared to,8&, was also confirmed by principal component analysis
(Figure 4-14). Contrary to our expectations, bdie treatment with NAC and quercetin
increased LDH leakage in oxidatively stressed PRtdlicating cell death. This was
unexpected, considering the simultaneous reductid?OS, the decrease in protein oxidation
and the increase in catalase activity caused bycgqtie treatment (Table 4-1). This
paradoxical effect of quercetin treatment was alyedescribed in the literature. Quercetin is
an efficient ROS scavenger and protects macromigle@gainst oxidative damage. However,
by doing that, quercetin is converted into the akiwmh products o-quinone and o-semiquinone
which act as cytotoxic pro-oxidants leading to LID#dkage (Boots et al., 2007; Halliwell,
2008). Additionally, oxidized quercetin is highlgactive towards thiol groups and therefore
toxic. Quercetin can form adducts in its oxidizednd. Its targets are, e.g. proteins, but also
glutathione resulting in a reduction of free glatahe (Boots et al., 2003). Furthermore,
guercetin is known to inhibit the expression ofth&®ock proteins (HSP) (Jakubowicz-Gil et
al., 2002) as confirmed in our own studies with&gpie Dawley rats (see Chapter 5). Heat
shock proteins play an important role in the hdaick response which consists of the
induction of gene expression of proteins, like @rapes, proteases and antioxidant enzymes,

essential for maintenance of cell homeostasis ntevacting heat stress related damage
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(Mustafi et al., 2009). In this context, HSPs fuoctas molecular chaperones, initiating the
refolding or degradation of stress-damaged proteiimgs protecting cells from potential
damaging effects. HSP expression is initiated leylimding of the transcription factor HSF1
(heat shock factor 1) to the heat-shock elemerthénpromotor region of the HSP family
(Jolly & Morimoto, 2000). Quercetin suppresses lieat shock response by inhibiting HSF1
(Nagai et al., 1995) which is compromising the biers antioxidant effect of quercetin.
Nonetheless, quercetin pre-treatment still showesitipe effects on middle-aged PRH from
Wistar 1. The production of ROS under heat stresk 40, stress was reduced after pre-
treatment with quercetin (Table 4-1). Furthermayeercetin reduced the protein oxidation
level in PRH from middle-aged Wistar 1. As discusse Chapter 3, PRH from middle-aged
Wistar rats possess highly efficient defense mdshan against oxidative damage. Protein
oxidation was observed to be lower in heat stregg#ld than in control cells at 24 h (see
HSP70 recovery system, Chapter 3). In this studipjilar results were found. Protein
oxidation decreased over time under control coml#tj indicating an adaptation to the culture
conditions (Supplementary Figure 4-3). Heat steess HO, treatment resulted in a further
decrease in protein oxidation and in case of heatnarease in glutathione (Table 4-1)
confirming the thesis that the defense mechanism$RH from middle-aged rats is
stimulated under stress conditions. Quercetin &urtlecreased protein oxidation which
indicates the supporting effect for the antioxidaefense of middle-aged PRH. Further
evidence of the beneficial role of quercetin ismuped by the catalase activity. Contrary to
SOD, catalase activity needs time to adapt at #ggnbing of the cultivation (Richert et al.,
2002). Therefore, catalase activity increased owene under control conditions
(Supplementary Figure 4-1). This adaptation proseas supported by pre-treatment with
guercetin resulting in increased catalase activityand 5 h after the start of the culture (Table
4-1). However, the SOD activity showed only slightanges under stress conditions and no
positive effect of quercetin.

Similar, but less pronounced effects were also shtiw NAC treatment. Cells under heat
stress were shown to exhibit a slightly reducedresgion of HSP72 and HSP27 after NAC
treatment (Gorman et al., 1999) resulting in arrdased caspase activity and ultimately
apoptosis. In our own study, NAC pre-treatment lteduin an increased LDH leakage, but
contrary to quercetin, was not able to reduce R@wlyction. Surprisingly, NAC, as an

acetylated cysteine residue, was not able to regghrtathione (Table 4-1). Additionally,
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NAC-treated PRH even showed a slight increase atepr oxidation. All these data imply a
less beneficial effect of NAC on PRH from Wistarcbmpared to quercetin. Principal
component analysis supported this assumption (Eigut4 B/C). PCA showed no separation
between stress conditions and NAC pre-treatmeniVistar 1.

Compared to Wistar 1, hepatocytes from Wistar 2ngekto show only a low response to heat
stress. The reaction to,8; treatment was more pronounced as confirmed by F&dure
4-15). Remarkably, PRH from Wistar 2 reacted prenty with a time-delay compared to
Wistar 1 which resulted in a strong time-depengeitern in PCA (see Chapter 4.2.4). This
condition is possibly related to the high basiceleof oxidative stress PRH from Wistar 2
were exhibiting, especially at 5 h. Protein oxidatdf hepatocytes from Wistar 2 was 3-fold
higher than in Wistar 1 at the beginning of theexkpent (Supplementary Figure 4-3). After
24 h, the protein oxidation values decreased tevallcomparable to Wistar 1 at 1 h.
Additionally, LDH leakage was more than 5-fold heghn Wistar 2 (Supplementary Table 4-
2). Other measurements, like glutathione, ROS dbdnan were similar to Wistar 1.
However, the significantly increased protein oxiolatunder antioxidant treatment with NAC
or quercetin and the lack of changes in catalaseSDD activity suggest that PRH from
Wistar 2 reached the limit of their ability to detkagainst oxidative damage due to their high
basic stress level. These results are surprisiggrdeng the standardized culture conditions
and the comparable start viability of the hepatesytom both rats (Wistar 1: 78%; Wistar 2:
82%). An explanation for these differences couldsgidy be found in the previously
discussed biological variance of the outbred Wistts. As shown in the previous study about
hypoxia (Bayanov & Brunt, 1999), Wistar rats can dieided in low-, middle- and high-
responders. Our data suggest possible analogopsrpes of PRH from Wistar rats regarding
basic oxidative stress under cell culture cond#iddnder this premise, Wistar 1 is supposed
to be a middle- to low-responder, whereas WistaoRId qualify as a high-responder. Thus,
PRH from Wistar 1 show low levels of oxidative sseunder control conditions and PRH
from Wistar 2 exhibit signs of high basic oxidatsteess. Naturally, this assumption is only a
theoretical categorization which would have to heher studied with a high number of
biological replicates.

HepG2is a cell line derived from human hepatoblastoAscancer cells, it can be expected
that they react significantly different to oxidativstress than primary hepatocytes. The

advantage of using a cell line is that it providesonsistentn vitro model unaffected by
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stress due to liver perfusion. The HepG2 cell lime&known to have a low expression of
cytochrome P450 enzymes (Gerets et al.,, 2012) wheshilts in a low metabolism of
xenobiotics. HoweverHepG2 were previously described as susceptible to hehteed
apoptosis when treated at 42 °C for 1 h to 6 hi(Bas al., 2008) which makes it an
interesting candidate in our presentitro heat stress model.

First of all, our data suggest that the reactiorlepG2to heat stress mainly occurred within
the first 5 h after the start of the experimentatigeatment provoked an increase in ROS
production and catalase and SOD activity (Tablg.4oEspite this evidence of an oxidative
stress reaction, heat stress had no negative effiecell viability (see LDH, Table 4-1). This
suggests thatlepG2were able to counteract the oxidative stress ieddny heat in our setup.
The strongest impact of heat treatment epG2 could be observed in the GSH/GSSG
measurements. Heat treatment induced a significEdrease in glutathione which is
surprising considering the successful defense agaiwidative stress. This reduction of
glutathione could possibly also be responsibletlierincrease in protein oxidation after 24 h
of cultivation. Principal component analysis comigd thatHepG2were more susceptible to
H,0O, stress than heat stress (Figure 4-16). This oaservis in accordance with previous
studies which proved that tumor cells, likepG2,have lower ability to metabolize,B, than
healthy cells (Doskey et al., 2016). In our studydrogen peroxide treatment resulted in a
strong decrease in albumin production and incresdRe&& values (Table 4-1). Protein
oxidation increased with a time-delay at 24 h. Caraple to heat stress,,® treatment
caused an increase in catalase and SOD activitydaheiot compromise cell viability. In
summary, HepG2 exhibit signs of oxidative stress. However, thaintioxidant defense
mechanisms prevent loss of cell viability. Pre-tmeant with quercetin resulted in a decreased
ROS production but still appeared to have a negatnpact orHepG2 Albumin production
was drastically decreased and increase in LDH tpakadicated loss of cell viability (Table
4-1).

That is surprising, considering the beneficial efffguercetin had on GSH/GSSG content and
catalase and SOD activity. Therefore, it can beirassl that another cellular mechanism is
responsible for the reduction of cell viability. Ascancer cell linellepG2reacts differently

to many exogenous stimuli and xenobiotics. In tase, quercetin fulfilled its function as a
ROS scavenger but simultaneously induced cell debtsatment ofHepG2 with 50 pM

guercetin, as used in our study, was already kntawmhibit fatty acid biosynthesis and
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induce apoptosis (Zhao et al., 2014). The reactibilepG2to pre-treatment with NAC
resulted in similar observations. The underlyingchaisms regarding toxicity iHepG2are
not known but previous studies confirmed the imgfficy of NAC to protecHepG2from
oxidative stress induced damage (Manov et al., 2004

In summary,HepG2exhibited signs of oxidative stress. The reactmrneat treatment was
detectable but did not cause a significant dewiatiom the control. The treatment depG2
with 2 mM H,O, caused a strong oxidative stress response. Howéwer antioxidant
defense mechanisms prevented loss of cell viabilihe pre-treatment dlepG2with NAC

or quercetin reduced ROS and enhanced antioxidafgnge mechanisms but had no
beneficial effect on cell viability. Antioxidantdatment rather induced toxic reactions leading
to apoptosis.

Wistar rats used in this study can be divided im-land high-responders to oxidative stress.
PRH from Wistar 1 would categorize as low-responddeat treatment provoked the
activation of antioxidant defense mechanisms coaotig long-lasting damaging effects.
Hydrogen peroxide treatment caused less pronourgféztts. Quercetin pre-treatment
supported these defense mechanisms, despite caasingcreased LDH leakage. NAC
treatment showed no significant beneficial effd@RH from Wistar 2 would fall in the
category of high-responders to oxidative stresifThasic stress level was significantly
higher than in PRH from Wistar 1 leading to a leibn in antioxidant defense capability.
They were more prone to hydrogen peroxide stress lieat and the toxic effect of NAC and

guercetin outweighed their antioxidant properties.
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5. Quantitative proteome analysis of primary
hepatocytes from middle-aged and old Sprague

Dawley rats under oxidative stress conditions

51 Introduction

Proteomic approaches are widely used in aging reflse@he proteome is highly dynamic and
therefore more closely related to the actual phgrethan the transcriptome but still more
stable than the metabolome (Schanstra & Mischak5R0rhe analysis of the proteome can
reveal qualitative and quantitative changes dutiiregaging process and in the development of
age-related diseases like diabetes (Prewit, 2018);odegenerative diseases (Mirzaei et al.,
2017) and cardiovascular diseases (Herzog et @6;2Koser et al., 2014). Also, there are
many studies focusing on the basic mechanismsingdget al., 2005; de Graff et al., 2016;
Guevara et al., 2016), revealing potential thertpdargets against age-related alterations.
High-throughput mass spectrometry methods allowdlodal characterization of complex
protein compositions leading to huge data sets wuitbusands of identified proteins.
Proteomic shotgun methods such as ICAT, SILAC aRAQ (see Chapter 1) allow the
guantitation of these global proteome profiles iaflhbids, cells and tissues. However, the
analysis of this information requires increasingtymplicated bioinformatics tools such as
homology search engines, like FAST and BLAST (Altdcet al., 1990) and databases, like
the UniProt Knowledge Base. Frequently, these etdbastudies only generate very specific
answers for specific biological questions (Sharov S&honeich, 2007). Therefore, the
complexity of an experimental setup should be amthpgb the analytical purpose. Many
research topics require only a targeted proteompraach. One way to successfully reduce
the complexity of a cellular proteome is the use2dd gel electrophoresis prior to mass
spectrometry. Most proteome analysis in aging rekeaas therefore performed with classic
and differential 2-D gel electrophoresis and MALDIF MS/MS similar to our own approach
(Ortuno-Sahagun et al., 2014). With these methmesjous studies revealed the involvement
of dysfunctional protein degradation mechanisms aiging (Baraibar et al., 2013).
Furthermore, it was proven that a low generatide i macromolecular damage and the
resistance of proteins against oxidative modifaradi are directly related to longevity (Barja,
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2013). These results emphasize the relevance obwarresearch regarding the proteomic
characterization of age-related alterations undedative stress conditions in primary

hepatocytes.

In our study the hepatic function, oxidative damagarkers and the proteome of primary
hepatocytes from middle-aged (6 months) and ol@3(>months) Sprague Dawley rats (SD)
were analyzed under oxidative stress conditionspewed to control conditions using 2-D
DIGE and MALDI ToF MS/MS. The outbred rat stock &gpue Dawley was used because of
the unavailability of old Wistar rats. Oxidativeess was induced by heat treatment at 42 °C
for 30 min or treatment with 2 mMJ@; for 1 h. PRH were pre-treated with 50 pM quercetin
for 4 h to induce antioxidant reactions as a ptaia@gainst oxidative damage.

The aim of the study was to analyze cellular medmas of the defense against oxidative
stress and the influence of advanced age on thesbanisms. The identification of molecular
targets could allow the prediction and diagnosifRR@fS-induced cell aging. The antioxidant
guercetin was tested as a candidate for the priewent age- and oxidative stress- related

alterations and diseases.
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5.2 Results

The influence of aging and the antioxidant effdagercetin were analyzed using primary rat
hepatocytes (PRH) from three individual middle-agew three individual old Sprague
Dawley rats. The effect was compared at 1 h, 5chzZzhh after induction of oxidative stress
by heat treatment at 42 °C or treatment with 2 mpDH Hepatic function was monitored
during the cultivation time by measuring albumiroguction and LDH release into the
supernatant at the corresponding time points (Eigdl). The oxidative stress response was

examined by measuring protein oxidation and SODcatalase activity.
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Figure 5-1: Experimental setup for the analysis of the infice of aging and the antioxidant effect of quemeti

PRH of two individual middle-aged or old Spraguenley rats were pre-incubated with 50 uM quercetin4
h; induction of oxidative stress was achieved bgti§é2 °C) or treatment with 2 mM,B,; supernatants and cell
lysates for enzyme assays and intracellular proteanalysis were collected 1 h, 5 h and 24 h aftatative

stress.

Viable hepatocytes were seeded in 6 well platescpated with rat tail collagen and left to
adhere in WME 10 at 37 °C for 4 h. Afterwards, tiels were left to adapt to serum-free
medium (WMEO) at 37 °C overnight. After the adaipta phase, the cells were pre-treated
with 50 uM quercetin for 4 h. Afterwards, the mediwas changed to WME 0 and an

oxidative stress response was induced by heatrtessitat 42 °C or treatment with 2 mM
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H,O, for 1 h. The supernatants and intracellular pnstevere collected at 1 h, 5 h and 24 h
after induction of oxidative stress.

The dose of hydrogen peroxide of 2 mM significantlgreases ROS production without a
strong impairment of cell viability (see Chapter ©xidative stress was induced by heat
treatment at 42 °C for 30 min. Heat stress indubesformation of ROS through various
mechanisms. For instance, hyperthermia causescagase in superoxide anions (Mujahid et
al., 2006), hydrogen peroxide (Zhao et al., 2006} Aydroxyl radicals (Zhao et al., 2006).
Additionally, heat stress activates NADPH oxidaar, enzyme which generates ROS by
converting NADPH to NADP (Slimen et al., 2014). Thdvantage of using heat stress also
for induction of oxidative stress is that the methe chemically non-invasive and therefore
suitable forin vivo studies (Hall et al., 2000; Zhang et al., 200&n&h et al., 2014). For the
antioxidant treatment, a setup was chosen thatidenssthe observations made in our
previous studies (see Chapter 4). Our data prowed@tence that NAC pre-treatment had no
significant beneficial effect on primary rat hepaties under heat stress conditions. In
contrast, quercetin pre-treatment was proven tee lhigh ROS scavenging capacity, but
without exhibiting significant toxic effects. Théoee, quercetin pre-treatment was chosen to
induce antioxidant reactions in primary rat hepgtes.

Interestingly, primary hepatocytes from Sprague [Bgwats (SD), contrary to Wistar rats,
showed no significant inter-individual variance aegdjng the response to oxidative stress and
antioxidant treatment. Therefore, it can be assuthatl primary hepatocytes from Sprague
Dawley rats are a more suitable model for oxidastress research than hepatocytes from
Wistar rats.
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5.2.1 Influence of oxidative stress and quercetin antiodant treatment on cell viability
and albumin secretion of primary hepatocytes from nddle-aged and old

Sprague Dawley rats

The level of hepatic function was determined 1 tin &nd 24 h after induction of oxidative
stress by measuring albumin production and LDHasde Previous studies (see Chapter 3
and 4) already assessed the influence of heassiresiddle-aged and old Wistar PRH after

24 h of incubation.
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Figure 5-2: Albumin secretion of A) primary hepatocytes frondddie-aged Sprague Dawley rats under heat
stress and pD, stress related to untreated control,@)mary hepatocytes from middle-aged Sprague Dawley
rats after 4 h pre-incubation with 50 UM quercatimelation to the corresponding untreated anddckaells, C)
primary hepatocytes from old Sprague Dawley ratieuteat stress and®, stress related to untreated control
and D) primary hepatocytes from old Sprague Dawkdy after 4 h pre-incubation with 50 UM querceétin
relation to the corresponding untreated and tree¢#ld. Error bars indicate standard deviation (N+39). The
dashed lines represent the respective controlis&tat significance was determined with studemiest. *, **

and *** indicate significance at p=0.05, p=0.01 apd0.001. All results were correlated to the livingll
number after 1 h, 5 h and 24 h of cultivation deieed using calcein AM staining. Abbreviations: H&zat

stress; Q: quercetin.

For Wistar rats studied earlier, the trend regayditbumin secretion of PRH from middle-
aged rats 24 h after heat stress was contradictbwey Wistar rats used in Chapter 3 exhibited
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a decreased, the Wistar rats in Chapter 4 an isedealbumin secretion. As mentioned
before, PRH from SD rats were much more consistetiiteir reaction to oxidative stress and
antioxidant treatment. Interestingly, PRH from Sddsralso showed differences in albumin
secretion compared to Wistar rats under controtlitmms. PRH from old Wistar rats secreted
more albumin into the supernatant than PRH fromdieidged animals. PRH from SD rats
showed exactly the opposite reaction (Supplemerfimyre 5-1). The data obtained from the
measurement of albumin secretion in PRH from SB canhfirmed the previous observation
that cells from middle-aged animals responded tat Is¢ress with a decrease in albumin
secretion over time (Figure 5-2 A). PRH from old & showed no significant reaction to
heat stress regarding albumin secretion. Howevererad towards an initial increase in
albumin can be observed (Figure 5-2 C). The treatmoé cells with 2 mM HO, clearly
caused a reduced albumin secretion in both midgielaand old PRH. Antioxidant pre-
treatment of PRH from middle-aged SD rats with 3@ quercetin resulted in a decrease in
albumin, as observed in previous studies (Chapte€dntrary, in old hepatocytes quercetin
treatment resulted in a time-dependent reactioredily after the stress induction albumin
increased, whereas this effect reversed over ftifigei(e 5-2 D).

As mentioned before, albumin secretion does nottaie to hepatocyte-specific cell viability
in our heat stress model. However, the data olddmen SD rats suggest a closer correlation
of albumin secretion to viability in SD rats comgearto Wistar rats. Nonetheless, the activity
of the enzyme LDH was measured as a general \tialilarker which is only released into
the supernatant if the integrity of the cell menmeras compromised. The quantification of
LDH activity was the only parameter that differddoagly in PRH from the individual SD
rats. In both groups, middle-aged and old, LDH deden one individual rat (in the following
called middle-aged and old SD rat 3) had to beirhated to obtain meaningful data (for
details see Supplementary Figures 5-2 and 5-3)augscof this behavior middle-aged and old
SD rat 3 were also excluded from proteome analysis.

The analysis of the remaining data showed a trewdrds increased LDH leakage in middle-
aged and old PRH after stress induction (Figurg.538ly in old PRH 1 h after hydrogen

peroxide treatment the LDH activity was reduced paraed to the untreated control.
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Figure 5-3: LDH release of two A) primary hepatocytes from diedaged Sprague Dawley rats under heat

stress and pD, stress related to untreated control,@Bmary hepatocytes from middle-aged Sprague Dawley
rats after 4 h pre-incubation with 50 uM quercdatimelation to the corresponding untreated anderkaells, C)
primary hepatocytes from old Sprague Dawley ratieumeat stress and.® stress related to untreated control
and D) primary hepatocytes from old Sprague Dawbdyg after 4 h pre-incubation with 50 UM quercetin
relation to the corresponding untreated and tree¢dld. Error bars indicate standard deviation (N¥26). The
dashed lines represent the respective controlis&tat significance was determined with studemiest. *, **

and *** indicate significance at p=0.05, p=0.01 apd0.001. All results were correlated to the livingll
number after 1 h, 5 h and 24 h of cultivation deieed using calcein AM staining. Abbreviations: H&at

stress; Q: quercetin.

The effect of pre-treatment with quercetin diffetesgtween the age groups (Figure 5-3 B/D).
Because of the high standard deviations, it isadiff to draw a clear conclusion. Nonetheless,
the obtained data showed meaningful trends whiandstin accordance with the results
generated in previous studies. In PRH from middiedaSD rats, quercetin pre-treatment
caused an increased LDH leakage in cells underdtess conditions. In hydrogen peroxide
treated cells the influence of quercetin was mameeficial, resulting in a lower LDH release.
Contrary to middle-aged cells, in hepatocytes fadhSD rats, quercetin treatment showed a
time-dependent decrease in LDH leakage. Howeverl BH activity in cells under hydrogen
peroxide stress first increased at 1 h before fogmitly decreasing again over the cultivation
time.
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5.2.2 Influence of oxidative stress and quercetin antiodant treatment on protein
oxidation and the activity of antioxidant enzymes bprimary hepatocytes from

middle-aged and old Sprague Dawley rats

The content of protein carbonyl was measured asaaken for oxidative damage to
macromolecules. Under control conditions, the pnotidation state of hepatocytes from
middle-aged SD rats was relatively stable overwhele cultivation period (Supplementary
Figure 5-4). The protein carbonyl content in PRéhirold SD rats was overall higher than in
middle-aged PRH and showed in addition a drasticease over time, indicating a high level
of oxidative stress under control conditions. Tituence of the addition of exogenous stress

and antioxidant treatment with quercetin is depicteFigure 5-4.

180 1 A) middle-aged mHS 180 - B) middle-aged m37°C+Q
160 - * EH.0: 160 BHS+Q

OH0,+Q

140 140 -
120 -
100 -
80 -
60 -
40 -
20 -

1h 5h 24h

180 - C) old BHS 180 - p) old m37°C+Q
160 - OH0: 160 EHS+Q

OH,0:+Q
140

140 -
120 -
100 -
80 -
60 -
40 -
20 -

0 -

protein carbonyl content (% control)

1h 5h 24h 1h S5h 24 h

Figure 5-4: Protein carbonyl content of A) primary hepatocytesn middle-aged Sprague Dawley rats under
heat stress and B, stress related to untreated control, @)mary hepatocytes from middle-aged Sprague
Dawley rats after 4 h pre-incubation with 50 uM iedin in relation to the corresponding untreated &eated
cells, C) primary hepatocytes from old Sprague @gwhts under heat stress angDhistress related to untreated
control and D) primary hepatocytes from old SpraDa&ley rats after 4 h pre-incubation with 50 pMerpetin

in relation to the corresponding untreated andtécbaells. Error bars indicate standard deviatign3, n=9).
The dashed lines represent the respective cotatistical significance was determined with stutentest. *,

** and *** indicate significance at p=0.05, p=0.Gihd p=0.001. All results were correlated to thénfvcell
number after 1 h, 5 h and 24 h of cultivation deieed using calcein AM staining. Abbreviations: H&at

stress; Q: quercetin.
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Heat treatment caused an increase in protein oaidan PRH from middle-aged SD rats
directly after the induction of stress (Figure B} 24 h after heat stress, the protein oxidation
was lower than under control conditions which coné the observations made in previous
studies (Wistar rats, Chapter 4). Hydrogen perokidatment showed no significant effect on
middle-aged PRH but showed a trend towards anasececarbonyl content. The treatment of
PRH with quercetin resulted in a reduction of protexidation in both middle-aged and old
cells (Figure 5-4 B/D). However, the effect was engronounced in middle-aged than old
PRH and occurred already 1 h after stress induetioereas old PRH expressed a beneficial
reaction to quercetin only after 24 h.

In addition to the measurement of the protein axitteas a marker for oxidative stress, it was
examined if there are age-dependent differencébarway the activities of the endogenous
antioxidant enzymes catalase and superoxide disauwtare influenced by oxidative stress.
Interestingly, age had no influence on the catadadwity in primary hepatocytes from SD
rats (Supplementary Figure 5-5). Catalase actiwi&g on the same constant level over the
whole cultivation period in both middle-aged and BRH. Additionally, catalase activity was
stable under all stress conditions and antioxideedtment in middle-aged and old PRH
(Supplementary Figure 5-7).

Superoxide dismutase activity is much more suskeptd age- and oxidative stress-related
changes than catalase activity. In cultures undamtroel conditions SOD activity in
hepatocytes from old SD rats was significantly kigithan in middle-aged SD rats
(Supplementary Figure 5-6). These results are iordance with the results from the
extracellular SOD content in the supernatant froiddhe-aged and old Wistar rats analyzed
with DIGE and MALDI ToF MS/MS (see Chapter 3). Tifluence of oxidative stress by
heat and hydrogen peroxide treatment on SOD agiiviPRH from middle-aged rats did not
follow a clear trend (Figure 5-5 A). The obtainextal however, suggests a slight increase in
SOD activity due to oxidative stress treatmentcdntrast, PRH from old rats responded to
heat and KO, with a significant increase of about 60% in SODvéty after 24 h but showed
no changes within the first 5 h of the cultivatigiigure 5-5 C). Pre-treatment with quercetin
caused a reduction of SOD activity in untreated lagat-treated middle-aged PRH at 5 h and
24 h. Contrary, the activity slightly increasedceills treated with KD, In PRH from old SD
rats the most pronounced effect of quercetin wsigrficant increase of SOD activity at 24 h
in untreated control cells. The reduced SOD agtigliserved in middle-aged PRH after heat

stress could not be observed in old PRH.
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Figure 5-5: Superoxide dismutase activity of A) primary hepgtes from middle-aged Sprague Dawley rats
under heat stress and®} stress related to untreated control pBjnary hepatocytes from middle-aged Sprague
Dawley rats after 4 h pre-incubation with 50 uM ig&din in relation to the corresponding untreated &eated
cells, C) primary hepatocytes from old Sprague @gwhts under heat stress angDhistress related to untreated

control and D) primary hepatocytes from old SpraDaevley rats after 4 h pre-incubation with 50 pMeopeetin
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in relation to the corresponding untreated andtécbaells. Error bars indicate standard deviatign3, n=9).
The dashed lines represent the respective coltatistical significance was determined with stutdetatest. *,
** and *** indicate significance at p=0.05, p=0.Ghd p=0.001. All results were correlated to théntjvcell
number after 1 h, 5 h and 24 h of cultivation deieed using calcein AM staining. Abbreviations: H&at

stress; Q: quercetin.
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5.2.3 Proteomic characterization of the influence of oxidtive stress and quercetin
antioxidant treatment on primary hepatocytes from mddle-aged and old

Sprague Dawley rats

The proteomic characterization of Sprague Dawley facused on the differences between
the two age groups under control conditions and tieatment. Intracellular protein extracts
were cleaned from ionic detergents, salts, lipidsl awucleic acids prior to 2-D gel
electrophoresis using the ReadyPrep 2-D cleanupAKierwards, the protein samples were
concentrated and desalted with an ultrafiltratiemice with a MWCO of 10 kDa prior to 2-D
gel electrophoresis. 2-D gel electrophoresis waseted as EZBlue-stained preparative gels
for further identification with MALDI ToF MS/MS (Seplementary Figure 5-8) and as
fluorescence-labeled DIGE gels for relative quasdtfon. DIGE allows the comparison of
two different conditions at a time. In the firstpeximental setup, the proteome of PRH from
middle-aged and old SD rats was compared. Repasangels are shown in Figure 5-6.

L J

Figure 5-6: Overlay of representative DIGE gels (pH 3-10) simpwdifferential protein abundance in the
intracellular proteome of old Sprague Dawley PRhhpared to middle-aged PRH. Proteome after A) 5 h of
cultivation and B) 24 h of cultivation. Spots thate only present in middle-aged: green; old: reames

abundance: white; (N=2, n=6).

In total 80 protein spots were identified on thegarative gels (Supplementary Figure 5-8
and Table 5-1). For some proteins several isofonase found, resulting in 62 different

proteins. The identified proteins are involved arigus biological processes like transporter
acivity (G0O:0006810), lipid metabolism (GO:0006626atabolic processes (GO:0009056),
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iron homeostasis (GO:0006879) and regulation ddlgtt activity (GO:0050790). Almost a
third of the identified proteins can also be asstetl with processes involved in aging
(G0O:0007568) and oxidative stress (GO:0006950).

When the intracellular proteomes of middle-aged alddPRH from SD rats were compared
under control conditions (Figure 5-6), it was olbeer that many spots were red or green
which indicates prominent differences in the pratepprofile of the two age groups. An
average of 186 protein spots was detected on tloeecent DIGE gels in the pH range 3-10.
Statistical evaluation of the DIGE-gels revealed sigificantly & 1.5-fold) altered spots.
These results compared with the alterations in tiefanctions indicate a stronger effect of
heat stress on old hepatocytes than middle-agesl amek prove the basic applicability of the
heat stress model to study oxidative stress.

The number of proteins identified with MALDI ToF/Fdrom EZBlue-stained gels (80) was
considerably less than the number of detected spotBIGE gels (186). Hence, it can be
assumed that some spots, which were identifiedifeerehtially expressed under oxidative
stress, could not be identified. The main reasantliiss is the higher sensitivity of the
fluorescent DIGE labeling compared to EZBlue stagniAdditionally, MALDI ToF/ToF
measurements revealed that several spots contamfedms of the same proteins.

In Table 5-1, the results of the comparison of anyrhepatocytes from middle-aged and old

SD rats under control conditions are listed. Frdma 2-D gels 23 spots per gel could be
assigned to differentially expressed spots on ticeraling DIGE gelsFor some proteins, like

heat shock proteins, regucalcin, SOD and carbamplogtphate synthase several isoforms
were found. Shown are the averages of all isofarfres single protein. In total we identified
up to 15 (depending on time-point) differentialypeessed proteins in old PRH under control

conditions compared to the middle-aged PRH.
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Table 5-1: Identified proteins with significantly different abdance in PRH from old Sprague Dawley rats
cultivated at 37 °C after 1 h, 5 h and 24 h of ation. The proteome of middle-aged PRH servedatd to
which the proteome of the old PRH was compareditid@walues indicate a higher abundance of thedet
protein in old PRH compared to middle-aged PRH, n@&g negative values indicate a lower abundancawvish
are the means of the fold change from the diffegetd (N=2, n=6). Abbreviations: Std.dev.=Stand#ediation.

Swiss- Prot database information (http://www.unipna).

Swiss-Prot 1h 5h 24 h
Accession Protein Fold change Fold change Fold change
no. (Std. Dev.) (Std. Dev.) (Std. Dev.)
: 3.66 3.47 2.12
P06761 78kDa glucose regulated protein (1.15) 0.22) (0.34)
60 kDa heat shock protein, 1.92 1.61
P63039 mitochondrial (0.36) (0.28)
Heat shock cognate 71 kDa 1.91 2.68 2.59
P63018 protein (0.24) (0.46) (0.06)
Stress-70 protein, mitochondrial -1.81
pagr21 (Hspa9) (0.08)
-2.14 -2.21 -4.65
PO7756 Carbamoyl-phosphate synthase (0.21) (0.33) (1.32)
. . 2.35 2.87 3.68
P04041 Glutathione peroxidase 1 (0.58) (0.35) (0.78)
. . 2.59 3.21 3.02
P35704 Peroxiredoxin-2 (0.18) (0.61) (0.39)
P004S1 Ornithine c'arbamoylltransferase, -2.71 -3.80 -3.92
mitochondrial (0.18) (0.29) (0.14)
P10860 Glutamate dehydrogenase 1.77 = =
yarog (0.01)
: : 3.78 5.69 4.36
P02650 Apolipoprotein E (0.97) (1.78) (0.67)
_ : -1.62 -1.81
Q64380 Argininosuccinate synthase == (0.56) (0.32)
Isocitrate dehydrogenase, 1.81 1.91
PA1562 cytoplasmic (0.04) (0.15)
-1.96 -2.56 -2.12
P10719 ATP synthase (0.36) (0.03) (0.16)
. -1.69 -2.63 -3.12
Q03336 Regucalcin 0.17) (0.46) (0.11)
: : 1.56 2.43 2.74
P07632 Superoxide dismutase [Cu-Zn] (0.31) (0.05) (0.13)
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Most of the detected proteins are directly or iadily related to oxidative stress, aging or age-
related diseases. Interestingly, old PRH showedyheh abundance in heat shock proteins
compared to middle-aged PRH. Heat shock proteiag @h important role in the heat shock
response which consists of the induction of gengression of proteins like chaperones,
proteases and antioxidant enzymes, essential fomtemance of cell homeostasis
counteracting heat stress related damage (Mudtafi,2009). In this context, HSPs function
as molecular chaperones, initiating the refoldinglegradation of stress-damaged proteins,
thus protecting cells from potential damaging e#8ecTherefore, this increase in HSP
expression is highly surprising, considering thesrall reduced hepatic function in older
hepatocytes compared to middle-aged PRH (see Ghgfel and 5.2.2). In total, three
proteins from the HSP70 family and HSP60 were edterThe highest differences in
abundance were detected for the two cytoplasmicsHZB kDa glucose regulated protein,
heat shock cognate 71 kDa protein), whereas thechvndrial HSP60 and Hspa9 had a lower
and less long-lasting increase in abundance. Runttre, the abundance of enzymes related to
oxidative stress was significantly increased in atepytes from old SD rats. Superoxide
dismutase [Cu/Zn] was more than 2-fold increaseér ahe whole cultivation period.
Glutathione peroxidase and peroxiredoxin-2, bothysres responsible for the reduction of
hydrogen peroxide to water, even showed an inergaabundance over the cultivation time
(up to 4-fold and 3-fold). The lipid transport peot apolipoprotein E showed the overall
highest increase in protein abundance in the casgrabetween the age groups. After 5 h of
cultivation, ApoE expression was almost 6-fold lEgn old PRH. The regucalcin expression
was also increased in old PRH and showed an additincrease over time (+1.6-fold at 1 h
and +3.1 at 24 h). Contrarily, the abundance otsdvenzymes involved in the urea cycle
was lower than in middle-aged PRH. Carbamoyl-phasphsynthase and ornithine
carbamoyltransferase showed the largest decreadmiimdance (-4.7-fold and -3.9-fold). The

abundance of ATP synthase was also 2-fold lowetdrPRH compared to middle-aged PRH.

When the intracellular proteomes of middle-aged PRhter control and heat stress
conditions were compared (Figure 5-7), it was olegrthat most spots were white which
indicates a similar proteomic profile. Statistiealalysis revealed only 8 significantly changed
proteins in middle-aged primary hepatocytes dubdat stress (Table 5-2), confirming this

assumption.
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Figure 5-7: Overlay of representative DIGE gels (pH 3-10) simpwdifferential protein abundance in the
intracellular proteome of middle-aged Sprague DgviR®H after heat exposure. Comparison between aontr
(87 °C) and heat-stressed (42 °C) PRH samples @je5 h of cultivation and (B) 24 h of cultivatioSpots that

are only present in control: green; heat-stressslj:same abundance: white; (N=2, n=6).

Table 5-2 Identified proteins with significantly differembundance in PRH from middle-aged Sprague Dawley
rats after heat treatment (42 °C) after 1 h, 5dh 24 h of incubation. The proteome of middle-ag&HRunder
control conditions served as control to which thet@gome of the heat-stressed PRH was comparediveosi
values indicate a higher abundance of the detegtetkin in middle-aged heat-stressed PRH compaved t
middle-aged control PRH, whereas negative valudisaite a lower abundance. Shown are the mean® dblith
change from the different gels (N=2, n=6). Abbréwias: Std.dev.=Standard deviation. Swiss- Protlukze
information (http://www.uniprot.org).

Swiss-Prot 1h 5h 24 h
Accession Protein Fold change Fold change Fold change
no. (Std. Dev.) (Std. Dev.) (Std. Dev.)
P63039 60 kDa heat shogk protein, 1.94 2.18 2.01
mitochondrial (0.02) (0.21) (0.05)
78kDa glucose regulated 1.98 2.04 2.18
PO6761 protein (0.26) (0.17) (0.12)
Heat shock cognate 71 kDa 1.64 2.22 2.12
P6301 :
63018 protein (0.14) (0.07) (0.07)
P48721 Strgss-?O prqtem, 1.88 1.52 _
mitochondrial (0.10) (0.14)
Superoxide dismutase [Cu- 1.69
P07632 zn] 0.08)
P11884 Aldehyde dehydrogenase ~1.66 - -
Y yarog (0.02)
1.89 1.69
P10719 ATP synthase (0.11) (0.13) --
Fructose bisphosphate 1.78
P00884 aldolase B (0.35)
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Primary hepatocytes from middle-aged Wistar ratsileted no alterations in the secretome
due to heat stress (see Chapter 3). It is notisurgrthat most of the detected proteins with a
change in abundance in middle-aged Sprague DawRy Were heat shock proteins (Table
5.2). Their abundance was 1.6-fold to 2-fold insezh after heat treatment and further
increased over time. SOD expression increasedtlsligfier 5 h of cultivation, whereas other
antioxidant enzymes were not significantly alter&@P synthase and fructose bisphosphate
aldolase B were significantly increased up to Staréheat treatment indicating an increased
energy metabolism. Quantification of the changeBRH from middle-aged SD rats revealed
a noticeable time-dependent change in protein anoel HSPs were increased over the
whole cultivation period. All other influenced peats came back to control levels after 24 h

of cultivation.

When the intracellular proteomes of primary hepgtes from old SD rats under control and
heat stress conditions were compared (Supplemehiguye 5-9), the changes observed were
much more pronounced than in PRH from middle-aged&s. Statistical analysis revealed
only 18 significantly changed proteins in old primnméhepatocytes due to heat stress at
different time-points after heat treatment (Tabl®)5Strikingly, heat shock cognate 71 kDa
protein was the only HSP significantly alteredtsabundance due to heat stress in old PRH.
During the cultivation period its abundance cameklia control levels.

The abundance of enzymes related to oxidativesstas significantly increased due to heat
stress in hepatocytes from old SD rats. Superodisieutase [Cu/Zn] was more than 2-fold
increased 5 h and 24 h after treatment. Glutathpmrexidase and glutathione S-transferase,
both enzymes responsible for the reduction of hyenoperoxide to water, showed higher
abundance over the cultivation time (up to 1.7-f@ldd 1.9-fold). The abundance of
regucalcin increased over time, the expressionethal-binding protein 4 decreased over
time due to heat stress. These results are conmpamkhe changes in the secretome of old
Wistar PRH (see Chapter 3). Actin, the only ideedifstructural protein, was increased after
heat stress in old hepatocytes up to 3.5-fold. li@nproteomic level, expression of enzymes
involved in the urea cycle (P07756, P09034) deeeasold PRH due to heat stress, whereas
an enzyme involved in glycolysis (P00884) increaseabundance. ATP synthase abundance
was decreased at 5 h and 24 h after heat stredsPRH already show a decreased ATP
synthase abundance compared to middle-aged PRHitirEean enzyme responsible for

cellular iron homeostasis, increased over timddnRiRH up to 2.3-fold.
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Table 5-3: Identified proteins with significantly differenbandance in PRH from old Sprague Dawley rats after
heat treatment (42 °C) after 1 h, 5 h and 24 mofibation. The proteome of old PRH under controiditions
served as control to which the proteome of the-bBgassed PRH was compared. Positive values irdigat
higher abundance of the detected protein in old-sisassed PRH compared to old control PRH, whereas
negative values indicate a lower abundance. Showrthe means of the fold change from the diffeigels
(N=2, n=6). Abbreviations: Std.dev.=Standard deéerat Swiss-Prot database information

(http://www.uniprot.org).

Swiss-Prot pl o o
Accession no. Protein Fold change Pty et Doy
(Std. Dev.) (Std. Dev.) (Std. Dev.)

P60711 Actin, cytoplasmic 1 (tgi) (?)2:) (igg)
P02650 Apolipoprotein E - (31712) (;)2.53)
Q8VIF7 Selenium-binding protein 1 (%)Z;) (tgg) -
P04041 Glutathione peroxidase 1 é:g; (%):Sf) é:gg)
63018 Heat :shociokr (;:t(()a?:ate 71 kDa y (%)l.gf) -
07632 Superomdezdr:ismutase [Cu- B (%-.25) (z:g:)
Q03336 Regucalcin - ((1)',12) (?)'.:133)
P04916 Retinol-binding protein 4 - (52211) ;g_.(?f)
P11884 Aldehyde dehydrogenase ;_.201) (;;327) (gfef;
07756 Carbar:;::r-]zr;c;sphate 3 (30737) -
P04906 Glutathione-S-transferase ((1)';; ((1)'_2; (1013
P09034 Argininosuccinate synthase -- (3)'0627) o

064380 Sarcosme dehydrogenase, . . 163
mitochondrial

P02793 Ferritin light chain 1 - (%)Zj) (iigg)
P19132 Ferritin heavy chain (]6'32) (:(L)'_ZZ) (](-):gg)
P10719 ATP synthase - (33556) 3.?97)
S S :

P02761 Major urinary protein (g_fzg) (53039) (gig
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In the following experiment, the influence of tne&nt of primary rat hepatocytes with 50 uM
guercetin prior to heat stress on the proteomeanal/zed (Supplementary Figure 5-10).

In Table 5-4, the results of the comparison of pnynhepatocytes from middle-aged SD rats
under heat stress conditions with and without prattment with quercetin and old SD rats

under control conditions are listed.

Table 5-4: 1dentified proteins with significantly different abdance in PRH from middle-aged Sprague Dawley
rats after heat stress and pre-treated with 50 pétagtin after 1 h, 5 h and 24 h of incubation. pheeome of
middle-aged PRH under heat stress conditions (4Z8&6/ed as control to which the proteome of thercgtin-
treated PRH was compared. Positive values indizgdtigher abundance of the detected protein in reidded
quercetin-treated PRH compared to middle-aged $teeésed PRH, whereas negative values indicatever lo
abundance. Shown are the means of the fold chamge the different gels (N=2, n=6). Abbreviations:

Std.dev.=Standard deviation. Swiss-Prot databdeenmation (http://www.uniprot.org).

Swiss-Prot 1h 5h 24 h

Accession Protein Fold change Fold change Fold change
no. (Std. Dev.) (Std. Dev.) (Std. Dev.)

Sea01s Heat shocljg'{c;?:ate 71 kDa 154 307 287

P (0.05) (0.63) (0.32)

P63039 o kD?nEiiruz:gtr:iI;|prOteln, "1.65 "1.97 281

(0.17) (0.11) (0.49)

Stress-70 protein, -1.91 -1.89 -2.12

pagr2l mitochondrial (0.35) (0.27) (0.58)

06761 78kDa glurc;?esii regulated 203 181 1.99

P (0.13) (0.06) (0.14)

S 1.79 1.88 1.67

P04785 Protein disulfide-isomerase 1 (0.03) (0.23) (0.07)

Glyceraldehyde-3-phosphate 1.66 1.75

PO4797 dehydrogenase (0.28) (0.36)

1.56 1.55

P04764 Alpha-enolase -- (0.31) (0.11)

. -1.69 -1.64 -1.52

P12928 Pyruvate kinase PKLR (0.33) (0.04) (0.26)

Fructose bisphosphate -1.69 -3.66 -3.62

PO0884 aldolase B (0.09) (12.12) (0.65)

PO7756 Carbamoyl-phosphate 1.66 1.58 1.91

synthase [ammonia] (0.10) (0.04) (0.13)
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From the 2-D gels 17 spots per gel could be asdigmelifferentially expressed spots on the
according DIGE gels For some proteins, like heat shock proteins, cady&phosphate

synthase and alpha-enolase several isoforms wenmedfoShown are the averages of all
isoforms of a single protein. In total we identfieip to 10 (depending on time-point)
differentially expressed proteins in quercetin peated middle-aged PRH compared to PRH
under heat stress without quercetin. These resulggest that quercetin treatment has a
stronger effect on middle-aged PRH than heat sttesl§. Quercetin treated cells exhibited a
strong decrease in HSP expression over the whdlation time. In this experiment, no
clear conclusion about the effect of quercetintinest on glycolytic processes could be
drawn. Pyruvate kinase and fructose bisphosphatelase were decreased up to 2-fold,
however glyceraldehyde-3-phosphate dehydrogenaseneeeased in quercetin treated cells.
Interestingly, quercetin treatment could not regetfee changes in protein expression due to
heat stress in middle-aged PRH.

At last, the influence of treatment of old primagt hepatocytes with 50 UM quercetin prior
to heat stress on the proteome was analyzed (Supptary Figure 5-10). From the 2-D gels

25 spots per gel could be assigned to differegti@dpressed spots on the according DIGE
gels For some proteins, like heat shock proteins, regucacarbamoyl-phosphate synthase

and alpha-enolase several isoforms were found. Blaver the averages of all isoforms of a
single protein. In total we identified up to 16 eéeading on time-point) differentially
expressed proteins in quercetin pre-treated old RRMpared to PRH under heat stress
without quercetin.

In Table 5-5, the results of the comparison of prynhepatocytes from old Sprague Dawley
rats under heat stress conditions with and withmattreatment with quercetin and old SD
rats under control conditions are listed. Compa ablmiddle-aged PRH, quercetin treatment
caused a decrease in HSP expression in hepatoafytelsl rats. This result is interesting
considering that heat treatment alone did not as®eHSP abundance in old PRH. The
abundance of heat shock cognate 71 kDa protein eeeneased 5-fold after quercetin
treatment. The only antioxidant enzymes influend®d quercetin were glutathione S-
transferase (GST) and peroxiredoxin-6. GST wastjiglecreased at 5 h and 24 h after the
start of the cultivation. Contrary, peroxiredoxinwas strongly increased up to 3.5-fold.
Contrary to middle-aged PRH, enzymes in glycoly$94797, P12928, P00884) clearly
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decreased, whereas enzymes in the urea cycle (B2@8Y7756) increased. All other

influenced proteins behaved the same way as PRH in@dle-aged cells.

Table 5-5 Identified proteins with significantly differemtbundance in PRH from old Sprague Dawley rats after
heat stress and pre-treated with 50 uM quercetan &fh, 5 h and 24 h of incubation. The proteomald PRH
under heat stress conditions (42 °C) served agaidot which the proteome of the quercetin-trea®&H was
compared. Positive values indicate a higher abwelai the detected protein in old quercetin-tred®&tH
compared to old heat-stressed PRH, whereas negatiues indicate a lower abundance. Shown are #enm

of the fold change from the different gels (N=26h=Abbreviations: Std.dev.=Standard deviation. sSwrrot

database information (http://www.uniprot.org).

Swiss-Prot . th oh 24h
ACCESSIon No. Protein Fold change Fold change Fold change
(Std. Dev.) (Std. Dev.) (Std. Dev.)
P63018 Heat :shoc;okr cc):fegi]:ate 71 kDa (51052) (5;51) (51131)
e i - S
pagrzy SwesTowan o oo
e T
P04906 Glutathione S-transferase -- (327 15) (317;
P20673 Argininosuccinate lyase (éng) éif; (E:gf)
P04797 Glyceraldehyde-3-phosphate -1.63 -1.88 -2.03
dehydrogenase (0.08) (0.23) (0.14)
orss oo -- L
P12928 Pyruvate kinase PKLR Eg_'f; 8_':; ;g_';g
P50137 Transketolase ;g.ff) (3'27 18) -
ooy Fuometwge 4z 2n a0
P48500 Triosephosphate isomerase -- (3'05 1?; (31727)
P04785 Protein disulfide-isomerase 1 (3339) (]622) (éf)s;)
Q03336 Regucalcin -- (3'07:) (3197?;
P04764 Alpha-enolase (g':g;) (]6'_2(?) (f):g:)
035244 Peroxiredoxin-6 (?):gi) (:é'.if) ((3):82)
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53 Discussion

In this study the effect of heat- and®3-induced oxidative stress on primary hepatocytes
from middle-aged and old Sprague Dawley rats wadyaad. Additionally, the influence of
the treatment with the ROS scavenging compoundcetiarprior to heat stress was studied.
The aim of the study was to evaluate the age-degendlterations in the response to
oxidative stress and the identification of intr&delr protein targets for the prediction and
diagnosis of ROS-induced cell aging. Quercetin teated as a potential therapeutic candidate
for the prevention of age-related diseases. Thi/sinaof stress-induced alterations included
the estimation of hepatic function (albumin and DDHrotein oxidation and the activity of
the endogenous antioxidant enzymes SOD and catdlasedetailed characterization of the
intracellular proteome alterations concentratedheninfluence of heat stress and antioxidant
effect of quercetin. Additionally, the proteomeshafpatocytes from middle-aged and old SD
rats was compared at different cultivation timerpsi

Albumin, normally used as a specific marker forefifunction, was measured under all
oxidative stress conditions and under antioxideeattnent (Chapter 5.2.1). The comparison
of middle-aged and old PRH revealed an inhereritizdr albumin secretion of middle-aged
hepatocytes over the whole cultivation period. Ehessults are opposed to the albumin
secretion profiles of Wistar rats, where old PRHwéd a higher albumin secretion
(Chapter 3). Furthermore, heat stress did not iedugnificant changes in albumin secretion
in any of the age groups (Figure 5-2). Howeverattreent with 2 mM hydrogen peroxide
caused a reduction of albumin secretion. All thdata suggest that Sprague Dawley rats
differ significantly from Wistar rats in their rei@@n to hyperthermia. Therefore, albumin can
be considered a valid marker for hepatic functiorSD PRH. The effect of quercetin pre-
treatment on albumin secretion was especially gtionmiddle-aged PRH. Here, albumin
measurements revealed a significant decrease atidemnditions. In old PRH the effect was
less pronounced and time-delayed. Nonethelesscefireiwas able to reduce the increased
LDH leakage in oxidatively stressed hepatocytegufé 5-3). This paradoxical effect of
qguercetin treatment was already discussed in Chapteuercetin is an efficient ROS
scavenger and protects macromolecules againsttawdddamage. However, by doing that,
guercetin is oxidized to cytotoxic pro-oxidantsdeey to LDH leakage (Boots et al., 2007;

Halliwell, 2008). Additionally, oxidized quercetis highly reactive towards thiol groups and

105



Chapter 5 Influeraf Aging on Oxidative Stress Response

therefore toxic. Quercetin can form adducts iroiglized form. Its targets are, e.g. proteins,
but also glutathione resulting in a reduction @efrglutathione levels (Boots et al., 2003).
Hydrogen peroxide treatment, surprisingly, causedearease in LDH in old PRH. This
observation is possibly not correlated to the dchi2H leakage but to the LDH activity
which is known to be reduced by hydrogen peroxidatment (Kendig & Tarloff, 2007). It
can be speculated that middle-aged PRH did notbéxhiis effect due to a faster
metabolization of hydrogen peroxide. Quercetinttresnt had a more beneficial effect on old
PRH compared to middle-aged PRH regarding LDH lgakd&he protein carbonyl content in
old hepatocytes was significantly higher than iddhe-aged PRH under control conditions
(Supplementary Figure 5-4). This indicates a higlsid stress level and a high degree of
macromolecular damage in old PRH already underrgbitltivation conditions. Middle-
aged PRH reacted to heat treatment the same walyeasly observed before (Chapters 3 and
4). After an initial increase in protein oxidatidhe values decreased beneath the control level
after 24 h (Figure 5-4). It was already speculateat these reduced values in oxidized
proteins could be due to the HSP70 recovery sysasndjscussed in Chapter 3 (see Figure 3-
8). HSPs function as molecular chaperones, imigathe refolding or degradation of stress-
damaged proteins, thus protecting cells from pakdamaging effects. This theory implies
that middle-aged primary hepatocytes possess atpdefense mechanism against oxidative
stress. Heat treatment, therefore, activates theeegion of heat shock proteins leading to the
degradation of oxidized proteins and, hence, an be#ter oxidation status than under control
conditions. In this study, we could confirm thisployhesis with our obtained proteomic data
(see following discussion on proteomic results)edestingly, protein oxidation was reduced
in old PRH 5 h after heat stress before increaagain after 24 h. This observation could also
be related to the expression of heat shock proteiasdiscussed later. Quercetin had a
beneficial effect on both age groups resulting deareased protein carbonyl content.

The effect of oxidative stress on the activity @[3 and catalase was contradictory. Catalase
activity was not susceptible to any kind of treatingn both age groups. However, SOD
activity was unexpectedly high in old PRH compatedniddle-aged PRH (Supplementary
Figure 5-5). Heat treatment even further increatbexd activity after 24 h of cultivation.
Compared to the previously discussed effects of sieass on old PRH, this increase in the
expression of SOD activity could be correlatedhte teduced LDH leakage observed in old
PRH after 24 h preventing loss of viability. Oth&udies confirm that SOD activity of
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hepatocytes from 30 months old rats underwent as@e in their specific enzyme activities as
well as in their mMRNA compared to 6 months old \afisats (Sanz et al., 1997). Middle-aged
PRH reacted to oxidative stress with only slighamies in SOD activity. In case of SOD
activity, quercetin treatment had no beneficiakeffon primary hepatocytes from old and

middle-aged rats. Activity was reduced under oxudastress conditions.

The following part of the study concentrated on flreteomic characterization of age-
dependent alterations in response to oxidativestre

First, we investigated the differences in protdinradance between primary hepatocytes from
middle-aged and old SD rats. Interestingly, old Pstidwed a high abundance in heat shock
proteins compared to middle-aged PRH (Table 5-speEially the two identified cytosolic
HSPs were more than 3-fold more abundant wheretixhaindrial Hspa9 was even slightly
lower. These observations could possibly be ancaiain for a high basic oxidative stress
level and hence, oxidative damage to proteins wisatounteracted by the HSP70 system.
However, reduced albumin production and higher L[@Hkage of old PRH suggest that
antioxidant defense mechanisms exhibit deficienicigbe protection against cellular damage.
Previous studies showed that the continuous geaeraf ROS by mitochondria plays an
important role in aging processes (see Chapter ithchondrial theory of aging). During
aging processes, oxidative damage to mitochonddaraulates resulting in an impairment of
mitochondrial redox homeostasis (Starkov, 2008)rBased mitochondrial HSP abundance
could indicate such a dysfunction of mitochondtra.this case, also a high abundance of
cytosolic HSPs would not be sufficient to countéraxidative damage to proteins.
Furthermore, DIGE quantification only provides imfation about the abundance of a protein
not about their condition. In aged cells, damaged aon-functional proteins tend to
accumulate due to impaired proteasome functionéldyine et al., 2001). Therefore, part of
the higher abundance of HSPs could be due to daimagéeins which can no longer function
as chaperones.

Primary hepatocytes also showed drastically highbundances in several antioxidant
enzymes (SOD [Cu-Zn], peroxiredoxin, glutathioneop@lase). These results imply that the
expression of antioxidant enzymes increases withlag is still insufficient to compensate
the highly increased generation of ROS, resultmgxidative injury (Hung et al., 2003).

Another protein involved in antioxidant defense heedsms is apolipoprotein E. The
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expression of ApoE was, similar to the antioxidamzymes, significantly increased. In
addition to its important role in the transport ametabolism of lipids, apolipoprotein E
protects cells against hydrogen peroxide (MiyataS&ith, 1996; Tarnus et al., 2009)
oxidative modifications of lipoproteins (Qin et,al998).

Regucalcin (also known as SMP-30, senescence mamikeein 30) decreased in aged
hepatocytes from SD rats. It is known that a desaa SMP-30 causes inflammation and
elevated levels of oxidative stress due to its irtgpee for the vitamin C biosynthesis
pathway (Kondo & Ishigami, 2016). Regucalcin defimy is suspected to cause glucose
intolerance, impaired lipid metabolism and elevatadbonylation of proteins (Sato et al.,
2014). The comparison of the proteome from middjedaand old SD rats also revealed
significant changes in metabolic pathways due tin@@gATP synthase was strongly
decreased, indicating a deficiency in energy meisiban aged cells. The influence of aging
was most pronounced in the urea cycle. The urede cgcthe main pathway for the
detoxification of ammonia, consisting of five enzasn carbamoyl phosphate synthetase,
ornithine carbamoyltransferase, argininosuccinagatheise, argininosuccinate lyase and
arginase-1. In our study, all five enzymes couldidentified with MALDI ToF MS/MS.
Three of the enzymes were significantly decreasedbundance in old PRH. The possible
intracellular implications of these deficiencies dlustrated in Figure 5-8.

Urea

co, i

Carbamoyl-phosphate
synthase

Arginase

Arginine

Fumarate
Carbamoyl phosphate \ />

Ornithine
carbamoyltransferase

Argininosuccinate lyase

Argininosuccinate

r Argininosuccinate synthase

Aspartate
Figure 5-8: Influence of aging on the urea cycle; red: enzymi#is decreased abundance in primary hepatocytes

from old SD rats compared to middle-aged rats; evhibxes: unaffected enzymes; green: intermediates

accumulating due to enzyme deficiency.
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First of all, carbamoyl-phosphate synthase defmyan urea cycle causes an accumulation of
toxic ammonia leading to a loss of viability. Irgstingly, ammonia is reported to increase
SOD activity (Prestes et al., 2006). This couldtlgaexplain the high SOD activity in old

PRH compared to middle-aged PRH. Ornithine carbdinamgferase deficiency causes an
accumulation of ornithine which induces lipid oxidga damage (Zanatta et al., 2015).
Argininosuccinate synthase deficiency results irmaoumulation of citrulline which impairs

cellular antioxidant response (Prestes et al., R0AK these results demonstrate the highly

impaired redox state and antioxidant defense mesimsrdue to aging.

The next part of the study included the inductiérelmdogenous oxidative stress in middle-
aged and old primary rat hepatocytes via heatsstéss expected (see also Chapter 3), PRH
from middle-aged SD rats showed only a few chamggsotein abundance due to heat stress.
Expression of HSPs increased strongly over the evimlltivation period (Table 5-2)
indicating the activation of the HSP70 recoverytsys These increases in abundance explain
the reduced protein oxidation 24 h after heat tneat in middle-aged PRH (Figure 5-4).
Increased ATP synthase and fructose bisphosphatdaaé B suggest that cells under heat
stress conditions have a slightly higher energy atein Superoxide dismutase was the only
antioxidant enzyme with an altered abundance diredd stress. SOD increased slightly after
5 h and came back to control levels at 24 h. Tldese correlate also with the SOD activity
measured in middle-aged PRH (Figure 5-5 A).

The analysis of heat stress induced changes irptbiein abundance of old hepatocytes
(Table 5-3) revealed that they were much more gitxde to oxidative stress than middle-
aged PRH. Interestingly, heat shock cognate 71 iDtein was the only altered HSP. After
5h of cultivation the expression was back to auntevels. Actin expression was also
significantly increased indicating the formationaafin stress fibers in the cytoplasm which is
typical in aging cells (Doshi et al., 2010). Thegter abundance in regucalcin as a biomarker
for senescence is an indication for a strong dedtircellular function in old PRH due to heat
stress. The increased abundance of antioxidanteesySOD, glutathione S-transferase and
glutathione peroxidase) and ferritin over the ealiion time (increase from 1 h to 24 h) could
possibly be the reason for the decrease in cethd2é& h (see LDH, Figure 5-3) after heat
stress. An upregulated ferritin biosynthesis prévercrotic cell death (Omiya et al., 2009).

The analysis also revealed changes in energy metabim old PRH due to heat stress. ATP
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synthase decreased in abundance, whereas enzymelveth in glycolysis increased.
Enzymes from urea cycle decreased. This is a @a@eddy observed in old PRH compared to

middle-aged PRH which is intensified by oxidativeess conditions.

The influence of the ROS-scavenging compound qtiaroe primary hepatocytes of middle-
aged and old rats under heat stress conditionamalgzed in the next part of the study.

These results suggest that quercetin treatmend st®nger effect on middle-aged PRH than
heat stress itself. Quercetin treated cells extub# strong decrease in HSP expression over
the whole cultivation time. In middle-aged PRH, aq&tin treatment had a higher influence
on protein abundance than heat stress itself (Talle The expression of all heat shock
proteins was 1.5-fold to 3-fold decreased, whetbaseffect intensified over the cultivation
period. Quercetin was reported to inhibit the hetaick response. HSP expression is initiated
by the binding of the transcription factor HSF1ghshock factor 1) to the heat-shock element
in the promotor region of the HSP family (Jolly &moto, 2000). Quercetin suppresses the
heat shock response by inhibiting HSF1 (Nagai et 1#95) which is compromising the
beneficial antioxidant effect of quercetin as ahgaliscussed in Chapter 4. Nonetheless,
guercetin treatment had beneficial effects on flmpées under heat stress conditions.
Quercetin seems to decrease glycolysis relatednegzywhich reverses the effect of heat
treatment. Reduced glycolytic activity could indee¢hat the energy demand of the cells came
back to control levels due to quercetin. Additidyyaprotein disulfide isomerase showed an
increase in abundance. It is known to protectscatjainst apoptosis (Ko et al., 2002) and
could be involved in the protection mechanism oérgetin. In old hepatocytes treated with
guercetin prior to heat stress, protein disulfgtemerase was also increased. Overall, old PRH
exhibited clearly more signs of a beneficial effetguercetin on the proteome than middle-
aged PRH (Table 5-5). The antioxidant enzyme peedeiin increased significantly in
abundance. Enzymes involved in urea cycle increasedabundance allowing the
detoxification of ammonia and reducing the accutmta of toxic intermediates. The
increased anaerobic glycolytic activity was reverge old PRH due to quercetitn vivo
studies showed a causality between the incréas@anaerobic glycolytic activity and
senescence (Guerrieri et al., 1994). However, gtiarcnduced a decreased HSP expression
also in old PRH. Nonetheless, quercetin seems e haregulating effect on heat-induced

proteomic alterations resulting in cell survivatlamreduction of oxidative damage.
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6. Proteomic Characterization of Primary Mouse
Hepatocytes in Collagen Monolayer and

Sandwich Culturet

Abstract

Dedifferentiation of primary hepatocytes in vitr@akes their application in long-term studies
difficult. Embedding hepatocytes in a sandwich xaf&cellular matrix is reported to delay the
dedifferentiation process to some extent. In thigdyys we compared the intracellular
proteome of primary mouse hepatocytes (PMH) in eatienal monolayer cultures (ML) to
collagen sandwich culture (SW) after 1 day and ¥sd# cultivation. Quantitative proteome
analysis of PMH showed no differences between getlaSW and ML cultures after 1 day.
Glycolysis and gluconeogenesis were strongly affibdty long-term cultivation in both ML
and SW cultures. Interestingly, culture condititvasl no effect on cellular lipid metabolism.
After 5 days, PMH in collagen SW and ML cultureshiésit characteristic indications of
oxidative stress. However, in the SW culture théense system against oxidative stress is
significantly up-regulated to deal with this, whesen the ML culture a down-regulation of
these important enzymes takes place. Regardingntligple effects of ROS and oxidative
stress in cells, we conclude that the down-reguiadif these enzymes seems to play a role in
the loss of hepatic function observed in the MLtigation. In addition, enzymes of the urea
cycle were clearly down-regulated in ML cultureof@omics confirms lack in oxidative stress
defense mechanisms as the major characteristic ephtbcytes in monolayer cultures

compared to sandwich culture.

! This chapter was adapted from “Proteomic charetéon of primary mouse hepatocytes in collagen
monolayer and sandwich culture” (Orsini et al., 0fublished in J. Cell. Biochem. 2018 Jan;119@}:454.
doi: 10.1002/jch.26202. Epub 2017 Jul 14. Dr. SaSperber contributed equally to this work.
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6.1 Introduction

The mammalian liver is an essential organ to mainpdysiological body function. It is
responsible for the synthesis of plasma proteike albumin (Si-Tayeb et al., 2010),
metabolic homeostasis, detoxification of ammong thie urea cycle as well as synthesis of
glutamine and alanine as non-toxic nitrogen coirtgi compounds (Kuepfer, 2010). Most
importantly, a wide range of endo- and xenobiotepounds are metabolized by the liver
(Gille et al., 2010). Cultured primary hepatocyaes not only used in pharmaceutical industry
in drug metabolism studies, enzyme induction anghtaoxicity, but they are also used to
study molecular mechanisms involved in liver digsasnd regeneration (Nussler et al., 2006),
(Brulport et al., 2007), (Hohme et al., 2007), igiblum et al., 2008), (Schug et al., 2008).
Dedifferentiation of primary hepatocytes in vitro cultures is a well-known problem
hindering long-term studies, which are necessargf@.in vitro drug toxicity testing (Alepee
et al., 2014). There are several approaches to/ dela dedifferentiation process, ranging
from media optimization and co-cultivation with etHiver cells to cultivation of hepatocytes
in scaffolds of extracellular matrix (ECM) (Klingriter et al., 2006), (Kostadinova et al.,
2013), (Mdller et al., 2014). Cultivation of hepeytes in a sandwich of the extracellular
matrix protein collagen (SW) is one of these apphesa. Cultivation of primary hepatocytes
in collagen SW culture leads to improved hepatiocfions such as albumin and urea
production and activity of CYP enzymes (Iredale &thr, 1994). Morphologically,
hepatocytes cultivated in the SW configuration negamorein vivo like structure compared
to hepatocytes cultivated as standard monolayens).(Mh addition, the SW cultivation
method is known to lead to changes in gene exmnreg&unn et al., 1992), (Schug et al.,
2008). However, proteome changes do not necessewiiselate with the transcriptomic
changes (Slany et al., 2010), (Altelaar et al.,30This can be due to differences in synthesis
rates and half-lives of mRNA and proteins, phenictymodifications of proteins, e.g.
numerous post-translational modifications, intaéoactof proteins with other proteins or
molecules as well as the subcellular distributibthese (Diamond et al., 2006). As such, the
proteome is closer connected to the actual pheadtygmn the transcriptome.

In this study we used 2-D DIGE and MALDI ToF MS/M8 analyze the intracellular
proteome of primary mouse hepatocytes (PMH) cukigan collagen SW and ML cultures.

In 2-D gel electrophoresis proteins were separatedhe first dimension based on the
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isoelectric point (pl). The separation in the setaimension is based on the molecular
weight of the protein. Matrix assisted laser desorgionization time of flight mass
spectrometry (MALDI Tof MS/MS) was then used tontgy the respective proteins based on
the mass of derived peptides. The technique oémifitial gel electrophoresis (DIGE) was
established by the lab of Jon Minden (Unliu et 2997). The proteins of the samples are
labeled with fluorescent dyes and an internal steshdonsisting of a mixture of all samples,
also labeled with a fluorescent dye. Two samplesthe internal standard were then run on
the same gel, enabling a direct quantitative cormparof the protein samples. Our results
show, that on a proteomic level, PMH in collagen $wWture are closer to thm vivo

phenotype than in ML culture, but still show sigrigledifferentiation.
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6.2 Results

The intracellular proteome of primary mouse hepgtx:in monolayer and sandwich culture
was compared one day and five days after the efathe experiment (Figure 6-1). The
experimental phase started after 24 h of cultivabiecause the polarized status of the cells is
known to be lost during the isolation process (LBGe et al., 1994; Vinken et al., 2006) and

gained again during the first 24 hours of cultigatin the collagen sandwich culture.

1 I
1 | A
isolation of L wME10 | | VeshGx WME 0
hepatocytes | | PBS)
I
- Percoll enrichment >
// “»  |transport| 404 adherence 2k daily media change
" =
(O
= | ~1h |~1h| 2—4h
Cell seeding
6 x 10° cells/well Wash (3
(collagen coated 6 well PBS) Start 24h 120h
plate)
Protein Protein
extraction extraction

Figure 6-1: Experimental setup of the proteomic characteripatd primary mouse hepatocytes in collagen
monolayer and sandwich culture. The intracelluleotgome was extracted 1 and 5 days after the stadfte

experiment.

The samples were purified and proteins further eatrated before 2-D gel electrophoresis. 2-
D gel electrophoresis was accomplished in two wésiaFirst as preparative EZBlue-stained
gels to separate proteins for further identificatwith MALDI ToF MS/MS (Supplementary

Figure 6-1 - 6-4—. In total 91 protein spots wetentified on the preparative 2-D Coomassie-
stained gels (Supplemetary Figure 6-5 and Supplanefiable 6-1). The second variant was
with fluorescent labeled proteins for quantificati@-D DIGE). DIGE enables a quantitative
comparison between two different conditions at raeti In this experimental setup, all

available conditions were compared to each othbe 3amples from monolayer cultures
(ML) at day 1 (ML d1) were compared to sandwichtunds (SW) at day 1(SW d1), as well as
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at day 5 (ML d5 & SW d5) for three individual mideepresentative gels are shown in Figure
6-2.

5 ry

Figure 6-2: Overlay of representative DIGE gels showing défdial protein abundance between PMH in
collagen ML and SW culture. Comparison between $esnpt day 1 (ML d1/SW d1) (a) and at day 5 (ML
d5/SW d5) (b). Spots that are only originating frtme ML culture: green; SW culture: red; same alnoe

under ML and SW culture conditions: white; (n=3).

6.2.1 Influence of culture condition on the proteome (monlayer vs. sandwich culture)

When the intracellular proteomes of PMH in collagg and ML from day 1 of cultivation
were compared to each other (Figure 6-2 a), it @l@served that only few spots were only
present in one of the conditions and most spote w&rte. This indicates a good overlap of
the proteomic profiles. After statistical evaluatiit was confirmed that there were no
differentially expressed proteins 1 d after thertstef the experiment. After 5 days of
cultivation (Figure 6-2 b), clear differences betéwethe two culture types were observed.
Statistical evaluation of the DIGE-gels revealedshfhificantly altered spots.

The differentially expressed proteins, which weetedted and quantified with DIGE, were
identified with MALDI ToF MS/MS. To achieve thishe intracellular proteins were first
separated with 2-D gel electrophoresis. The acngrdpots on the gels were digested by
trypsin and then identified using MALDI ToF MS/M&da Swiss-Prot database search.
Using conventional 2-D gel electrophoresis with H#B staining of the protein spots,
significantly less spots were detectable on the geimpared to the DIGE gels. This also

implicated, that some spots, which were identifeesddifferentially expressed under certain
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conditions, could not be found on those gels. Thegomreason for this is the higher
sensitivity, which is reached by using fluorescdgés, as in DIGE, compared to EZBlue
staining. Spot identification with MALDI ToF MS/MShowed that for some proteins, e.g.
albumin, several isoforms could be found. In additionly proteins are listed for which
MALDI ToF MS/MS identification was clearly unequival. These two facts, in combination
with the reduced sensitivity of EZBlue staining quared to fluorescence staining, explain,
why the number of differentially expressed protenentified with MALDI ToF MS/MS is
significantly lower than with DIGE.

In Table 6-1, the results of the comparison ofakpressed proteins at day 5 (ML d5/ SW d5)
are listed.

Table 6-1: Identified proteins with significantly differenbandance in PMH cultivated in collagen ML and SW
culture after 5 days of incubation. The proteomehef ML culture served as control to which the poobe of
the cells in SW culture was compared. Positive eslindicate a higher abundance of the detecteéipriot the
SW culture compared to the ML culture, whereas tiegaalues indicate a lower abundance. Shown faee t
means of the fold change from the different gets3jnAbbreviations: Std. dev. = Standard deviat®wiss-Prot

database information (http://www.uniprot.org).

SWISSTPrOt Protein Fold Std. dev. Protein function
Accession no. change

ATP formation (proton

Q03265 ATP synthase 2.02 0.07 formation (proto
gradient)

P11588 Major urinary protein -1.95 0.13 Male pheromone

Q64374 Regucalcin -1.88 0.34  Calcium-binding protein;
oxidative stress defense

P60710 Actin -1.53 0.01 Cytoskeleton

P11725 Omithine 171 0.01  Urea cycle

carbamoyltransferase
Q91Y97 Fructose-bisphosphate 182 019 Glycolysis and .
aldolase B gluconeogenesis

Binding, internalization, and
P08226 Apolipoprotein E 2.45 1.09 catabolism of lipoprotein
particles and oxidative stress
Main plasma protein
produced by liver; ligand for
macromolecules and for
antioxidant defense

PO7724 Serum albumin 2.52 0.39
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No significant & 1.5-fold) differences were detected when PMH iflagen ML and SW
culture were compared at day 1 (ML d1/ SW d1) dfication. From the 2-D gels 24 spots
per gel could be assigned to differentially expeesspots on the according DIGE gels. For
albumin, ATP synthase and actin several isoformsewieund. In total we identified 8
differentially expressed proteins in PMH cultivatedML compared to SW culture after 5
days of cultivation. The detected proteins covaldéfrent metabolic pathways such as the
urea cycle, glycolysis and gluconeogenesis as agethe formation of ATP during oxidative
phosphorylation. However, no proteins involved @A cycle were significantly changed in
abundance (Supplementary Table 6-2). In additiom&babolic pathways, the cytoskeleton,
Ca2+-signaling and pheromone production were corckeas well.

The amounts of major urinary protein, regucalcinl actin were clearly lower in the SW
culture with the highest difference found for AT¥hthase. Ornithine carbamoyltransferase,
fructose-bisphosphate aldolase B, apolipoproteiarEthe other hand, showed a significantly
higher abundance in the SW culture. The highesérdihce was found for serum albumin,

which was more than twice as abundant as in theciiure.
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6.2.2 Influence of cultivation time in monolayer cultureson the proteome

In addition to the comparison of collagen SW and 8dilture, incubation time influence on
the protein expression in both cultivation condifowas analyzed by comparing samples
from ML d1 with ML d5 and SW d1 with SW d5 (Figuée3 a and 6-3 b). Both DIGE gels
revealed major differences in protein expressidarafisual inspection. One-way ANOVA
and student’s t-test (9 0.05) confirmed that the duration of incubatios hastrong influence
on the intracellular proteome. In collagen ML cutr5 significantly altered spots could be

detected.

-

Figure 6-3 Overlay of representative DIGE-gels showing d#fgial protein abundance of PMH in collagen
ML and SW culture due to cultivation time. Comparidetween ML samples from day 1 and day 5 (ML d1/M
d5) (a) as well as for SW day 1 and day 5 (SW d1#B)V(b). Spots that are only present at day lergrday 5:

red; same abundance at day 1 and day 5: white).(n=3

The results found for the comparison of day 1 aayl%5lin collagen ML culture (ML d1/ ML
d5) are listed in Table 6-2.
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Table 6-2: Identified proteins with significantly different abdance in PMH cultivated in collagen ML culture
after 1 and 5 days of incubation. The proteomehef ML culture at day 1 served as control to whikbh t
proteome of the cells of day 5 was compared. Resitalues indicate a higher abundance of the dmtgmiotein
at day 5 compared to day 1, whereas negative vahdésate a lower abundance. Shown are the meattseof
fold change from the different gels (n=3). Abbré\ias: Std. dev. = Standard deviation. Swiss-Pedaloase

information (http://www.uniprot.org).

Swiss-
Prot . Protein Fold  Std. Protein function
Accession change dev.
no.

Main plasma protein produced by liver; ligand for

P0O7724 Serum albumin -5.07 1.10 L.
macromolecules and for antioxidant defense

75kD glucose Binds estrogens, fatty acids and metals/heat sbhositess

P38647 . -1.97  0.02 .
regulated protein proteins
Selenium-binding : . : . .
P17563 protein -1.91 0.29 Involved in Golgi transport, sensing of reactiveahiotics
P30416 Aldehyde -1.81 0.28 Detoxification of alcohol-derived acdtdtyde
dehydrogenase
Carbamoyl-
Q8C196 phosphate -1.77 0.14 Urea cycle
synthase
p13745 ~ oMm@thione-S- -, oo 464 Conjugation of reduced glutathione
transferase
p16agp ‘rdininosuccinate -, oo 43 Urea cycle
synthase
Sarcosine

Q99LB7 dehydrogenase, -1.63 0.13 Reduction of electron transfer proteins
mitochondrial
Q3SXD2 Ferritin 1.54 0.01 Iron storage
Q03265 ATP synthase 156 0.06 ATP formation (proton gradient)
Transitional ER . . .
Q01853 ATPase 1.69 0.14 Role in fragmentation of Golgi stacks
Major urinary

P11588 .
protein

2.30 0.02 Pheromone binding protein

From the 2-D gels 34 spots per gel could be asdigmelifferentially expressed spots on the
according DIGE gels. More than 1 spot were detefdedlbumin, ATP synthase and actin. In
total we identified 12 differentially expressed fg@ios in PMH cultivated in ML culture after

1 and 5 days of cultivation. In this case as wile detected proteins covered different

119



Chapter 6 Comparison of Monotagted Sandwich Culture

metabolic pathways like the urea cycle, detoxifaats well as the formation of ATP during
oxidative phosphorylation.

In addition to metabolic pathways, proteins invalve the cytoskeleton formation, serum
protein production, iron storage, Golgi transporidative stress and pheromone production
were also affected. Specifically, Sarcosine dehyenase, argininosuccinate synthase,
glutathione-S-transferase, carbamoyl-phosphaténaget aldehyde dehydrogenase, selenium-
binding protein and 75kD glucose regulated progtiowed a significantly lower abundance
after 5 days of cultivation in ML culture. Regudalexpression was increased after 5 days of
cultivation but not above our significance thresh@t 1.42-fold). The highest difference was
again found for serum albumin, which was reducedentioan fivefold. Ferritin, ATP synthase
and transitional ER ATPase were upregulated witheasing cultivation time. The highest
increase was found for the major urinary proteimale pheromone binding protein, which
showed a two times higher abundance compared touthge at day 1 after seeding.

Out of the found proteins, albumin, ATP synthase @@ major urinary protein were detected
as changed in the comparison of ML and SW cultirdag 5 of cultivation as well. Not
exactly the same enzymes of the urea cycle werciet in both approaches, but the urea

cycle was a common target.

6.2.3 Influence of cultivation time in sandwich cultureson the proteome

The results found for the comparison of day 1 aal%®lin collagen SW culture (SW d1/ SW
d5) are listed in Table 6-3.

From the 2-D gels 32 spots per gel could be asdigmelifferentially expressed spots on the
according DIGE gels. More than one spot was dedefde albumin, carbamoyl-phosphate

synthase and ATP synthase. In total we identifietiff@rentially expressed proteins in PMH

cultivated in SW culture after 1 and 5 days of igation.

In this case as well, the detected proteins covdriéerent metabolic pathways as the urea
cycle, glycolysis and gluconeogenesis as well asftrmation of ATP during oxidative

phosphorylation.
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Table 6-3: Identified proteins with significantly different abdance in PMH cultivated in collagen SW culture
after 1 and 5 days of incubation. The proteomehef W culture at day 1 served as control to whieh t
proteome of the cells of day 5 was compared. Resitalues indicate a higher abundance of the dmtgmiotein

at day 5 compared to day 1, whereas negative vahdésate a lower abundance. Shown are the meattseof
fold change from the different gels (n=3) and if mmdhan 1 spot per protein was available (h=vagigbl

Abbreviations: Std. dev. = Standard deviation. isSviProt database information (http://www.uniprag)o

Swiss-Prot Fold
) Protein Std. dev. Protein function
Accession no. change
Main plasma protein produced by
P0O7724 Serum albumin -3.08 1.06 liver; ligand for macromolecules and
for antioxidant defense
Carbamoyl-
Q8C196 -2.00 0.22 Urea cycle
phosphate synthase
Protein disulfide- Rearrangement of -S-S-—bonds in
P09103 : -1.83 0.06 :
isomerase proteins
Glutathione S- i ) .
P13745 1.71 0.12 Conjugation of reduced glutathione
transferase
Q03265 ATP synthase 1.71 0.24 ATP formation (proton gradient)
P08228 Superoxide dismutase  1.88 0.02 Destroys superoxide anion
Fructose- . .
P05064 1.90 0.18 Glycolysis and gluconeogenesis

bisphosphate aldolase

] Calcium-binding protein; oxidative
Q64374 Regucalcin 2.00 0.04
stress defense

In addition to metabolic pathways serum proteindpation, C&*-signaling, oxidative stress
and protein rearrangement were also concernedomtrary no proteins involved in lipid
metabolism were significantly changed in abundgScgplementary Table 6-2).

Glutathione S-transferase, ATP synthase, superodigmutase and fructose-bisphosphate
aldolase showed a significantly higher abundanter & days of cultivation in SW culture
with the highest difference found for regucalcirieh showed a two times higher abundance
after 5days. Protein disulfide-isomerase and cadykphosphate synthase were
downregulated with increasing cultivation time. Thghest decrease was found for the serum
albumin, which showed a three times lower abundaooepared to the culture at day 1 after
seeding. ATP synthase, regucalcin, fructose-biguette aldolase and serum albumin were

also detected as differentially expressed in theparison between SW and ML culture.
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However, although not the same enzymes were foumsed, cycle, which was differential in
ML and SW culture after 5 days of cultivation, waso effected over time in the SW culture.
However, in the case of regucalcin, we have toidenghe relatively high standard deviation
between the individual mice.

In both culture conditions we observed that afteddys of cultivation ATP synthase,
carbamoyl-phosphate synthase and serum albumin wédferentially expressed with

comparable abundance.

Table 5-5 Identified proteins with significantly differemtbundance in PRH from old Sprague Dawley rats after
heat stress and pre-treated with 50 uM quercetan &fh, 5 h and 24 h of incubation. The proteoiinelad PRH
under heat stress conditions (42 °C) served agaidot which the proteome of the quercetin-tred®&®H was
compared. Positive values indicate a higher abuwelai the detected protein in old quercetin-tred?&tH
compared to old heat-stressed PRH , whereas negatiues indicate a lower abundance. Shown arendans
of the fold change from the different gels (N=26h=Abbreviations: Std.dev.=Standard deviation. sSwProt

database information (http://www.uniprot.org).

S;";'Osts' 1h 5h 24 h
Accession Protein Fold change Fold change Fold change
no (Std. Dev.) (Std. Dev.) (Std. Dev.)

Heat shock cognate 202 341 511

P63018 71 kDa protein (0.15) (0.36) (1.13)
60 kDa heat shock

protein, B -1.69 -1.97

P63039 mitochondrial (0.04) (0.18)

Stress-70 protein, -1.79 -2.15

pagr2l mitochondrial (0.27) (0.36)

P06761 re7iklztzglurcoot:(ien 161 "1.53 "1.87

9 P (0.07) (0.19) (0.11)

Glutathione S- -1.75 -1.78

P04906 tranferase - (0.21) (0.12)

Argininosuccinate 1.67 1.68 1.54

P20673 lyase (0.02) (0.15) (0.01)
I Idehyde-3-

P04797 © ycer:ssdiaﬁe ’ 1.63 1.88 2,03

phosp (0.08) (0.23) (0.14)

dehydrogenase
PO7756 Carbamoyl- 1.54 - 1.92
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phosphate synthase (0.03) (0.22)
[ammonia]
Pyruvate kinase -1.69 -1.64 -1.76
P12928 PKLR (0.16) (0.03) (0.13)
-2.30 -1.78
P50137 Transketolase (0.44) (0.21) --
Fructose
. -1.80 -2.11 -1.93
P00884 bisphosphate
A7 A d
aldolase B 0.17) (0.10) (008)
Triosephosphate -1.53 -1.77
P48500 isomerase (0.01) (0.12)
Protein disulfide- 1.79 1.88 1.67
PO4785 isomerase 1 (0.03) (0.23) (0.07)
6.3 Discussion

6.3.1 Influence of culture condition on the proteome (monlayer vs. sandwich culture)

In this study the intracellular proteome of primanguse hepatocytes in collagen SW and ML
culture was compared after 1 and 5 days of cultmat

The concentration of ornithine carbamoyltransferageich catalyzes the formation of L-
citrulline from L-ornithine in the urea cycle, wadbout 70% higher in the SW culture.
However, carbamoyl-phosphate synthase and argumicosate synthase, two other enzymes
of the urea cycle, were down-regulated after 5 ddiyaultivation in ML. Interestingly, also in
PMH cultivated in collagen SW carbamoyl-phosphagatisase was down-regulated after
5 days of cultivation. The formation of carbamoylegphate and thereafter the formation of
argininosuccinate represent the rate limiting stepshe urea cycle. However, the actual
formation rate seems mostly limited by substrateilakility and not by enzyme activity
(Shambaugh, 1977). Since in both cultivation coodg the enzyme is down-regulated to
about the same extent, other factors might plagie These could involve post-translational
modifications, leading to a lower activity of th@zgmes, or a lower formation rate of
ammonia. An example could be the acetylation st&8IRT5, a protein induced by oxidative
stress, is known to lead to the deacetylation abamoylphosphate synthase, which is then
activated (Nakagawa et al., 2009), (Bellei et 2011). The expression of actin was also
influenced by the cultivation condition. The amowtthe cytoskeletal protein was slightly
lower (factor 1.53 in Table 1) in PMH cultivated é¢ollagen SW at day 5 but no difference

was seen at day 1. Actin could not be confirmediitisrentially expressed with respect to
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time of cultivation neither in SW nor in ML cultur&alues might be slightly below the
threshold ratio of 1.5. Therefore no clear condastould be drawn, if the protein was up-
regulated in the ML culture or down-regulated i t8W culture. However, Beigel et al.
showed that actin was up-regulated in primary rgpatocytes cultivated in ML culture
already after 48 h of cultivation (Beigel et alQ08). This supports an up-regulation of the
protein in PMH in collagen ML culture as well. Theason for this might be found in the
differential distribution of actin in the cell. Wahowed in other studies (Sperber, 2016), that
in SW culture actin was accumulated close to thlecedl contacts, where bile canaliculi are
formed. In the ML culture actin stress fibers wésand throughout the cytoplasm. Stress
fiber formation may therefore go along with incredswctin production. The higher abundance
in regucalcin in monolayer cultivation, as a biokear for acute liver cell damage
(Yamaguchi, 2014), is an indication for increasegpdiocyte damage compared to the SW

culture.

6.3.2 Influence of cultivation time on the proteome

In addition to the influence of the cultivation ctition on the proteome, also the influence of
the duration of the cultivation was analyzed.

It was shown that besides typical hepatic functiand cellular morphology also carbon and
energy metabolism were affected. Fructose-bisphaisphldolase, the glycolytic enzyme
which catalyzes the split of fructose 1,6-bisphadphinto glyceraldehyde 3-phosphate and
dihydroxyacetone phosphate, was up-regulated oner in the collagen SW culture. This
enzyme does not catalyze an irreversible stepyioofsis and gluconeogenesis. This is why
it cannot be said, whether glycolysis or gluconeege activity were stimulated by this
overexpression in PMH in SW culture. However, itag us a strong hint, that these pathways
may be affected. Thereby, enzymes catalyzing réblersteps of the respective pathways do
not necessarily have to be altered regarding tta &onount of their protein, but can also be
strongly regulated by post-translational modifioati However, the higher abundance in
regucalcin after 5 days of sandwich cultivationais indication for the suppression of
gluconeogenesis. Regucalcin has been shown toitirfhilstose 1,6-diphosphatase activity
which catalyzes an irreversible step of gluconeegen(Yamaguchi & Yoshida, 1985).
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ATP synthase was up-regulated over time in SW Mhdculture, but if the proteome was
compared at day 5 of cultivation, the amount in 8& was lower compared to the ML
culture. The most prominent effects were found vgthteins dealing with oxidative stress.
Reactive oxygen species (ROS) are constantly pextlby aerobic metabolic processes such
as respiration (Apel & Hirt, 2004). ROS cause okigadamage to proteins, DNA, and lipids.
Therefore, cells have devised defense systemshwinevent the formation of ROS or which
repair the damage created by it (Halliwell, 1999wever, our results indicate that, with the
exception of superoxide dismutase, no proteinstiyrescavenging free radicals are changed
in abundance (Supplementary Table 6-2). In the Mltuce proteins involved in oxidative
stress defense were down-regulated, whereas irSWeproteins counteracting oxidative
stress were up-regulated. PMH in collagen SW andddlture seem to be confronted with
oxidative stress. Regarding the multiple effectRa@fS and oxidative stress in cells, one can
assume that the down-regulation of these enzymgitraiso play a role in the loss of hepatic
function observed in ML cultivation. Surprisinglyp changes of enzymes involved in phase |
and Il metabolism of xenobiotics were detected.e€hproteins involved in xenobiotic
metabolism, specifically bifunctional epoxide hyldise 2, carboxylesterase 3A and alcohol
dehydrogenase were identified, but showed no clsaimgabundance (Supplemetary Table 6-
2). However, many other of these proteins are ardgkly expressed and information on low
abundant proteins are often lost on protein getgdhdjan et al., 2009), (Beigel et al., 2008).
Overall, the most protein changes were inducedhleycultivation in ML culture. Proteins
involved in multiple pathways were concerned. Thesl of hepatic function could be
confirmed by this study. However, protein expressi@s also changed to a certain extent in
PHM cultivated in collagen SW culture, although ttenges were not as pronounced as in
the ML culture. Still also in SW culture varioustipaays were affected. This is in accordance
with the results gained by Farkas et al. with prynaat hepatocytes in collagen SW
cultivation (Farkas et al., 2005). In that studwés shown, that also the secretome of primary
hepatocytes is changed over time towards dediffieteon. Other studies, which were
conducted with primary rat hepatocytes found sinmégults for hepatocytes cultivated in ML
over time, if the two cultivation methods were cargal (Rowe et al., 2010), (Beigel et al.,
2008). In these studies oxidative stress, cytoskielemodeling and glucose metabolism were

identified as major disturbed pathways.
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In conclusion, in collagen SW culture an

oxidative stress was seen at day 5. ML culture glabincreased actin stress fiber formation

and decreased activity in enzymes of the u

increasddindance of proteins counteracting

rea cydkerall, signs of dedifferentiation were

stronger in the ML culture than in the SW cultu?®H in collagen SW culture retain vivo

function on the proteomic level that is at leaspart linked to the observed stronger defense

against oxidative stress, so far not studied omptb&eomic level (Figure 6-4).

- __.._
a%r_,.-F-‘

MALDI ToF MS/MS identification

\ J/ \//

Cy2 Internal standard

7
v

Cy3 control Cy5 treated sample

DIGE quantification

| Oxidative stress T I—

| Actin accumulation T l—

Oxidative stress defense |,

Urea cycle 4

>

@olayer

Dedifferentiation

Figure 6-4: Graphical abstract of the proteomic analyses wititnary mouse hepatocytes in collagen monolayer

and sandwich culture. Hepatocytes in monolayetucelshow more signs of dedifferentiation than indsech

culture due to their deficiency in oxidative strelfense, actin accumulation and downregulatiothefurea

cycle.
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7. Summary and Outlook

Aging is an inevitable and progressive process whs defined by a decline of various
cellular and physiological functions. The incregsimuman life span and the resulting increase
in age-related diseases make aging research arestitgy and necessary topiReactive
oxygen specieROS) are constantly generated in cells duringabwdic processes. The “free
radical theory of aging” (Harman, 1956) proclainfsaatt ROS-induced macromolecular
damage to DNA, proteins and lipids is the majotdacesponsible for aging and age-related
diseases. There are various analytical approachesging research like proteomics,
metabolomics and transcriptomics. The proteomersuchic and therefore the ideal target for
the analysis of qualitative and quantitative alieres during the aging process and in the
development of age-related diseases. Especialtylitbr proteome can give insights into a
wide range of processes involved in protein semmetmetabolic homeostasis and xenobiotic
detoxification. Therefore, we chose a liver modéthvheat treatment as a ROS source to

analyze the influence of oxidative stress on tluégmme of aged rats.

In the first part of this thesis (Chapter 3), tleeretomes of primary hepatocytes from middle-
aged and old Wistar rats were compared under oxa&latress conditions compared to control
conditions. The secretome is easily accessibleaking blood samples and analyzing the
serum proteins. Therefore, it is considered th&t fthoice for biomarker discovery. Several
liver-specific serum markers are already known.réfeee, enzymatic assays for monitoring
albumin, AST and LDH are standard procedures inicdi and scientific analysis of liver
function. The determination of the AST and LDH lsveevealed that the PRH from old rats
show impaired hepatic function already under cdntmnditions. The addition of heat-
induced oxidative stress resulted in significatiiudé@ damage and elevated protein oxidation,
a clear marker for macromolecular damage (Figu®.3zontrary to this observation we
determined an increased albumin production in sEm@sPRH under control conditions
(Figure 3-3). Elevated albumin levels could be #uts mechanism to counteract the

decrease in stress protein expression. In old RR&ljnduction of heat stress resulted in a
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further increase in albumin secretion demonstratiegmpact of heat treatment as a source of
oxidative damage.

PRH from middle-aged rats showed no signs of oridagtress in the hepatic function or in
the expression level of secreted proteins undet $tesss conditions. The amount of protein
carbonyls was even significantly decreased aftat freatment, an effect which was also
observed in later studies (see Chapter 5) and wtuchd be due to the HSP70 recovery
sytem. These observations indicate impaired defemsehanisms against oxidative stress in
aged cells. Quantifiying the secreted proteins icowed a decrease in various proteins related
to stress defense. The expression of retinol-bmgirotein 4 (RBP) is 2-fold decreased. It
plays an important role in the modulation of thecglse metabolism. Transthyretin (TTR)
stands in close relation to RBP. It is known thabonylated TTR has a high affinity to form
aggregates with RBP (Zhao et al., 2013). The dsereaabundance of free RBP and TTR in
heat-stressed old rat hepatocytes could be duleetéotmation of such aggregates. Another
protein with a reduced abundance was regucalcigu&scin, also known as SMP-30
(senescence marker protein 30) was almost 3-foldcredsed in aged hepatocytes, a
phenomenon which is known to be associated withralg¢éed inflammation and elevated
levels of oxidative stress due to its importanaetiie vitamin C biosynthesis pathway (Kondo
& Ishigami, 2016). Regucalcin deficiency is suspdcto cause glucose intolerance and
impaired lipid metabolism. Additionally, a decreds8MP-30 level results in an elevated
carbonylation of proteins (Sato et al., 2014) cagisurther cellular damage and cell death. In
contrast to the results discussed above, sevdnal stress proteins (e.g. SOD, glutathione
reductase, hemopexin) were increased in abundéoteare still insufficient to handle the
vastly increased amount of ROS.

Regarding these results, proteomic analyses reVesdgeral potential biomarkers in the
hepatic rat secretome which could determine theafsoxidative stress-dependent diseases.
Therefore, the amount of regucalcin and the rati@BP/TTR are promising serum marker
candidates for assessing the extent of oxidatipeyinn elderly patients and their long-term
prognosis for age-dependent diseases. Future stutige to validate these biomarker
candidates in the human model.
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The second part of the thesis (Chapter 4) analffzeéhfluence of the antioxidant compounds
N-acetylcysteine and quercetin on the cellularsstievels of middle-aged Wistar PRH and
the hepatoma cell linelepG2 The aim of this research was to find an adeqaat®xidant
compound for ouin vitro heat stress model.

Supplementation of exogenous antioxidants has becwowreasingly popular to improve
health and prevent oxidative stress related chrdiseases and premature aging (Poljsak et
al., 2013). However, the results generated in vargiudies range from a positive influence of
antioxidants to no effect (Farouque et al., 2006¢\wen an adverse effect on prevention and
treatment of the aforementioned diseases (Bardsh,e2008; Sesso et al., 2008). Therefore,
more research is needed to specify the impacttodxadant treatment on aging and oxidative
stress related diseases. Our study concentratédeoROS scavenging polyphenol quercetin
(3,3,4,5,7-pentahydroxyflavone) and the glutathione prsmu N-acetylcysteine. Principal
component analysis was used as a statistical adotd variances in the experimental groups.
It was revealed that Wistar rats show a high biclaigvariance despite being an outbred rat
stock. It was shown that the two individual middiged Wistar rats can be divided in low-
and high- responders to oxidative stress. PRH fidistar 1 would categorize as low-
responders. Heat treatment provoked the activatibrantioxidant defense mechanisms
counteracting long-lasting damaging effects. Hye@rogperoxide treatment caused less
pronounced effects. Quercetin pre-treatment sup@otiiese defense mechanisms, despite
causing an increased LDH leakage. This paradogitatt of quercetin was already discussed
in previous studies (Boots et al., 2007; Halliwe208). Quercetin is an efficient ROS
scavenger and protects macromolecules againsttawdddamage. However, by doing that,
quercetin is oxidized to cytotoxic pro-oxidants desy to LDH leakage. Additionally,
oxidized quercetin is highly reactive towards thgpbups and therefore toxic. Quercetin can
form adducts in its oxidized form. Its targets ag. proteins, but also glutathione resulting in
a reduction of free glutathione (Boots et al., 2008AC treatment showed no significant
beneficial effect but showed also a low toxicitiRHP from Wistar 2 would fall in the category
of high-responders to oxidative stress. Their basikess level was significantly higher than in
PRH from Wistar 1 exceeding their capacity to preve@acromolecular damage. They were

more prone to hydrogen peroxide stress than headsstind the toxic effect of quercetin
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outweighed its antioxidant properties. Future stadiave to verify the categorization in low-
and high-responders by analyzing a high numberaddgical replicates.

HepG2 a cell line derived from human hepatoblastomacter to heat mainly within the first

5 h after stress induction. Heat treatment causeid@ease in ROS production and catalase
and SOD activity indicating an oxidative stressctien without reducing cell viability (Table
4-1). This suggests thatepG2were able to counteract the oxidative stress. rEaetion to
heat treatment was detectable but did not causgréficant deviation from the control.
However, the treatment éfepG2with 2 mM HO, caused a strong oxidative stress response,
but also without loss of cell viability. The preettment ofHepG2with NAC or quercetin
reduced ROS and enhanced antioxidant defense megisabut had no beneficial effect on
cell viability. Antioxidant treatment rather indwtdoxic reactions leading to apoptosis. It

would be interesting to further research the uryileglmechanisms of this toxicity tdepG2

The third part of the thesis (Chapter 5) analyZeel ¢ellular mechanisms of the defense
against oxidative stress and the influence of adedrage on these mechanisms. Experimental
data included the hepatic function, oxidative daenatprkers and the proteome of primary
hepatocytes from middle-aged (6 months) and ol@3(>months) Sprague Dawley rats (SD)
under oxidative stress conditions compared to obntonditions using 2-D DIGE and
MALDI ToF MS/MS. The antioxidant quercetin was &xtas a candidate for the prevention
of age- and oxidative stress- related alteratiomsdiseases.

Overall, hepatocytes from individual Sprague Dawmats showed more consistent results
than cells from Wistar rats. There was no categtom in high- and low-responders
observed. Therefore, it could be concluded thatr&B are more suitable as @nvitro test
model than Wistar rats.

A higher LDH leakage and protein carbonyl contentold PRH under control conditions
compared to middle-aged PRH indicates a high bssiss level and a high degree of
macromolecular damage in old PRH. Primary hepagscytom old SD rats also showed
drastically higher abundances in HSPs and sevé#nal antioxidant enzymes (SOD [Cu-Zn],
peroxiredoxin-2, glutathione peroxidase). Theseultesimply that the expression of
antioxidant enzymes increases with age but is stdufficient to compensate the highly

increased generation of ROS, resulting in oxidativgiry. Proteomic analysis revealed
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impaired central metabolic pathways due to aginge Tnfluence of aging was most
pronounced in the urea cycle. Carbamoyl phosphatgnthstase, ornithine
carbamoyltransferase, argininosuccinate synthhsee of the five enzymes in the urea cycle,
were significantly decreased in old PRH. Deficiescin theses enzymes are known to be
strongly correlated to an impaired redox statedardaged antioxidant defense mechanisms.
The analysis of the influence of heat stress ordleidged PRH showed that adult cells are
able to counteract oxidative stress. An increasabgndance of HSPs during the whole
cultivation period confirmed the assumption tha HSP70 recovery system defends the cells
from macromolecular damage. An increase in SOD @ddoace and a higher energy
metabolism further support the defense mechanigasst oxidative stress.

Hepatocytes from old SD rats were much more sustegb oxidative stress than middle-
aged PRH. Heat shock cognate 71 kDa protein wasrthealtered HSP indicating that the
HSP expression was already at maximum under cootmadlitions and could not be further
increased. Actin expression was also significaimétyeased indicating the formation of actin
stress fibers in the cytoplasm which is typicahging cells (Doshi et al., 2010). The higher
abundance in regucalcin as a biomarker for senesdsran indication for a strong decline in
cellular function in old PRH due to heat stresse Tihcreased abundance of antioxidant
enzymes (SOD, glutathione S-transferase and glatethperoxidase) and ferritin over the
cultivation time could possibly be the reason foe tlecrease in cell death 24 h after heat
stress (see LDH, Figure 5-3). Ferritin is involvadthe negative regulation of necrotic cell
death (Omiya et al., 2009). The analysis also ledeehanges in energy metabolism in old
PRH due to heat stress. ATP synthase decreasduimance, whereas enzymes involved in
glycolysis increased. Enzymes from urea cycle agesa@. This is a trend already observed in
old PRH compared to middle-aged PRH which is infesasby oxidative stress conditions.
Quercetin treatment of middle-aged PRH had a highference on protein abundance than
heat stress itself. Quercetin inhibited HSP expoessan effect already discussed in other
studies (Nagai et al., 1995). Nonetheless, quercegatment had beneficial effects on
hepatocytes under heat stress conditions. Quersetmns to decrease glycolysis related
enzymes which reverses the effect of heat treatmelditionally, protein disulfide isomerase
showed an increase in abundance. It is known ttegreells against apoptosis (Ko et al.,
2002) and could be involved in the protection maddra of quercetin. In old PRH the
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beneficial effect of quercetin on the proteome wase pronounced than in middle-aged
PRH. The antioxidant enzyme peroxiredoxin increasgdificantly in abundance. Enzymes
involved in the urea cycle increased in abundafiovimg the detoxification of ammonia and
reducing the accumulation of toxic intermediatelse Thcreased anaerobic glycolytic activity
was reversed in old PRH due to quercetin. Oveyakrcetin seems to have a regulating effect
on heat-induced proteomic alterations resultingeh survival and a reduction of oxidative
damage in all age groups. It would be interestinfutther research the effect of quercetin on
oxidative stress caused by other compounds like BS@n. A larger data set would allow a
clearer differentiation between ROS- and heat-iedualterations. Additionally, it would be
interesting to use rapamycin as an mMTOR inhibitorstudy the influence of the mTOR

pathway in aging and oxidative stress (see Chdpter

In the last part of this thesis (Chapter 6) thetgwme of primary mouse hepatocytes in
collagen monolayer and sandwich culture was congpaneer a time period of 5 days.
Cultivation in a sandwich of extracellular matrscan approach to delay dedifferentiation in
in vitro cultures.

Our study revealed the importance of oxidativesstia the dedifferentiation process. After 5
days, PMH in collagen SW and ML cultures exhibitddracteristic indications of oxidative
stress. However, in the SW culture the defenseesyshgainst oxidative stress was
significantly up-regulated to deal with this, whasen the ML culture a down-regulation of
these important enzymes was observed. Regardingnditteple effects of ROS and oxidative
stress in cells, it can be concluded that the dmguation of these enzymes seem to play a
role in the loss of hepatic function observed i BiL cultivation. In addition, enzymes of the
urea cycle were clearly down-regulated in ML cudtuGlycolysis and gluconeogenesis were
strongly affected by long-term cultivation in bolfiL and SW cultures. Interestingly, the
culture condition had no effect on cellular lipicetabolism. To verify these results, it would
be interesting to include enzyme assays relatediptd and glucose metabolism or to
determine the activity of glycolytic enzymes witfiC quantification. Additionally, the
influence of antioxidants in monolayer and sandwectiture could give insights into the

different states of the defense mechanisms agakidative stress. The analysis of primary rat

133



Chapter 7 Summary &tlook

hepatocytes in sandwich culture would be an adequaty to verify the importance of

oxidative stress in the dedifferentiation of rodgninary hepatocytes.
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8. Abbreviations

°C

M9

i

uM

2-D
ACN
ADHP
ANOVA
ApoA-IV
ApoE
APS
AST
BSA
CAT
CHAPS

CHCA
CID

COo,
COPD
DCFHpA
DDT
DIGE
DMF
DTNB

Degree centigrade
Microampere

Microgram

Microliter

Micromolar
Two-dimensional
Acetonitrile
10-Acetyl-3,7-dihydroxyphenoxazine
Analysis of variance
Apolipoprotein A-IV
Apolipoprotein E
Ammonium persulfate
Aspartate aminotransferase
Bovine serum albumin
Catalase

3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate hydrate

a-cyano-4-hydroxycinamic acid
Collision-induced dissociation

Carbon dioxide

Chronic obstructive pulmonary disease
2',7'-Dichlorofluorescin diacetate
D-dopachrome tautomerase

Difference gel electzrophoresis
Dimethylformamide
5,5’-dithiobis-(2-nitrobenzoic acid)
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DTT
ELISA
ESI
FCS
GPx
GR
GSH
GSSG

H202
HCM
HEPES
HRP
HSP
IAA
ICAT
IEF
IPG
iTraq
ITS
kDa
LDH

mA
MALDI
mg
MilliQ

min

Dithiothreitol

Enzyme-linked immunosorbent assay
Electrospray-ionisation

Fetal calf serum

Glutathione peroxidase

Glutathione reductase

Reduced glutathione

Oxidized glutathione

Hour

Hydrogen peroxide

Hepatic stellate cells
4-(2-hydroxyethyl)-1-iperazineethanesulfadi
Horseradish peroxidase

Heat shock protein
lodoacetamide

Isotope-coded affinity tag

Isoelectric focusing

Immobilized pH gradient

Isobaric tags for relative and absolute gjtiatinn
Insulin/transferrine/selenium

Kilodalton

Lactate dehydrogenase

Molar

Milliampere
Matrix assisted laser desorption/ionization
Milligram
Ultrapure water

Minute
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mi

ML

mi

mM

MS

MW
MWCO
NaCl
NAD*/NADH
NH4HCOs
nm

nM
PAGE
PBS

PC

PCA

Py

pl
PI3K
PHH
PMH
PRH
RBP
ROS
RT
SDS
SMP-30
SOD

Milliliters

Monolayer culture

Milliliter

Millimolar

Mass spectrometry

Molecular weight

Molecular weight cut-off

Sodium chloride

Nicotinamide adenine dinucleotide
Ammonium bicarbonate
Nanometer

Nanomolar

Polyacrylamide gel electrophoresis
Phosphate-buffered saline
Principal component

Principal component analysis
Picogram

Isoelectric point
phosphatidylinositol-3-OH kinase
Primary human hepatocytes
Primary mouse hepatocytes
Primary rat hepatocytes
Retinol-binding protein

Reactive oxygen species

Room temperature

Sodium dodecyl phosphate
Senescence marker protein 30

Superoxide dismutase
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SwW Sandwich culture

TCA Trichloroacetic acid

TEMED N,N,N,Ntetramethylethylenediamine
TFA Trifluoroacetic acid

TMB 3,3',5,5-tetramethylbenzidine

ToF Time of Flight

TTR Transthyretin

viv Volume/volume percent

wiv Weight per volume

WME William’s Medium E
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10. Supplementary Material

10.1 Chapter 3

Supplementary Figure 3-1 2-D gel electrophoresis of the extracellular pomhe of primary rat hepatocytes.
Protein separation was carried out with: 1. dimemsilPG strip 7 cm, pH 5-8, 2. dimension — 12.5B5Syel.
In total 58 proteins and protein isoforms couldidentified with MALDI ToF MS/MS. Each spot is assey to

a protein in Supplementary Table 3-1.
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Supplementary Table 3-1 List of all extracellular proteins of primary ragpatocytes identified with MALDI

ToF MS/MS. Spot numbers correlate to Supplementagure 3-1. Listed are protein name, Swiss-Prot

accession number, secretion status and GO moléeculetion.

Spot  Swiss-Prot Protein Secretion GO molecular function
no. Accession status
no.
' G0:0015232: heme transporter
1-9 P20059 Hemopexin secreted activity
10 Q90X79 Fetuin B secreted GQ:(_)OOSlQl: endopeptidase inhibitor
activity
GO0:0003779: actin binding
11 P04276 Vitamin D-binding protein secreted - -
G0:0005499: vitamin D-binding
. contamination . )
12-15  QBIME3 Keratin, Typ Il cytoskeletal from liver GO_.(_)005198. structural molecule
1 . activity
perfusion
. : G0:0005179: hormone activity
16 P01015 Angiotensinogen secreted GO:0007568: aging
. contamination . .
17 Q4FZU2 Keratin, Typ Il cytoskeletal from liver GO_.(_)005198. structural molecule
6A . activity
perfusion
G0:1901671: positive regulation of
SOD activity
18/19 Q03336 Regucalcin secreted G0:0030234: enzyme regulator
activity
G0:0007568: aging
GO0:0003779: actin binding
20/57 P04276 Vitamin D-binding protein secreted o o
G0:0005499: vitamin D-binding
. . GO0:0004252: serine-type
21 P00763 Anionic trypsin-2 secreted endopeptidase activity
22 P02651 Apolipoprotein A-1IV secreted GO.:(.)017127: cholesterol ransporter
activity
. . GO0:0004252: serine-type
23 P00763 Anionic trypsin-2 secreted endopeptidase activity
24 P32755 4-hydr0>'<yphenylpyruvate not secreted GO:OOQ6559: L-phenylalanine
dioxygenase catabolic process
G0:0005319: lipid transporter activity
to oxidative stress
o o ) G0:0003779: actin binding
27 P04276 Vitamin D-binding protein secreted o o
G0:0005499: vitamin D-binding
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28

29/30

31

32

33

34

35/36

37

38

39

40

41

42

43-47

48

49

50

51/52

53

P46953

P00762

P46953

Q03336

Q02974
P02761

Q64240

P70619

P02761

P31044

P30152

P04916
P02650

P02761

P07632

D4A5I9

P80254

P02767

P80254

3-hydroxyanthranilate 3,4-
dioxygenase

Anionic trypsin-1

3-hydroxyanthranilate 3,4-
dioxygenase

Regucalcin

Ketohexokinase
Major urinary protein

Protein AMBP
Glutathione reductase
Major urinary protein

Phosphatidylethanolamine-
binding protein 1

Neutrophil gelatinase-
associated lipocalin

Retinol-binding protein 4
Apolipoprotein E
Major urinary protein

Superoxide dismutase [Cu-
Zn]

Myosin-6

D-dopachrome
decarboxylase

Transthyretin

D-dopachrome
decarboxylase

not secreted

secreted

not secreted

not secreted

extracellular
exosomes

secreted
secreted

extracellular
exosomes

secreted

secreted

secreted

secreted

secreted

secreted

evidence for
secretion via
exosomes

extracellular
exosomes

secreted

secreted

secreted
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G0:0009435: NAD biosynthetic
process

GO0:0004252: serine-type
endopeptidase activity

G0:0009435: NAD biosynthetic
process

G0:1901671: positive regulation of
SOD activity

G0:0030234: enzyme regulator
activity

G0:0007568: aging

G0:0016052: carbohydrate catabolic
process

G0:0005550: pheromone binding

GO0:0004867: serine-type
endopeptidase inhibitor activity

GO0:0006979: response to oxidative
stress

G0:0005550: pheromone binding

GO0:0004252: serine-type
endopeptidase activity

GO0:0007568: aging

GO0:0006979: response to oxidative
stress

GO0:0005215: transporter activity
GO0:0005215: transporter activity
G0:0005319: lipid transporter activity
G0:0007568: aging
G0:0005550: pheromone binding

GO:0006979: response to oxidative
stress

GO:0003774: motor activity

G0:0006954: inflammatory response

G0:0042438: melanin biosynthetic
process

G0:0042562: hormone binding
G0:0006954: inflammatory response
G0:0042438: melanin biosynthetic
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process

54/55 P02661 Alpha-S1-casein secreted GO.:(.)005215: vitamin transporter
activity

56 P52759 Ribonuclease UK 114 extracellular G0O:0016892:endoribonuclease

exosomes  activity

Phosphatidylinositol transfer

58 P53812 protein beta isoform

not secreted G0:0008289: lipid binding

Supplementary Table 3-2 List of all extracellular proteins of primary ragpatocytes after 24 h of cultivation
identified with MALDI ToF MS/MS. Listed are proteimame, Swiss-Prot accession number, gene namejrprot

score and total ion score.

Swiss-Prot
Accession Protein Name Gene Name Protein Score lon Score
no.
P46953 3-hydroxyanthranilate 3,4-dioxygenase HAAO 210 108
P32755 4-hydroxyphenylpyruvate dioxygenase HPD 256 127
P02661 Alpha-S1-casein CSN1S1 348 340
P01015 Angiotensinogen AGT 151 117
P00762 Anionic trypsin-1 PRSS1 92 87
P00763 Anionic trypsin-2 PRSS2 162 7
P02651 Apolipoprotein A-IV APOA4 97 78
P02650 Apolipoprotein E APOE 115 102
P80254 D-dopachrome decarboxylase DDT 468 376
Q9QX79 Fetuin B FETUB 86 62
P70619 Glutathione reductase GSR 464 373
P20059 Hemopexin HPX 619 551
Q6IMF3 Keratin, Typ Il cytoskeletal 1 KRT1 98 89
Q4Fzu2 Keratin, Typ Il cytoskeletal 6A KRT6a 72 65
Q02974 Ketohexokinase KHK 391 323
P02761 Major urinary protein MUP 329 226
D4A519 Myosin-6 MYO6 97 86
P30152 Neutrophil gelatinase-associated lipocalin LCN2 187 173
P31044 Phosphatidylethanolamine-binding PEBP1 355 295

protein 1
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Phosphatidylinositol transfer protein
beta isoform

P53812 PITPB 83 78

Q03336 Regucalcin RGN 303 166

Ribonuclease UK 114

P52759

RIDA 200 149

P02767 Transthyretin TTR 177 105
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10.2 Chapter 4
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Supplementary Figure 4-1:Catalase activity in [mU/ml] of A) middle-aged Was PRH and BHepG2 1 h,
5 h and 24 h after the start of the cultivatiorBat°C. Error bars indicate standard deviation (A2, n=6;
HepG2 n=3). Statistical significance was determinechvgtudent’s t-test. *, ** and *** indicate signifisice at
p=0.05, p=0.01 and p=0.001. All results were catesl to the living cell number after 1 h, 5 h afdhof

cultivation determined using calcein AM staining.
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Supplementary Figure 4-2:SOD activity in [% inhibitiorf] of A) middle-aged Wistar PRH and B) HepG2, 1 h,
5 h and 24 h after the start of the cultivatiorBat°C. Error bars indicate standard deviation (FR¥2, n=6;
HepG2: n=3). Statistical significance was determiinéth student’s t-test. *, ** and *** indicate snificance at
p=0.05, p=0.01 and p=0.001. All results were catedl to the living cell number after 1 h, 5 h addh2of
cultivation determined using calcein AM staining.

@ The SOD activity assay uses a xanthine/xanthiridase (XOD) system to generate superoxide aniohs. T
included chromagen produces a water-soluble formaga upon reduction by superoxide anions. Theviagcti
of SOD is determined as the inhibition of chromagsatuction.
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Supplementary Figure 4-3 Protein carbonyl content in A) Wistar 1, B) Wista C)HepG2 1 h, 5 h and 24 h after the start of the culibratat 37 °C. Error
bars indicate standard deviation (PRH Wistar 1:;iBR8H Wistar 2: n=3HepG2 n=3). Statistical significance was determinechvgtudent’s t-test. *, ** and

*** indicate significance at p=0.05, p=0.01 and p3@L. All results were correlated to the livinglaaimber after 1 h, 5 h and 24 h of cultivationedetined
using calcein AM staining.
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Supplementary Table 4-1 GSH/GSSG content [nmol/mg protein] depG2measured for control, heat stress
(HS), hydrogen peroxide ¢@,) and the respective pre-treated cells with (Q) MAL (N-acetylcysteine) 1 h, 5
h and 24 h after start of the experiment. The \salepresent average and standard deviation (SB) 80

technical replicates (n = 3).

1h 5h 24h

average SD average SD average SD
control 37.6 1.2 35.5 2.7 36.7 1.7
control + Q 49.5 5.6 45.8 1.650 65.5 1.4
control +NAC 25.0 2.5 19.3 2.352 15.6 0.3
HS 6.8 0.6 14.0 2.0 11.9 1.0
HS + C 16.7 2.0 23.3 3.9 14.5 0.8
HS + NAC 10.7 1.3 17.2 3.5 11.9 2.6
H,0, 46.8 6.6 61.2 1.3 61.7 3.9
H.,O, + Q 22.2 2.6 26.7 1.4 28.8 3.3
H,O, + NAC 11.4 1.8 24.3 0.9 28.4 0.5

Supplementary Table 4-2 LDH leakage [mU/1EG6 cells] of Wistar@easured for control, heat stress (HS) and
hydrogen peroxide (},) 1 h, 5 h and 24 h after start of the experim@hie values represent average and

standard deviation from 3 technical replicates @)=

1h 5h 24h
Wistar 1 Wistar 2 Wistar 1 Wistar 2 Wistar 1 Wistar 2
control | 5.63+092  27.80+1.22 | 10.40+2.21 46.58+2.66 | 16.861.56 135.47+ 17.80

HS 7.13+1.98 33.42+3.93 | 21.27+4.42 68.18+7.20 | 31.60+4.46 152.19+ 8.48
H,0, 7.58+ 0.55 27.23+2.47 | 10.22+0.16 60.50+ 11.48| 17.19+ 0.40 176.58+ 20.42
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Supplementary Figure 4-4 Principal component analysis of the assay dataalfioumin, LDH, ROS, protein
oxidation, GSH/GSSG, catalase and SOD from PRH)dstar 1, B) Wistar 2 and GJepG2(green) (n=3).

D) shows the direct comparison of Wistar 1 and Wi&, E) the comparison between Wistar 1 HegpG2and

F) the comparison between Wistar 2 ahepG2 Increasing size of the data symbol representptbgressing

time after treatment.
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Supplementary Figure 4-5:Principal component analysaf the assay data for albumin, LDH, ROS, protein
oxidation, GSH/GSSG, catalase and SOD from PRHwof individual Wistar rats (magenta: Wistarl, blue:
Wistar2) andHepG2(green) (n=3). Hepatocytes were exposed to oxidatvess by heat or,8,. Antioxidant
effect of NAC and quercetin (dashed line) was estit in relation to the respective control (solite).
Increasing size of the data symbol representsribgr@ssing time after treatment.
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Supplementary Figure 4-6:3D plots for the principal component analysish®# assay data for albumin, LDH,
ROS, protein oxidation, GSH/GSSG, catalase and $©MD PRH of two individual Wistar rats (magenta:
Wistarl, blue: Wistar2) andepG2(green) (n=3). Hepatocytes were exposed to oxidatress by heat or,8,.
Antioxidant effect of NAC and quercetin (dashede)invas estimated in relation to the respectiverobiisolid

line). Data symbols: v: respective control conditio: treated condition. Increasing size of the datalsyl

represents the progressing time after treatment.
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10.3 Chapter 5

100 - H middle-aged

90 - % Hold

albumin secretion [ug/1E6 cells]

1h 5h 24h

Supplementary Figure 5-1:Albumin secretion in [ug/1E6 cells] of middle-agad old Sprague Dawley PRH
1 h, 5h and 24 h after the start of the cultivatid 37 °C. Error bars indicate standard devia(a3, n=9).
Statistical significance was determined with stutdefrtest. *, ** and *** indicate significance ap=0.05,
p=0.01 and p=0.001. All results were correlatetht living cell number after 1 h, 5 h and 24 h ofigation

determined using calcein AM staining.

WHS 400 - B) ::;QCJQ
.

BH0: 550 B H,0,+Q
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250 -
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150 4

LDH release (% control)

100 -

50 -

0 -
1h 5h 24h 1h 5h 24 h

Supplementary Figure 5-2:LDH release of A) primary hepatocytes from middlged Sprague Dawley rat 3
under heat stress and®} stress related to untreated control pBjmary hepatocytes from middle-aged Sprague
Dawley rat 3 after 4 h pre-incubation with 50 pMeqeetin in relation to the corresponding untreated treated
cells. Error bars indicate standard deviation (N=43). The dashed line represents the 100% markiagistical
significance was determined with student’s t-tést** and *** indicate significance at p=0.05, p=@ and
p=0.001. All results were correlated to the livicgJl number after 1 h, 5 h and 24 h of cultivataetermined

using calcein AM staining. Abbreviations: HS: hetiess; Q: quercetin.
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Supplementary Figure 5-3:LDH release of A) primary hepatocytes from old &pre Dawley rat 3 under heat
stress and 5D, stress related to untreated control pBjnary hepatocytes from old Sprague Dawley rafté&r &
h pre-incubation with 50 uM quercetin in relatianthe corresponding untreated and treated celler Bars
indicate standard deviation (N=1, n=3). The dadivesl represents the 100% marking. Statistical $icpnce
was determined with student’s t-test. *, ** and *iidicate significance at p=0.05, p=0.01 and p=0.08I|
results were correlated to the living cell numbfeeral h, 5 h and 24 h of cultivation determinethgscalcein

AM staining. Abbreviations: HS: heat stress; Q:rgeén.
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Supplementary Figure 5-4:Protein carbonyl content in [nmol/mg protein] ofdelie-aged and old Sprague
Dawley PRH 1 h, 5 h and 24 h after the start ofdhiivation at 37 °C. Error bars indicate standdediation
(N=3, n=9). Statistical significance was determimgth student’s t-test. *, ** and *** indicate sigficance at
p=0.05, p=0.01 and p=0.001. All results were catesl to the living cell number after 1 h, 5 h afdhof
cultivation determined using calcein AM staining.
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Supplementary Figure 5-5:Catalase activity of A) primary hepatocytes fronddbe-aged Sprague Dawley rats

under heat stress and®} stress related to untreated control pB)nary hepatocytes from middle-aged Sprague

100 -

180 - () old mus 180 7
160 - BH0, 160 -
140 | 140 -

m37°C+Q
BHS+Q
OH0:+Q

24h

m37°C+Q
BHS+Q
O H0.+Q

24h

Dawley rats after 4 h pre-incubation with 50 uM ig&din in relation to the corresponding untreated teated

cells, C) primary hepatocytes from old Sprague @gwhts under heat stress angDhistress related to untreated

control and D) primary hepatocytes from old SpraDaevley rats after 4 h pre-incubation with 50 pMeopetin

in relation to the corresponding untreated andtécbaells. Error bars indicate standard deviatign3, n=3).

The dashed line represents the 100% marking. Btatisignificance was determined with studenttegt. *, **

and *** indicate significance at p=0.05, p=0.01 apd0.001. All results were correlated to the livingll
number after 1 h, 5 h and 24 h of cultivation deieed using calcein AM staining. Abbreviations: H&at

stress; Q: quercetin.
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Supplementary Figure 5-6:SOD activity in [% inhibition?] of middle-aged and old Sprague Dawley PRH 1 h,
5 h and 24 h after the start of the cultivation34@t °C. Error bars indicate standard deviation (Nr39).
Statistical significance was determined with stugentest. *, ** and *** indicate significance ap=0.05,
p=0.01 and p=0.001. All results were correlatethi living cell number after 1 h, 5 h and 24 h oltigation
determined using calcein AM staining.

@ The SOD activity assay uses a xanthine/xanthiridase (XOD) system to generate superoxide aniohs. T
included chromagen produces a water-soluble formaga upon reduction by superoxide anions. Thesiagti

of SOD is determined as the inhibition of chromaggstuction.
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Supplementary Figure 5-7:Catalase activity in [mU/ml] of middle-aged and &prague Dawley PRH 1 h, 5 h
and 24 h after the start of the cultivation at & Error bars indicate standard deviation (N=3,)nSRatistical
significance was determined with student’s t-te&l. results were correlated to the living cell noen after 1 h,

5 h and 24 h of cultivation determined using cald®M staining.
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Supplementary Figure 5-8 2-D gel electrophoresis of the intracellular parhe of PRH from SD rats. In total
80 proteins and protein isoforms could be iderdifigith MALDI ToF MS/MS. Each spot is assigned to a
protein in Supplementary Table 5-1.

177



Supplementstaterial

Supplementary Table 5-1 List of all intracellular proteins of primary hajpcytes from SD rats identified with

MALDI ToF MS/MS. Spot numbers correlate to Suppletagy Figure 5-8.

Spot  Swiss-Prot
i Protein Protein Function
no. Accession no.
P18418 Calreticulin G0:0051082: unfolded protein binding
P04785 Protein disulfide-isomerase 1 G0:001989%8yree binding
. e 78 kDa glucose-regulated G0:0051787: misfolded protein binding
protein GO0:0034976: response to ER stress
78 kDa glucose-regulated G0:0051787misfolded protein binding
4 P06761
protein G0:0034976: response to ER stress
GO:0000050: urea cycle
Carbamoyl-phosphate synthase
5 P0O7756 . G0:0042493: response to drug
[ammonia] : L
G0:0070365: hepatocyte differentiation
GO:0000050: urea cycle
Carbamoyl-phosphate synthase
6 PO7756 ) G0:0042493: response to drug
[ammonia] ) o
G0:0070365: hepatocyte differentiation
GO:0000050: urea cycle
Carbamoyl-phosphate synthase
7 PO7756 . G0:0042493: response to drug
[ammonia] : -
GO0:0070365: hepatocyte differentiation
ATP synthase subunit beta, GO:0006754: ATP biosynthetic process
8 P10719 . .
mitochondrial
9 D37780 Obscurin-like protein 1 G0:0051015: actin filament binding
G0:0051787: misfolded protein binding
60 kDa heat shock protein, G0:0009408: response to heat
10 P63039 _ _ . ) )
mitochondrial G0:0043065: positive regulation of apoptotic
process
G0:0051787: misfolded protein binding
60 kDa heat shock protein, G0:0009408: response to heat
11 P63039 : _ » : .
mitochondrial G0:0043065: positive regulation of apoptotic
process
G0:0051787: misfolded protein binding
60 kDa heat shock protein, G0:0009408: response to heat
12 P63039 . . N ) ]
mitochondrial G0:0043065: positive regulation of apoptotic
process
G0:0051787: misfolded protein binding
Heat shock cognate 71 kDa G0:0009408: response to heat
13 P63018 : » : :
protein G0:0043065: positive regulation of apoptotic
process
14 P63018 Heat shock cognate 71 kDa G0:0051787: rdisfioprotein binding
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15

16

17

18

19

20

21

22

23

24

25
26

27

28

30

31

32

33

34
35

P48721

P48721

P52873

Q64380
P02651

P60711

Q03336

Q03336
Q8VIF7
Q8VIF7

Q8VIF7
Q8VIF7

P11598

P11884

Q64640

P0O4764

P10760

P04764

P02761
P07632

protein

Stress-70 protein, mitochondria

G0:0009408: response to heat

G0:0043065:

process
G0:0009636

G0:0051787:

G0:0009636

Stress-70 protein, mitochondrial

Pyruvate carboxylase,
mitochondrial

Sarcosine dehydrogenase,
mitochondrial

Apolipoprotein A-IV

Actin, cytoplasmic 1

Regucalcin

Regucalcin

Selenium-binding protein 1
Selenium-binding protein 1
Selenium-binding protein 1

Selenium-binding protein 1
Protein disulfide-isomerase A 3

Aldehyde dehydrogenase,

mitochondrial

Adenosine kinase

Alpha-enolase

Adenosylhomocysteinase

Alpha-enolase

Major urinary protein

Superoxide dismutase [Cu-Zn]

G0:0051787:
G0:0006094:

positive regulation of apoptotic

: response to toxic substance

misfolded protein binding

: response to toxic substance

misfolded protein binding

gluconeogenesis

G0:0016491:oxidoreductase activity

GO0:0017127:

G0:0043044

remodeling

G0:1901671:
G0:0030234:
G0:0007568:
G0:1901671:
G0:0030234:
G0:0007568:
G0:0015031:

cholesterol transporter activity

:ATP-dependent chromatin

positive regulation of SOD activity
enzyme regulator activity

aging

positive regulation of SOD activity
enzyme regulator activity

aging

protein transport

G0:0015031: pirteansport

G0:0015031:

protein transport

G0:0015031: pirteansport

G0:0045471.:
G0:0008233:
G0:0043066:

process

GO0:0005524:
G0:0046872:
G0:0031072:
G0:2001171:

response to ethanol
peptidase activity

negative regulation of apoptotic

ATP binding
metal ion binding
heat shock protein binding

positive regulation of ATP

biosynthetic process

G0:0071268:
G0:0031072:
G0:2001171:

homocysteine biosynthetic process
heat shock protein binding

positive regulation of ATP

biosynthetic process

G0:0005550:

pheromone binding

GO:0006979omese to oxidative stress
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36
37

39

40
41
42
43
44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

P22734
035244

P13444

P04916
P04639
P02793
P19132
Q02974

P19804

Q9ER34

P12346

P50137
P04762

P10860

P09034

P00884

P07824
P25093

P15650

P04797

P04797
P13255

P00481

P41562

Catechol O-methyltransferase G0:0032502: developmental process
Peroxiredoxin-6 G0:0098869: cellular oxiddetoxification
S-adenosylmethionine synthase GO:0016597: amino acid binding

isoform type 1

Retinol-binding protein 4 GO0:0005215: tramgr activity
Apolipoprotein A-I G0:0005319: lipid transporter activity

Ferritin light chain 1 G0:0006879: cellitan ion homeostasis
Ferritin heavy chain G0:0006879: cellular iron ion homeostasis

Ketohexokinase G0:0006000: fructose metalpoticess

G0:0034599: cellular response to oxidative stress
Nucleoside diphosphate kinase G0:0009142: nucleoside triphosphate
biosynthetic process
Aconitate hydratase, G0:0006101.: citrate metabolic process
mitochondrial
SR G0:0006879: cellular iron ion homeostasis
GO0:0006953: acute-phase response
G0:0046390: ribose phosphate biosynthetic

process

Transketolase

Catalase G0:0034599: cellular response to oxidative stress
Glutamate dehydrogenase 1, GO:0006537: glutamate biosynthetic process
mitochondrial

GO:0000050: urea cycle

G0:0007568: aging
Fructose bisphosphate aldolase GO:0006000: fructose metabolic process
B

Argininosuccinate synthase

GO:0000050: urea cycle
GO0:0007568: aging
Fumarylacetoacetase GO0:0006527: arginiabalat process

Arginase-1

Long chain specific acyl-CoA  G0:0044242: cellular lipid catabolic process
dehydrogenase

Glyceraldehyde-3-phosphate  GO:0006096: glycolytic process
dehydrogenase
Glyceraldehyde-3-phosphate GO:0006096: glycolytic process
dehydrogenase

Glycine N-methyltransferase GO:0005977:agfgn metabolic process
Ornithine carbamoyltransferase GO:0000050: urea cycle

mitochondrial

Isocitrate dehydrogenase, G0:0006099: tricarboxylic acid cycle

cytoplasmic G0:0034599: cellular response to oxidative stress
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61
62

63

64

65

66

67

68
69
70
71
72
73

74

75
76

78

79

80

P12928
P04762

POC2X9

Q4V8I9

P22791

P20673

P13803

Q497B0
P14604
P04906
Q63716
P48500

BOBNN3

P04041

P07632
P35704

P02650

D3ZNJ5

P04785

Pyruvate kinase PKLR
Catalase
Delta-1-pyrroline-5-carboxylate
dehydrogenase
UTP—glucose-1-phosphate
uridylyltransferase
Hydroxymethylglutaryl-CoA

synthase, mitochondrial
Argininosuccinate lyase

Electron transfer flavoprotein
subunit alpha
omega amidase NIT2
2 Enoyl-CoA hydratase
Glutathione S-transferase P 1
Peroxiredoxin-1
Triosephosphate isomerase

Carbonic anhydrase 1
Glutathione peroxidase 1

Superoxide dismutase [Cu-Zn]

Peroxiredoxin-2
Apolipoprotein E
Thioether S-methyltransferase

Protein disulfide isomerase

associated 3, isoform CRA-a

G0:0006096: glycolytic process

G0:0034599: cellular responseitiative stress
G0:0010133: proline catabolic process to
glutamate

G0:0005977: glycogen metabolic process

G0:0006695: cholesterol biosynthetic process

GO:0000050: urea cycle
G0:0007568: aging
GO:0009055: electron transfer activity

G0:0006541: glutaminelmodt process
G0:0006635: fatty acid beta-oxidation

GO:00345%8lareresponse to oxidative stress
G0:0034599: cellular response to oxidative stress

G0:0006096: gticprocess
G0:0006730: one-carbon metabolic process
G0:0034599: cellular response to oxidative stress
G0:0007568: aging
GO0:0006979: response to oxidative stress

G0:0034599: cellular respdnsoxidative stress

G0:0005319: lipid transporter activity
G0:0007568: aging

G0:0009308n@metabolic process
G0:0045454: cell redox homeostasis
G0:1902175: regulation of oxidative stress-
induced intrinsic apoptotic signaling pathway
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Supplementary Figure 5-9: Overlay of representative DIGE gels (pH 3-10) simgwdifferential protein
abundance in the intracellular proteome of old §peaDawley PRH after heat exposure. Comparison degtw
control (37 °C) and heat-stressed (42 °C) PRH sesnafter (A) 5 h of cultivation and (B) 24 h of wuétion.

Spots that are only present in control: green;-BFassed: red; same abundance: white; (N=2, n=6).

Supplementary Figure 5-10: Overlay of representative DIGE gels (pH 3-10) simpwdifferential protein
abundance in the intracellular proteome of Sprdgawley PRH under heat stress conditions compar&iRid
treated with 50 uM quercetin prior to heat stré&a®teome of A) middle-aged PRH after 1 h and B) RRH
after 5 h of cultivation (N=2, n=6).
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10.4 Chapter 6
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Supplementary Figure 6-1 2-D gel electrophoresis of the intracellular pmhe of PMH in ML culture at day
1 of cultivation. 1) 75 kDa glucose regulated pit@) Selenium-binding protein 3 and 4) Aldehyde
dehydrogenase 5, 6 and 7) Carbamoyl-phosphate asamth and 9) Sarcosine dehydrogenase 10) Fertijin 1
Transitional ER ATPase 12) serum albumin 13) AYRthase 14) Major urinary protein 16) Argininosnete

synthase.
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Supplementary Figure 6-2 2-D gel electrophoresis of the intracellular pmhe of PMH in ML culture at day

5 of cultivation. 1 and 2) ATP synthase, 3) Majoinary protein, 4) Regucalcin, 5 and 6) Actin, 7nithine
carbamoyltransferase, 8) Fructose bisphosphatéaakld®) Apolipoprotein E, 10 and 11) Serum albyrhi) 75
kDa glucose regulated protein, 13) Selenium bindingtein, 14) Aldehyde dehydrogenase, 15, 16 and 17
Carbamoyl-phosphate synthase, 18) Sarcosine daslase, 19) Ferritin, 20) Transitional ER, ATPatea@d

22) Glutathione -S transferase.
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Supplementary Figure 6-3 2-D gel electrophoresis of the intracellular paohe of PMH in SW culture at day

1 of cultivation. 1, 2 and 3) Carbamoyl phosphatetizase, 4) Protein disulfate isomerase, 5) Gligath S
transferase, 6) Superoxide dismutase, 7) Serumméth8 and 9) ATP synthase, 10) Regucalcin, 11¢tese-

bisphosphate aldolase
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Supplementary Figure 6-4 2-D gel electrophoresis of the intracellular pahe of PMH in SW culture at day
5 of cultivation. 1) ATP synthase, 2) Major uringpyotein, 3) Regucalcin, 4 and 5) Actin, 6) Ormithi
carbamoyltransferase, 7) Apolipoprotein E, 8, 9afh@ 11) Carbamoylphosphate synthase, 12) Proisifate
isomerase, 13 and 14) Glutathione S-transferageSuperoxide dismutase, 16) Fructose-bisphosphdiéaae.
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Supplementary Figure 6-5 2-D gel electrophoresis of the intracellular parhe of PMH. In total 91 proteins
and protein isoforms could be identified with MALOIOF MS/MS. Each spot is assigned to a protein in

Supplementary Table 6-1.

Supplementary Table 6-1 List of all intracellular proteins of primary mee hepatocytes identified with
MALDI ToF MS/MS. Spot numbers correlate to Suppletagy Figure 6-5.

Spotna  Proteir

Calreticulir

78 kDa glucos-regulated proteil
Protein disulfid-isomerast

Obscurir-like protein 1

60 kDa heat shock protein, mitochond
ATP synthase subunit beta, mitochond
Apolipoprotein A-IV

S-adenosylmethionine synthase isoform -1

© 0o N oo O o W N P

Seleniun-binding protein Z

Adenosine kinas

A
~ O

Regucalcir
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12 Ketohexokinasi

14 Apolipoprotein A-|

16 Ferritin light chain 1

18 Heat shock cognate 71 kDa prot

20 Seleniun-binding protein 1

Carboxylesterase 3

Indolethylamine I-methyltransferas

Carbamoy-phosphate synthase [ammon

Sarcosine dehydrogenase, mitochonc

Alpha-enolase

32 Alpha-enolase

34 Peroxiredoxi-6

36 Keratin, type Il cytoskeletal 7

38 FAST kinase doma-containing protein

40 Pyruvate kinase PKL!

42 Transketolas

44 Transketolas

46 Catalase
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
I
78
79
80
81

Catalase

Delte-1-pyrroline-5-carboxylate dehydrogena:s
UTP--glucos«1-phosphate uridylyltransfera
Delte-1-pyrroline-5-carboxylate dehydrogena:s
Hydroxymethylglutary-CoA synthase, mitochondri
Argininosuccinate lyas

Long-chain specific ac-CoA dehydrogenas:
Fumarylacetoaceta:

Arginase1

Isocitrate dehydrogenase [NADP] cytoplasi
Ornithine carbamoyltransferase, mitochonc
Glycine N-methyltransferas

Electron transfer flavoprotein subunit alp
Retinal dehydrogenase

4-aminobutyrate aminotransferase, mitochonc
Hydroxymethylglutary-CoA synthase, mitochondri
Argininosuccinate syntha:
Betaine--homocysteine -methyltransferase
3-ketoacy-CoA thiolase, mitochondri
Acetyl-CoA acetyltransferase, mitochondi
Glyceraldehyd-3-phosphate dehydrogene
Hydroxyacy-coenzyme A dehydrogena:
Glyceraldehyd-3-phosphate dehydrogene
Glutathione peroxidase

Glutathione -transferase P
Phosphoglycerate mutast

Triosephosphate isomere

Glutathione -transferase Mu

Carbonic anhydrase

Carbonic anhydrase

Triosephosphate isomere

Electron transfer flavoprotein subunit b
Glutathione -transferase Mu

Glutathione -transferasi

Electron transfer flavoprotein subunit b
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82
83
84
85
86
87
88
89
90
91

Superoxide dismutase [Mn], mitochondi

Glutathione -transferase Mu

Glutathione -transferase P

Nucleoside diphosphate kinase

Peptidy-prolyl cis-trans isomerase

Betaine--homocysteine -methyltransferase

Fructos-bisphosphate aldolase

Glutary-CoA dehydrogenase, mitochondi

Ornithine carbamoyltransferase, mitochonc
Alcohol dehydrogenase [NADP(+

Supplementary Table 6-2 Identified proteins, which were not significanttifferent in PMH cultivated in

collagen ML culture and SW culture after 1 or 5 slay cultivation. DIGE analysis showed mean foldmdes

between — 1.5 and +1.5. Spot numbers correlateippl8mentary Figure 6-5. Swiss-Prot database irdtdon

(http://www.uniprot.org).

Swiss-Prot
Spot no.  Accession Protein Protein function
no.
- response to hormones, cell cy
1 P14211 Calreticulin
arrest
2 P2002! 78 kDa glucose-regulated protein  protein folding,stress respon
3 P0910: Protein disulfide-isomerase oxidative stress respon
o _ regulation of mitotic nuclee
4 D3YYU8 Obscurin-like protein 1 o
division
P6303! 60 kDa heat shock protein protein folding, stress respol
P0672! Apolipoprotein A-1V oxidative stress respor
- S-adenosylmethionin
8 Q91X83 S-adenosylmethionine synthase : :
biosynthesis

10 P5526- Adenosine kinase AMP synthesis from adenos
12 P9732! Ketohexokinase fructose catabolic proce
13 Q9CPU( Lactoylglutathione lyase glutathione metabolic proce
14 Q0062: Apolipoprotein A-I lipid transpor
16 P6301° Heat shock cognate 71 kDa protein  protein folding, inflammator
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37/75/76

38

39

40

41

42

43

45
46/47

48/50

49

52

53

54
55

P34914

Q6388
QIQXDE

P40936

00880
Q0592(
P1718;
P5024
00870
Q0072
P1601!

Q922E6

Q8VC30
P5365°
P26443

P4014:
QI9KIC
P3202(
P2427!

Q97110

Q912J5

Q91YI0

P51174

P3550!
Q6117¢

Bifunctional epoxide hydrolase 2

Carboxylesterase 3A
Fructose-1,6-bisphosphatase
Indolethylamine N-
methyltransferase
Peroxiredoxin-4
Pyruvate carboxylase
Alpha-enolase
Adenosylhomocysteinas
Peroxiredoxin-6
Retinol-binding protein 4
Carbonic anhydrase 3
FAST kinase domain-containing

protein 2
Triokinase/FMN cyclase

Pyruvate kinase PKLR
Glutamate dehydrogenase 1
mitochondrial
Transketolase
Aconitate hydratase
Non-specific lipid-transfer protein
Catalase
Delta-1-pyrroline-5-carboxylate
dehydrogenase
UTP-glucose-1-phosphate
uridylyltransferase

Argininosuccinate lyase

Long-chain specific acyl-CoA
dehydrogenase
Fumarylacetoacetas

Arginase-1
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xenobiotic metabolism, lipi
phosphatase activity
xenobiotic metabolis
gluconeogenes

response to toxic substances

oxidative stress respor
gluconeogenes
glycolytic proces
aminc-acid biosynthes
oxidative stress respor
response to insul
oxidative stress respor
assembly of the mitochondri
large ribosomal subunit
cellular carbohydrate metabo

process
glycolysis

TCA cycle

binds cofactors and metal ic
TCA cycle
steroid biosynthetiproces
oxidative stress respor
cellular amino acid biosynthet
process
glucosyl donor in cellula
metabolic pathways
L-arginine biosynthesis, ur
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mitochondrial fatty acid be-
oxidation
aminc-acid degradatic
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61

52/62

63

64/87

65

66

67/69

68

70
72
73/77

78/81

85

86

89

91

088844
QIQXF¢
Q99LC5

P2454!

P61922

P54869
P1646!

035490

Q921H8

Q8QZT1

P16858

Q61425

P1135:
Q9DBJ!
P1775:

QIDCW4
Q0176

P30416

Q60759

QJlIE

Isocitrate dehydrogenase [NADP]

cytoplasmic
Glycine N-methyltransferase
Electron transfer flavoprotein
subunit alpha
Retinal dehydrogenase 1
4-aminobutyrate
aminotransferase, mitochondrial
Hydroxymethylglutaryl-CoA
synthase, mitochondrial
Argininosuccinate synthas
Betaine-homocysteine S-
methyltransferase 1
3-ketoacyl-CoA thiolase,
mitochondrial
Acetyl-CoA acetyltransferase,
mitochondrial
Glyceraldehyde-3-phosphate
dehydrogenase
Hydroxyacyl-coenzyme A
dehydrogenase
Glutathione peroxidase 1
Phosphoglycerate mutase 1
Triosephosphate isomerase
Electron transfer flavoprotein
subunit beta

Nucleoside diphosphate kinase B

Peptidyl-prolyl cis-trans isomerase

A
Glutaryl -CoA dehydrogenase
mitochondrial

TCA cycle
gluconeogenes
fatty acid beta-oxidation
retinol metabolic proce:!

response to ethanol and hypoxia

response to various stress stimuli
urea cycl

amino-acid biosynthesis

lipid metabolism

response to hormones a
starvation

glycolysis

lipid metabolism

response to oxidative stri
glycolysis regulatio
glycolysis

fatty acid beta-oxidation

Nucleotide metabolis
response tmitochondrial
oxidative stress

amino-acid metabolism

Alcohol dehydrogenase [NADP(+)] response to xenobiotics and dr
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