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Streszczenie

Wstep

Depresja (ZD, zaburzenia depresyjne) bedac jedng z najczesciej diagnozowanych
chorob psychicznych, dotyka ponad 260 milionow ludzi na catym §wiecie oraz stanowi glowny
czynnik przyczyniajacy si¢ do globalnego obcigzenia chorobami. Ze wzgledu na stale rosnaca
liczbe zachorowan szacuje si¢, ze depresja jest druga najczestsza przyczyna
niepetnosprawnosci spotecznej. Choroba ogranicza prawidlowe funkcjonowanie ludzi,
wywolujac uporczywy smutek, brak zainteresowania i niepokoj [1]. Te oraz inne objawy
obejmujace zachowania psychotyczne i wycofanie spoteczno-behawioralne czgsto stajg si¢
przewlekte lub nawracajace, w skrajnych przypadkach prowadzac do samobojstwa. Ponadto
jednym z gléwnych problemow zwigzanych z depresja jest wysoki wskaznik nawrotoéw, a takze
fakt, ze ponad jedna trzecia pacjentow nie reaguje na tradycyjne leczenie przeciwdepresyjne
[2,3]. Dlatego tez, wazne jest, aby zidentyfikowal nie w pelni poznang patogenezg i
mechanizmy molekularne lezace u podstaw depres;ji.

Pomimo wieloletnich badan, nie udato si¢ dogtebnie uchwyci¢ molekularnych aspektow
lezacych u podstaw rozwoju ZD. Niewatpliwie chorobg charakteryzuje wieloczynnikowa
etiologia, a ryzyko jej rozwoju czgsto warunkowane sa przez czynniki genetyczne,
srodowiskowe oraz osobnicze cechy biologiczne [4]. Coraz czgsciej jednak, wsrod wielu
procesOw przyczyniajacych si¢ do rozwoju choroby upatruje si¢ roli stanu zapalnego jako
czynnika odgrywajacego wazng role w etiologii depresji [5]. Jednym z mechanizméw jest
,hipoteza cytokinowa”, ktorej potwierdzeniem jest fakt, Ze u pacjentow z depresja obserwuje
si¢ wyzszy poziom cytokin prozapalnych we krwi, takich jak interleukina-1a (IL-1a, ang.
Interleukin 1a), interleukina-1p (IL-1a, ang. Interleukin 1p), interleukina 6 (IL-6, ang.
Interleukin 6) oraz czynnik martwicy guza (TNF-a, ang. Tumor necrosis factor a). Wedhug
licznych doniesien, pacjenci z ZD wykazuja takze zwigkszone st¢zenie innych markeréw stanu
zapalnego, w tym bialek fazy ostrej, prostaglandyn, czgsteczek adhezyjnych i chemokin [6—
11]. Przyktadowo, zaréwno prostaglandyny jak i enzym PTGS2 (ang. Prostaglandin-
endoperoxide synthase 2, inaczej COX-2) ogrywaja znaczng role w wyzwalaniu kaskady
zapalnej w ZD [12,13]. Pacjentow z depresja charakteryzuje wzmozona ekspresji genu PTGS2
[14]. Doniesienia te znajduja potwierdzenie rowniez w badaniach z wykorzystaniem
zwierzecego modelu depresji, sugerujgce wyzszy poziom ekspresji PTGS2 w mozgu chorych
osobnikow [15]. Co wiecej, podanie selektywnego inhibitora COX-2 spowodowato

zmniejszenie zachowan depresyjnych u szczuréw jak rowniez obnizyto poziom cytokin w
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podwzgorzu zwierzat [16]. Podobnie u pacjentdow z ci¢zka depresja, terapia selektywnym
inhibitorem moze nie tylko ztagodzi¢ zachowania depresyjne, ale takze zredukowaé poziom
cytokin prozapalnych w surowicy [17]. Przedtuzajaca si¢ aktywacja uktadu odpornosciowego
i chroniczny stany zapalny sg silnic zwigzane z rozwojem i postepem choroby. Biatka
uwalniane podczas aktywacji uktadu immunologicznego dziatajg jako neuromodulatory i moga
wyzwala¢ kaskade zmian neurochemicznych, neuroendokrynnych i behawioralnych modulujac
wiele funkcji biologicznych, takich jak aktywacja osi podwzgorze-przysadka-nadnercza (HPA,
ang. hypothalamic-pituitary-adrenal  axis), metabolizm  neurotransmiterOw  czy
neuroplastyczno$é, ktorych zaburzenia obserwuje si¢ w rozwoju i progresji depresji [6,18,19].
Nadmierne pobudzenie uktadu odpornosciowego wptywa rowniez na metabolizm tryptofanu
poprzez zdolno$¢ cytokin prozapalnych do regulacji enzymu 2,3-dioksygenazy
indoloaminowej (IDO). Stymulowana przez cytokiny zwigkszona aktywno$¢ enzymu IDO, a
co za tym idzie wzmozona konwersja tryptofanu do kinureniny, powoduje ograniczenie ilosci
tego aminokwasu jako prekursora serotoniny [20,21]. Cytokiny moga roéwniez zaktocaé
neurotransmisj¢ serotoninergiczng poprzez wptyw na aktywno$¢ enzymu SERT (sodium-
dependent serotonin transporter) [22]. Ponadto, przewlekly stan zapalny znajduje
odzwierciedlenie w osrodkowym uktadzie nerwowym (OUN), charakteryzujace si¢ mobilizacja
komorek odporno$ciowych, zwanych mikroglejem [23,24]. Stymulowany mikroglej
odpowiedzialny jest za produkcje cytokin w OUN, co moze przyczyni¢ si¢ do rozwoju
zapalenia uktadu nerwowego i zaburzen pracy mozgu [25]. Proces ten jest Scisle potaczony z
aktywacja jadrowego czynnika transkrypcyjnego NF-kappa 3 (NF-«f3, ang. nuclear factor-«p),
odpowiedzialnego za produkcje cytokin prozapalnych [26]. Jednakze komorki odpornosciowe
rezydujace w OUN, w celu antagonizowania uszkodzen wywolanych stanem zapalnym,
stymuluja réwniez czasteczki wykazujgce dziatanie neuroprotekcyjne. Przyklad stanowi
transformujacy czynnik wzrostu (TGF B, ang. transforming growth factor ), ktorego poziom
ulega rozregulowaniu w trakcie depresji [25,27]. Odnotowuje si¢ nizszg ekspresje TGF-B u
pacjentéw z depresja w porownaniu do osob zdrowych [28-31]. Natomiast w badaniach z
wykorzystaniem zwierzecego modelu depresji, stwierdzono, ze poziom TGF-B jest
podwyzszony u osobnikéw z objawami choroby [32]. Co wiecej, potwierdzono, ze stres
wywotuje stan zapalny w obszarach mozgu, takich jak kora czotowa, podwzgorze i hipokamp
[33,34]. Ponadto, przypuszcza si¢, ze podawanie lekow przeciwdepresyjnych moze skutecznie
zmniejszy¢ prozapalne cytokiny u osob z depresjg [35]. Obecnie w pierwszej linii leczenia ZD
stosuje si¢ leki z grupy inhibitoréw zwrotnego wychwytu serotoniny (SSRIs, ang. selective

serotonin reuptake inhibitors), inhibitor6w zwrotnego wychwytu serotoniny i noradrenaliny
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(SNRIs, ang. serotonin norepinephrine reuptake inhibitors) oraz trojcykliczne leki
przeciwdepresyjne (TCA, ang. tricyclic antidepressants) [36,37]. Jednakze wplyw lekow
przeciwdepresyjnych na poziom czasteczek zapalnych w obwodowym i o$rodkowym uktadzie
nerwowym nie jest w pelni poznany. Z powodu mozliwosci prowadzenia badan na ludzkiej
tkance mozgowej jedynie post mortem, aby pozna¢ procesy zachodzace w uktadzie nerwowym
podczas choroby niezbedne jest wykorzystanie zwierzgcych modeli depresji takich jak
procedura chronicznego tagodnego stresu (CMS, ang. chronic mild stress) [38]. Co
interesujace, badania wskazuja na zaburzong rownowage pomiedzy poziomem cytokin pro- i
przeciwzapalnych u zwierzat z objawami depresji wywotanymi procedurg CMS [39].

Podsumowujac, aktywacja uktadu odporno$ciowego w depresji opiera si¢ na ztozonej
sieci $cisle potaczonych ze sobg szlakow, dlatego tez wystapienie jakiejkolwiek zmiennosci czy
zaburzen w jednym z nich moze spowodowa¢ rozregulowanie powigzanych czynnikoéw i
wyzwoli¢ kaskad¢ zapalng. Ponadto pomimo potwierdzonego zaangazowania uktadu
odpornosciowego w depresj¢, wiedza o innych niz cytokiny czasteczkach zapalnych, w
szczegolnosci majacych swoj udziat w zapaleniu uktadu nerwowego i funkcjonowaniu mézgu
w patogenezie choroby, jest niepetna.

W niniejszej pracy zbadane zostaty polimorfizmy gendow zaangazowanych w procesy
zapalne, mogace wplywac¢ na aktywnos$¢ kodowanych bialek. Poddany ocenie zostat wptyw
procedury chronicznego tagodnego stresu, stanowigcej zwierzecy model depresji oraz terapii
wenlafaksyng na poziom ekspresji genow zwigzanych ze stanem zapalnym. Co wigcej zbadano
czy wyzej wymienione czynniki wptywaja na modyfikacje epigenetyczne, takie jak zmiana

stopnia metylacji regionow promotorowych badanych genow.
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Cel pracy

Celem pracy byto okreslenie udziatu stanu zapalnego w rozwoju depresji oraz mechanizmie

dziatania lekow przeciwdepresyjnych. Cel zostat osiagnigty poprzez:

Okreslenie zwigzku genotypow i alleli polimorfizméw pojedynczego nukleotydu (SNP
ang. Single nucleotide polimorphism) genow IL1A, IL1B, TNFA, TGFA, TGFB, PTGS2,
IRF1, IKBKB z ryzykiem wystgpienia depresji, skutecznoscig leczenia
przeciwdepresyjnego, wiekiem chorego podczas pierwszego epizodu oraz ci¢zko$cig

nasilenia objawow

Okreslenie wptywu procedury chronicznego tagodnego stresu, stanowiacej zwierzecy
model depresji oraz terapii wenlafaksyng na poziom ekspresji genow TGFA, TGFB,
PTGS2, IRF1, IKBKB w komorkach jednojadrzastych krwi obwodowej oraz wybranych

strukturach moézgu

Okreslenie wptywu procedury chronicznego tagodnego stresu, stanowiacej zwierzecy
model depresji oraz terapii wenlafaksyna na stopien metylacji regionu promotorowego
genow TGFA, TGFB, PTGS2, IRF1, IKBKB w komoérkach jednojadrzastych krwi

obwodowej oraz wybranych strukturach mozgu
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Materialy i Metody
Badania na materiale klinicznym

Materiat do badan stanowity probki krwi obwodowej pobrane od pacjentow ze
zdiagnozowang depresja oraz od zdrowych 0sob stanowigcych grupe kontrolng. Probki zostaly
pozyskane od pacjentow hospitalizowanych w Klinice Psychiatrii Dorostych Uniwersytetu
Medycznego w todzi. Grupa badana byta wlaczona do badania na podstawie kryteriow
zawartych w Miedzynarodowej Statystycznej Klasyfikacji Choréb 1 Probleméw Zdrowotnych
klasyfikacji ICD-10 (ang. International Statistical Classification of Diseases and Related
Health Problems) (F32.0-F.32.2, F33.0-F33.8). Kryteria wylaczenia z eksperymentu
obejmowaly: zaburzenia osi I i II, chroniczne lub ostre zaburzenia somatyczne, stan zapalny,
choroby nowotworowe, choroby autoimmunologiczne oraz zaburzenia centralnego uktadu
nerwowego. Stopief nasilenia objawow epizodu depresyjnego zostat oceniony na podstawie
skali Hamiltona (HDRS, ang. Hamilton Depression Rating Scale) przed rozpoczeciem leczenia
oraz po terapii lekami antydepresyjnymi z grupy SSRI. Pacjenci oraz grupa kontrolna zostali
dopasowani pod wzgledem wieku oraz pici. Uczestnicy ztozyli pisemng zgode na uczestnictwo
w projekcie po zapoznaniu si¢ z przebiegiem i celem badania zgodnie z protokolem
zaaprobowanym przez Komisj¢ Bioetyczng Uniwersytetu Medycznego w Lodzi (Nr.
RNN/70/14/KE).

DNA z krwi pelnej zostato wyizolowane za pomoca komercyjnie dostgpnego zestawu
Blood Mini Kit (A&A Biotechnology, Gdynia, Poland). Czystos¢ DNA oraz stezenia zostaty
zmierzone spektrofotometrycznie przez obliczenie stosunku miedzy absorbancja przy 260 nm
i 280 nm. Badanie rozktadu genotypow i alleli wybranych polimorfizméw zostato
przeprowadzone z uzyciem sond TagMan za pomoca tancuchowej reakcji polimerazy z
detekcja w czasie rzeczywistym (Real-Time PCR) (Bio-Rad CFX96 Real-Time PCR). Analizie

poddano tacznie 11 polimorfizméw (Tabela 1).
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Tabela 1. Charakterystyka analizowanych polimorfizmow pojedynczego nukleotydu.

Gen Numer rs Nazwa Lokalizacja
TGFA rs2166975 g.70677994G>A Ekson
TGFB1 rs1800469 0.41354391A>G Koniec 5’
IRF1 rs2070729 0.132484229C>A Intron
IKBKB rs5029748 9.42140549G>T Intron

rs5275 g.186643058A>G 3’ UTR
PTGS2

rs4648308 g.186640617C>T Koniec 3’
IL1A rs17561 g.10749G>T Ekson
IL1B rs1143623 g.113595829C>G Koniec 5’

rs1143627 g.113594387G>A Koniec 5’

rs1799964 g.4970C>T Koniec 5’
TNFA

rs1800629 9.31543031G>A Koniec 5’

Analize statystyczng rozkladu genotypow 1 alleli badanych polimorfizmoéow
przeprowadzono za pomocg modelu regresji logistycznej w celu otrzymania ilorazu szans (ang.
odds ratio, OR) przy przedziale ufnosci rownym 95%. Ponadto, wyniki istotne statystycznie
zostaty dodatkowo potwierdzone przy uzyciu dwoch podej$é: metody bootstrap (wielokrotne
losowanie ze zwracaniem z proby, 10 000 interakcji) oraz techniki d-jackknife. Dobro¢
dopasowania modeli regresji logistycznej zostata oszacowana za pomoca testu Hosmera-

Lemeshowa. Rozktad normalny zostat oceniony w tescie Shapiro-Wilka.

Badania in vivo

Badania z wykorzystaniem modelu chronicznego stresu tagodnego przeprowadzono na
dorostych samcach szczurow rasy Wistar (Charles River, Niemcy). Pierwszym etapem
eksperymentu bylo przystosowanie zwierzat do warunkéw laboratoryjnych oraz spozywania
1% roztworu sacharozy. Spozycie roztworu sacharozy jest najczestszym sposobem okre$lenia
behawioralnego wplywu procedury CMS poprzez pomiar zdolnosci reagowania na bodzce
nagradzajace. Spozycie sacharozy weryfikowano raz w tygodniu, w kontrolowanych
warunkach, do momentu zakonczenia eksperymentu. Zwierzgta byty poddawane standardowe;j
procedurze CMS (Tabela 2), polegajacej na dtugotrwatej ekspozycji zwierzat na bodzce
stresowe o fagodnym nasileniu. Procedura stresowania powoduje pojawienie si¢ szeregu zmian

behawioralnych oraz biochemicznych, odzwierciedlajagcych objawy depresji u ludzi.
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Po 2 tygodniach, zaréwno grupy kontrolne, jak 1 grupy stresowane zostaty dalej podzielone na

dopasowane podgrupy, a nastgpnie otrzymywaty placebo (1 mL/kg, IP) lub wenlafaksyne

(10 mg/kg, IP) z grupy lekéw SSRI przez kolejne 5 tygodni. Po zakonczeniu procedury szczury

poddano dekapitacji 1 pobrano od nich probki krwi (jednojadrzaste komorki krwi obwodowe;,

PBMCs) oraz tkanki moézgowej z wypreparowanymi czeSciami moézgu (hipokamp, ciato

migdatowate, podwzgorze, sSrodmodzgowie, kora przedczotowa i jadra zwojow podstawy).

Tabela 2. Harmonogram procedury CMS i szczegétowy opis wszystkich zastosowanych bodzcow

stresowych
Start eksperymentu
5 tygodni adaptacji do spozycia 1% roztworu sacharozy
2 tygodnie bez stresu 2 tygodnie poczatkowego stresu
5 tygodni bez stresu oraz 5 tygodni stresu oraz 5 tygodni stresu oraz
administracja administracja placebo administracja wenlafaksyny
Procedura CMS

Bodziec stresowy Czas trwania Liczba
okresow

Pozbawienie zywnosci i wody 10 — 14 godzin 2 okresy

Odchylanie klatki pod katem 45° 10 — 14 godzin 2 okresy

Zabrudzanie Kklatki (250 mlwodyw 19 _ 14 godzin 2 okresy

sciodtce z trocin)

Parowanie osobnikow 10 — 14 godzin 1 okres

Oswietlenie stroboskopowe o niskiej 19 _ 14 godzin 2 okresy

intensywnosci (150 btyskéw /min)

Przerywane o$wietlenie (§wiatlo 10— 14 godzin 2 okresy

wlaczane 1 wylaczane co 2 godziny)

Brak bodZzcoéw stresowych 10 — 14 godzin 3 okresy

Koncowy test spozycia sacharozy oraz dekapitacja zwierzat

DNA oraz RNA z krwi pelnej zostato wyizolowane za pomocg komercyjnie dostepnych

zestawow, odpowiednio QlAamp DNA mini kit (Qiagen, Hilden, Germany) oraz GenElute
mammalian total RNA miniprep kit (Sigma-Aldrich, St. Louis, MO, USA). W przypadku
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wybranych regionow moézgu zastosowany zostat zestaw ISOLATE Il RNA/DNA/protein kit
(Bioline). Przed przystapieniem do procedury izolacji, tkanki zostaly poddane homogenizacji
oraz sonikacji. Czystos<¢ RNA 1 DNA oraz ich stgzenia zostaly zmierzone

spektrofotometrycznie przez obliczenie stosunku migedzy absorbancjg przy 260 nm i 280 nm.

Profil ekspresji badanych genow zostat okreslony za pomocg techniki Real-Time PCR,
z wykorzystaniem sond TagMan Gene Expression Assay (Applied Biosystems; Thermo Fisher
Scientific, Waltham, MA, USA). W tym celu RNA zostato poddane odwrotnej transkrypcji w
celu otrzymania komplementarnego DNA (cDNA) za pomocg zestawu zestawu High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). We wszystkich
reakcjach Real-Time PCR uzyto genu metabolizmu podstawowego kodujacego podjednostke
18S rybosomalnego RNA jako kontroli wewnetrznej. Dla kazdego genu ekspresje mRNA
obliczono w stosunku do genu referencyjnego, korzystajac z formuty 22, gdzie ACt = Ct geny

badanego — Ctuss.

Analiza stopnia metylacji sekwencji promotorowych wybranych genow zostata
przeprowadzona za pomocg metody denaturacji DNA z wysokg rozdzielczosciag wrazliwej na
metylacj¢ (MS-HRM, ang. methylation sensitive — high resolution melting). W tym celu DNA
zostatlo poddane reakcji bisulfidacji z wykorzystaniem CiTi Converter DNA Methylation KiT
(A&A Biotechnology). Do oceny poziomu metylacji zastosowano komercyjnie dostepne
standardy metylowanego (CpGenome™ Rat Methylated Genomic DNA Standard; Merck
Millipore) i niemetylowanego DNA szczura (CpGenome™ Rat Unmethylated Genomic DNA
Standard; Merck Millipore). Startery dla regionow promotorowych gendéw zawierajacych
wyspy CpG zostaty zaprojektowane przy uzyciu oprogramowania Methyl Primer Express ™

Software v 1.0 (Tabela 3).

Tabela 3. Charakterystyka starteréw wykorzystanych do oznaczenia poziomu metylacji regiondw
promotorowych badanych genow

Tm Rozmiar Liczba

Gen Sekwencja startera (5°->3’ oy Produkt
! ( ) [C°] "ulpz7] wysp CpG
IKBKB F-AGGGTGGTTTTTTATTTTTATTTT 55 117 1

R:AACCCCCACTAAAACTAACTTAA

IRE1 F-TTGGAGATTTAGGGAGTTAGGT 55 193 1
R:CCCCTTACCTATCTTAAAAAACC

F.:GTAATAGTAGGGAGGAAAAATTTTAA
PTGS2 R:ATCCTAACAAACCCCAAA 5 111 !

F-GTTTTTTTAGGTGGTTGGTTAAG
TGFA B CTTCAAACACCTCCCTACAATA 55 188 1
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Rozktad normalny uzyskanych wynikéw zostal oceniony w tescie Shapiro-Wilka.
Wptyw procedury CMS na spozycie sacharozy analizowano za pomoca testu t-Studenta dla
danych o rozktadzie normalnym lub testu Manna-Whitney w odwrotym przypadku. Uzyskane
dane dotyczace poziomu ekspresji oraz stopnia metylacji analizowano za pomocg
jednoczynnikowej analizy wariancji (one-way ANOVA) z testem post-hoc Tukeya. Jesli dane
nie miaty rozktadu normalnego, interpretowane byty przy uzyciu modelu jednoczynnikowej
analizy wariancji dla rang Kruskala-Walisa ANOVA, a nast¢pnie testu post-hoc Newmana-

Keulsa.
Wyniki

Wyniki otrzymane w toku analiz z wykorzystaniem materiatu klinicznego wykazaty
szereg zalezno$ci pomigdzy obecnoscig SNP w badanych genach a ryzykiem wystapienia
depresji (Tabela 4). Analiza rozktadu genotypow i alleli wykazata, ze genotypy A/G
(rs2166975) TGFA — G > A, A/C (rs2070729) IRF1 — C > A oraz G/T (rs5029748) IKBKB — G
> T byly zwigzane ze zwigkszonym ryzykiem rozwoju depresji. Natomiast genotypy G/G
(rs2166975) TGFA — G > A, T/T (rs5029748) IKBKB — G > T oraz T/T (rs4648308) PTGS2 —
C > T zmniejszaly to ryzyko. Ponadto analiza statystyczna grupy podzielonej wzgledem pici,
wykazata ze genotyp A/G (rs2166975) TGFA — G > A, G/T (rs5029748) IKBKB — G > T, jak
rowniez A/A (rs5275) PTGS2 — A > G byly pozytywnie skorelowane ze zwigkszonym
ryzykiem zachorowania na depresj¢ u m¢zezyzn. W populacji zenskiej mozliwo$é rozwoju
choroby byta wyzsza w przypadku posiadania genotypu A/C (rs2070729) IRF1 - C > A, A/G
(rs5275) PTGS2 — A > G jak rowniez C/T (rs4648308) PTGS2 — C > T. Ponadto polimorfizmy
genow IKBKB — G > T (rs5029748), IRF1 - C > A (rs2070729) oraz TNFA—-C > T (rs1799964)
moga wplywaé na efektywnos$¢ terapii lekami przeciwdepresyjnymi z grupy inhibitorow
zwrotnego wychwytu serotoniny. Co wiecej ciezkos¢ nasilenia objawow epizodu depresyjnego
réwniez moze by¢ zwigzana z obecnoscig polimorfizméw genow IL1B — C > G (rs1143623)

oraz TGFB — A > G (rs1800469).

Tabela 4. Podsumowanie wptywu badanych polimorfizméw na efekt fenotypowy

Polimorfizm Genotyp Efekt fenotypowy
TGFA - G >A (rs2166975) AIG  Wyzsze ryzyko depresji w populacji ogdlnej
Wyzsze ryzyko depresji w grupie mezczyzn

G/G Nizsze ryzyko depresji w populacji ogolnej
TGFB — A > G (rs1800469) A/A  Nizszy wiek pierwszego zachorowania

17



G/G Ciezsze nasilenie objawow epizodu depresyjnego
IRF1 - C > A (rs2070729) AIC  Wyzsze ryzyko depresji w populacji ogolnej
Wyzsze ryzyko depresji w grupie kobiet

Gorsza odpowiedz na farmakoterapi¢

A/A  Lepsza odpowiedz na farmakoterapie
IKBKB — G > T (rs5029748) G/T  Wyzsze ryzyko depresji w populacji ogolnej
Wyzsze ryzyko depresji w grupie me¢zczyzn

TIT Nizsze ryzyko depresji w populacji ogolnej
G/G  Lepsza odpowiedz na farmakoterapi¢
PTGS2 — C > T (rs4648308) T/T  Nizsze ryzyko depresji w populacji ogdlnej
CIT Wyzsze ryzyko depresji w grupie kobiet
PTGS2 — A > G (rs5275) A/A  Wyzsze ryzyko depresji w grupie m¢zezyzn
AIG  Wyzsze ryzyko depresji w grupie kobiet
TNFA —C > T (rs1799964) TIT Gorsza odpowiedz na farmakoterapi¢
CIT Lepsza odpowiedz na farmakoterapi¢
IL1B — C > G (rs1143623) CIC  Cigzsze nasilenie objawow epizodu depresyjnego

Whyniki otrzymane w toku badan z wykorzystaniem zwierzgcego modelu depresji
wykazaty, ze zar6wno procedura chronicznego tagodnego stresu jak i terapia wenlafaksyng
wplywaja na poziom ekspresji oraz stopien metylacji regionu promotorowego. Spozycie
sacharozy u zwierzat poddanych procedurze stresowania spadto do okoto 60% wartosci
poczatkowych. Zastosowanie terapii wenlafaksyna wywotato efekt normalizujacy u
stresowanych szczurow.

Procedura CMS trwajaca 7 tygodni spowodowala znaczny wzrost ekspresji gendw
TGFA, TGFB, PTGS2, IRF1 oraz IKBKB w PBMCs u zwierzat, ktorym podawano sol
fizjologiczng w porownaniu z grupa kontrolna. Trwajace 5 tygodni leczenie wenlafaksyna
spowodowato znaczny spadek ekspresji wszystkich badanych genow w grupie szczurdéw
poddanych procedurze stresowania. Co ciekawe, efekt wywotany przez CMS oraz terapi¢
wenlafaksyna znacznie ro6znit si¢ w zaleznosci od badanej struktury mozgu. Procedura CMS
spowodowata istotny spadek ekspresji genow TGFA i IKBKB w hipokampie. Ponadto stres
indukowat nizszg ekspresjc TGFA, TGFB i IKBKB w ciele migdalowatym oraz w
srodmoézgowiu w przypadku IKBKB. Po podawaniu wenlafaksyny u stresowanych zwierzat
wykazano spadek poziomu ekspresji genow TGFA, TGFB oraz IRF1 w podwzgoérzu, genu
IKBKB w korze przedczotowej i w ciele migdatlowatym. Z drugiej strony leczenie wenlafaksyna
wptyneto na wzrost ekspresji genu TGFA w hipokampie i jadrach zwojach podstawy jadra, jak

rowniez PTGS2 w podwzgorzu.
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Analiza stopnia metylacji regionow promotorowych badanych genéw w PBMCs
wykazala istotng zmiang statusu metylacji jedynie w przypadku promotora genu IKBKB, gdzie
dwutygodniowa ekspozycja na CMS spowodowata wzrost metylacji w poréwnaniu z grupa
kontrolng. Nie zaobserwowano istotnych réznic po zastosowaniu terapii wenlafaksyng. W
przypadku analizy zmian dotyczacych struktur mozgu, procedura stresowania spowodowata
znaczny wzrost stopnia metylacji promotora genu TGFA w ciele migdalowatym, jak réwniez
w przypadku promotora IRF1 w ciele migdatowatym i korze przedczotowe;j, oraz w przypadku
promotora PTGS2 w hipokampie 1 ciele migdatowatym. Jednakze procedura CMS
spowodowata roéwniez spadek metylacji promotora genu PTGS2 oraz TGFA w korze
przedczotowej. Co cickawe, przewlekla pigciotygodniowa administracja wenlafaksyny
spowodowata znaczny wzrost stopnia metylacji promotora IKBKB w ciele migdatowatym i
jadrach zwojow podstawy, oraz promotora IRF1 w ciele migdalowatym. Podobny efekt
zaobserwowano w przypadku promotora genu TGFA, gdzie stan metylacji byt wyzszy w

hipokampie i ciele migdatowatym po terapii wenlafaksyna.
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Podsumowanie

Depresja jest coraz powazniejszym problemem zaréwno zdrowotnym jak i
ekonomicznym. Choroba i jej objawy ograniczaja prawidlowe funkcjonowanie pacjentow
wplywajac na wszystkie aspekty ich zycia. Niestety pomimo intensywnych badan zlozona
patogeneza zaburzen depresyjnych nie jest w pelni poznana. Dodatkowo chorobe
charakteryzuje wysoki wskaznik nawrotow, a takze fakt, ze ponad jedna trzecia pacjentow nie
reaguje na farmakoterapi¢. Ponadto diagnostyka depresji oparta jest jedynie na obserwacji
zgodnej z migdzynarodowymi klasyfikacjami symptoméw, nie uwzgledniajac potencjalnego
udzialu mechanizméw na poziomie molekularnym. Prowadzone do tej pory badania
jednoznacznie wskazuja na wieloczynnikowa 1 zlozong sie¢ powigzanych ze soba
mechanizmow lezgcych u podstaw rozwoju choroby. Coraz wigcej doniesien akcentuje istotny
udziat stanu zapalnego i aktywacji ukladu immunologicznego w depresji. Wyniki uzyskane w
toku niniejszej dysertacji, potwierdzaja to stanowisko. Polimorfizmy gendw zaangazowanych
w stan zapalny moduluja ryzyko wystapienia depresji, jak rowniez wptywaja na cigzkos¢
nasilenia jej objawow oraz co wazne odpowiedz na farmakoterapi¢. Co wigcej, badania
przeprowadzone w trakcie realizacji tej rozprawy wykazaty, ze zarowno chroniczny tagodny
stres jak 1 terapia wenlafaksyna wptywaja na zmiany ekspresji gendw zwigzanych z aktywacja
uktadu immunologicznego. Otrzymane wyniki wskazuja, ze badane geny moga by¢
odpowiedzialne za aktywacj¢ szlakow zapalnych w obecnosci bodzcow stresowych. Procedura
CMS, zar6wno w PMBC jak i obszarach m6zgu wiaze si¢ ze zmianami w ekspresji tych genow,
ktore z kolei moga wywota¢ kaskade zapalng. Innym kluczowym odkryciem jest fakt, ze
przewlekte podawanie wenlafaksyny moze powodowa¢ dziatanie przeciwzapalne, wptywajac
na ekspresj¢ badanych genéow. W zwigzku z ograniczeniem mozliwos¢ prowadzenia badan na
ludzkim moézgu, zrozumienie ztozonych relacji 1 procesOw zachodzacych w obrebie tej tkanki
wymaga wykorzystania modelu zwierzecego. Uzyty model chronicznego tagodnego stresu
odzwierciedla objawy depresji wystepujace u ludzi i opiera si¢ na ocenie poziomu anhedonii —
obnizonej zdolnosci do odczuwania przyjemnosci, bedacej jedng z gldéwnych symptomow
choroby. Wszystkie zgromadzone wyniki przemawiajg za faktem, ze stan zapalny moze
odgrywac istotng role w molekularnym podlozu depresji. Dlatego tez, wazne jest prowadzenie
badan w tym kierunku, ktére przyczynig si¢ do opracowania nowych metod diagnostycznych

choroby jak roéwniez spersonalizowanej terapii przeciwdepresyjne;j.
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Whioski

1.

2.

Stan zapalny zwigzany jest z molekularnym podtozem rozwoju depres;ji.

Polimorfizmy pojedynczego nukleotydu zlokalizowane w genach zaangazowanych w
stan zapalny (IL1A, IL1B, TNFA, TGFA, TGFB, IKBKB, IRF1, PTGS2) wptywaja na
ryzyko wystgpowania depresji, wiek pierwszego epizodu oraz stopien nasilenia

objawoOw.

Chroniczny tagodny stres oraz terapia wenlafaksyng wplywaja na zmiany poziomu
ekspresji genow zaangazowanych w stan zapalny (TGFA, TGFB, IKBKB, IRF1,
PTGS2) oraz stopien metylacji regiondw promotorowych tych genow we krwi oraz

strukturach mézgu.

Chroniczny tagodny stres oraz terapia wenlafaksyna wplywaja na zmiany stopnia
metylacji regiondw promotorowych genow zaangazowanych w stan zapalny (TGFA,

TGFB, IKBKB, IRF1, PTGS2) we krwi oraz strukturach mozgu.

Zmiany poziomu ekspresji genéw oraz stopnia metylacji regionéw promotorowych

mogg by¢ specyficzne dla danej tkanki.
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Summary
Introduction

Depression (MDD, major depressive disorders), being one of the most frequently
diagnosed mental diseases, affects over 260 million people worldwide and is a major
contributor to the global burden of disease. Due to the constantly growing number of cases, it
is estimated that depression is the second most common cause of social disability. People
suffering from depression are accompanied by persistent sadness, lack of interest, socio-
behavioral withdrawal and anxiety that limit their life and proper functioning [1]. Broad
spectrum of symptoms, including psychotic behavior often become recurrent or chronic,
increasing the risk of suicide attempts. Furthermore, one of the major problems is the high rate
of relapse, as well as the fact that more than a 30 percent of patients do not respond to
conventional antidepressant treatment [2,3]. Therefore, it is important to identify the
incompletely understood pathogenesis and molecular mechanisms underlying depression.

Despite many years of research, the molecular aspects underlying the development of
MDD have not been fully elucidated. Certainly, the disease is characterized by a multifactorial
etiology, and the risk of its development is often determined by genetic, environmental and
individual biological factors [4]. Increasingly, among the many processes contributing to the
development of the disease, inflammation is considered as a factor playing an important role in
the etiology of depression. One of the explanatory mechanisms is the "cytokine hypothesis”,
confirmed by the fact that depressed patients present higher levels of pro-inflammatory
cytokines in the blood, such as interleukin-1a (IL-1a), interleukin-1f (IL-1p) and tumor
necrosis factor o (TNF-a). Moreover, patients with MDD are characterizes by increased levels
of other inflammatory markers, including acute phase proteins, prostaglandins, adhesion
molecules and chemokines. For example, both prostaglandins and the enzyme responsible for
their synthesis PTGS2 (Prostaglandin-endoperoxide synthase 2, COX-2) plays a significant role
in triggering the inflammatory cascade in depression [12,13]. People suffering from depression
are characterized by an increase in the expression of the PTGS2 gene [14]. These reports are
also confirmed by studies using an animal model of depression, suggesting a higher level of
PTGS2 expression in the brain [15]. Moreover, the administration of a selective COX-2
inhibitor reduced depressive behavior in rats as well as lowered the level of cytokines in the
animals' hypothalamus [16]. Similarly, in patients with severe depression, selective inhibitor
add-on therapy may not only alleviate the depressive behavior, but also reduce the level of pro-

inflammatory cytokines in the serum [17]. Prolonged activation of the immune system and
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chronic inflammation are strongly associated with the development and progression of the
disease. Factors released during the activation of the immune system could act as
neuromodulators, and thus can trigger a cascade of neurochemical, neuroendocrine and
behavioral changes affecting many biological functions, such as activation of the HPA
(hypothalamic-pituitary-adrenal) axis, metabolism of neurotransmitters or neuroplasticity,
which are dysregulated in the development and progression of depression [6,18,19].
Stimulation of the immune system also affects the metabolism of tryptophan, through the ability
of proinflammatory cytokines to regulate the enzyme indoleamine 2,3-dioxygenase (IDO). The
increased activity of the IDO enzyme, stimulated by cytokines, and hence the increased
conversion of tryptophan to kynurenine, reduces the amount of this amino acid as a precursor
to serotonin [20,21]. Cytokines can also interfere with serotonergic neurotransmission by
influencing the activity of the SERT (sodium-dependent serotonin transporter) enzyme [22]. In
addition, peripheral inflammation, becoming chronic is reflected in the central nervous system
(CNS) characterized by the mobilization of immune cells, called microglia [23,24]. Stimulated
microglia is responsible for the production of cytokines in the CNS, which may contribute to
the development of neuroinflammation and nervous system disruptions [25]. This process is
closely related to the activation of the nuclear transcription factor NF-kappa B (NF-kp),
responsible for the production of pro-inflammatory cytokines [26]. Nevertheless, microglia also
exerts a neuroprotective effect, stimulating anti-inflammatory factors to antagonize
inflammation-induced damage. One of these molecules is the transforming growth factor P
(TGF-B), which levels are thought to be unbalanced in patients with depression [25,27]. Lower
TGF- expression have been reported in depressed patients compared to healthy controls [28-
31]. However, in studies using an animal model of depression, it was found that the level of
TGF-B is elevated in individuals with symptoms of the disease [32]. Moreover, stress has been
confirmed to cause inflammation in the brain areas such as the frontal cortex, hypothalamus,
and the hippocampus [33,34]. What is more, it is believed that the administration of
antidepressants may be effective in reducing pro-inflammatory cytokines in people with
depression [35]. Currently, the first-line treatment of MDD includes selective serotonin
reuptake inhibitors (SSRIs), serotonin norepinephrine reuptake inhibitors (SNRIs) and tricyclic
antidepressants (TCAs) [36,37]. Nevertheless, the effect of antidepressants on the levels of
inflammatory molecules in the peripheral and central nervous systems is not fully investigated.
Due to the possibility of conducting research on human brain tissue only post-mortem, to

understand the interplay between processes occurring in the nervous system during the disease,
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it is necessary to use animal models of depression, such as the chronic mild stress (CMS)
procedure [38]. Interestingly, research indicates an imbalance between pro- and anti-
inflammatory cytokines in CMS-induced depressive behavior [39].

Taking together, activation of the immune system in depression is based on a complex
network of closely interconnected pathways. Therefore the occurrence of any variation or
disturbance in one of them may cause dysregulation and disruption of other related factors and
thus trigger an inflammatory cascade. Furthermore, despite the confirmed involvement of the
immune system in depression, the knowledge of inflammatory molecules other than cytokines,
in particular those involved in neuroinflammation and brain function, in the pathogenesis of the
disease is incomplete.

In this work, polymorphisms of genes involved in inflammatory processes that may
affect the activity of the encoded proteins have been investigated. The effect of the chronic mild
stress procedure, an animal model of depression, and venlafaxine therapy on the expression
level of genes related to inflammation was assessed. Moreover, it was investigated whether the
above-mentioned factors cause epigenetic changes in the studied genes, such as the methylation

status of their promoter regions.
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Aim of the study

The work aimed to determine the role of inflammation in the development of depression

and the mechanism of action of antidepressant drugs. This aim was accomplished b:

Examination of the prospective relationship between the appearance of single
nucleotide polymorphism (SNP) located in inflammatory-related genes i.e. IL1A, IL1B,
TNFA, TGFA, TGFB, PTGS2, IRF1, IKBKB, and the occurrence of MDD, age of onset,
severity of episodes or antidepressant treatment efficacy

Impact of the chronic mild stress (CMS) procedure in rats, which closely mirrors
depression in humans, and chronic administration of serotonin-norepinephrine reuptake
inhibitor, venlafaxine, on changes in TGFA, TGFB, IRF1, PTGS2 and IKBKB
expression at the mRNA level in peripheral blood mononuclear cells (PBMCs) and in
selected brain structures (hippocampus, amygdala, midbrain, hypothalamus, prefrontal
cortex and basal ganglia)

Impact of the chronic mild stress (CMS) procedure in rats, which closely mirrors
depression in humans, and chronic administration of serotonin-norepinephrine reuptake
inhibitor, venlafaxine, on promoter methylation status changes in TGFA, TGFB, IRF1,
PTGS2 and IKBKB genes
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Materials and methods

In vitro study

The blood samples were obtained from patients diagnosed with depression hospitalized at
the Department of Adult Psychiatry, Medical University of Lodz and healthy controls selected
randomly. Inclusion criteria and diagnosis were based on those outlined in ICD-10 (F32.0-
F.32.2, F33.0-F33.8). The exclusion criteria included: axis I and axis Il disorders, severe and
chronic somatic diseases, inflammatory or autoimmune disorders, cancer and and injuries of
the central nervous system. Participation in the experiment was voluntary and the purpose of
the study was clearly presented. All of the subjects agreed by giving their written consent to
participate in the experiment according to the protocol approved by the Bioethics Committee
of the Medical University of Lodz (No. RNN/70/14/KE).

Genomic DNA was isolated from venous blood using Blood Mini Kit (A&A
Biotechnology, Gdynia, Poland) in accordance to the manufacturer instruction. The purity and
concentration of the DNA was measured spectrophotometrically by calculating the ratio
between absorbance at 260 nm and 280 nm. The investigated SNPs were genotyped with
TagMan SNP Genotyping Assay using the real-time polymerase chain reaction (Real-Time
PCR) (Bio-Rad CFX96 Real-Time PCR). A total of 11 polymorphisms were analyzed (Table
1).

Table 1. Characteristic of studied single nucleotide polymorphisms.

Gene Rs number Polymorphism Localization
TGFA rs2166975 9.70677994G>A Exon
TGFB1 rs1800469 0.41354391A>G 5’ UTR
IRF1 rs2070729 9.132484229C>A Intron
IKBKB rs5029748 0.42140549G>T Intron

rs5275 9.186643058A>G 3’ UTR
PTGS2

rs4648308 9.186640617C>T 3’ UTR
IL1A rs17561 9.10749G>T Ekson
IL1B rs1143623 g.113595829C>G 5’ UTR

rs1143627 g.113594387G>A 5’ UTR

rs1799964 0.4970C>T 5’ UTR
TNFA

rs1800629 g.31543031G>A 5’ UTR
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Statistical analysis of the distribution of genotypes and alleles of the studied
polymorphisms was carried out using a multiple logistic regression model. The results was
presented as odds ratio (OR) with 95% confidence interval (95% CI). In addition, the significant
outcomes were further validated with the use of two approaches: the bootstrap-boosted multiple
logistic regression (resampling with replacement, 10,000 iterations) and the cross-validated
logistic regression (corresponding to the d-jackknife technique). The goodness of fit of logistic
regression models was estimated with Hosmer-Lemeshow test. Normality of the studied group

was verified with the Shapiro-Wilk test.
In vivo study

Male Wistar Han rats (Charles River, Germany) were used to induce chronic mild stress
procedure. Animals were brought into the laboratory to adapt to the housing conditions. After
acclimatization, the animals were trained to consume a 1% sucrose solution. Sucrose solution
consumption is the most common, adequate way to quantify the behavioral effect of CMS
procedure by measuring the ability to respond to reward stimuli. Consumption of the sucrose
was verified once a week, under controlled conditions, until the experiment was ended. The
animals were subjected to the standard CMS procedure (Table 2). Subsequently, both control
and stressed rats were divided into two matched groups to receive daily administration of
vehicle (1 mL/kg, IP) or venlafaxine (10 mg/kg, IP) for the next five weeks. At the end of the
procedure, the rats were decapitated. Blood and brain samples (hippocampus, amygdala,

hypothalamus, midbrain, prefrontal cortex and nucleus basal ganglia) were collected.
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Table 2. Schedule of CMS procedure and detailed description of all applied stressors.

Experiment start

5 weeks adaptation to 1% sucrose consumption test

2 weeks without 2 weeks of initial stress

stress
5 weeks without 5 weeks of stress with saline 5 weeks of stress with
stress and with administration venlafaxine administration

Stress procedure

Stressor Duration Numl_:)er
of periods

Food and water depriviation 10 — 14 hours 2 periods

45-degree cage tilt 10 — 14 hours 2 periods

soiled cage (250 ml water in

sawdust bedding) 10 -14 hours 2 periods

paired housing 10— 14 hours 1 period

low intensity stroboscopic i
illumination (150 flashes/min) 10 —14hours 2 periods

Intermittent illumination (light
on and off every two hours)

10— 14 hours 2 periods

No stress 10 — 14 hours 3 periods

Final sucrose consumption test and decapitation

RNA and DNA isolation was performed using the commercial spin column methods:
GenElute mammalian total RNA miniprep kit (Sigma-Aldrich, St. Louis, MO, USA) and
QlAamp DNA mini kit (Qiagen, Hilden, Germany) respectively, following the manufacturer’s
instructions. Regarding brain regions commercial kit ISOLATE Il RNA/DNA/protein kit
(Bioline) was used. Samples were first homogenized and then sonicated before isolation
procedure. The purity and concentration of the DNA and RNA was measured

spectrophotometrically by calculating the ratio between absorbance at 260 nm and 280 nm.

Real-Time PCR and TagMan Gene Expression Assay was used to examine the
expression of the selected genes. To obtain complementary DNA (cDNA) as a template, the
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reverse transcription reaction was performed with using a high-capacity cDNA reverse
transcription kit (Applied Biosystems). The housekeeping gene 18S ribosomal RNA gene (18S)
was applied as an internal control (reference gene) for all reverse transcription—quantitative
polymerase chain reactions. For each sample, the gene expression of the target mMRNA was

calculated relative to a reference gene.

The methylation status of investigated gene promoters was obtained by methylation-
sensitive high-resolution melting (MS-HRM). The DNA bisulfite conversion reaction was
performed with a CiTi converter DNA methylation kit (A&A Biotechnology, Gdynia, Poland),
according to the manufacturer’s instruction. Methylated DNA (CpGenome™ rat methylated
genomic DNA standard; Merck Millipore) and unmethylated DNA (CpGenome™ rat
unmethylated genomic DNA standard; Merck Millipore) were used as controls for the MS-
HRM experiments. Primers were designed for promoters containing CpG islands using Methyl

Primer Express™ Software v 1.0 (Table 3).

Table 3. The specification of primers used for the analysis of methylation levels in the promoter
regions of the studied genes.

Gene Primer sequence (5’->3”) Tm  Product Number of

[ce] size [bp] CpG
F-AGGGTGGTTTTTTATTTTTATTTT
IKBKB 1. AACCCCCACTAAAACTAACTTAA S 1

IRE1 F-TTGGAGATTTAGGGAGTTAGGT 55 193 1
R:CCCCTTACCTATCTTAAAAAACC

F-GTAATAGTAGGGAGGAAAAATTTTAA
PTGS2 o ATCCTAACAAACCCCAAA % 11 1

FE-GTTTTTTTAGGTGGTTGGTTAAG
TGFA R CTTCAAACACCTCCCTACAATA %5 188 1

Normality of the collected data was verified with the Shapiro-Wilk test. The effect of
stress procedure on sucrose consumption was analyzed by t-test for normally distributed data
or the Mann-Whitney rank-sum test for non-normally distributed data. In addition, when the
data were normally distributed, gene expression and methylation data were analyzed using one-
way analysis of variance (one-way ANOVA), with Tukey’s test as a post hoc test. If the data
were not normally distributed, these relationships were tested using the Kruskal-Wallis one-

way ANOVA on ranks, followed by post hoc Student—Newman—Keuls test.

Results
The obtained results showed a number of associations between the presence of SNP in
the studied genes and the risk of depression (Table 3). Analysis of the distribution of genotypes
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and alleles showed that, A/G genotype of TGFA — G > A (rs2166975), A/C of IRF1 - C > A
(rs2070729) as well as G/T of IKBKB — G > T (rs5029748) were associated with increased risk
of depression development. In contrast, the G/G of TGFA — G > A (rs2166975), T/T of IKBKB
— G > T (rs5029748) and T/T of PTGS2 — C > T (rs4648308) genotypes reduced this risk. In
addition, group was stratified to investigate prevalence of the disease in stratified male/female
population. Such analysis revealed that, A/G genotype of TGFA — G > A (rs2166975) and A/A
genotype of PTGS2 — A > G (rs5275) were positively correlated with higher risk of depression
occurrence in male population. In female group possibility of developing the disease was higher
in the case of carrying A/C genotype of IRF1 — C > A (rs2070729), A/G of PTGS2 - A > G
(rs5275) as well as C/T genotype of PTGS2 — C > T (rs4648308). Moreover, polymorphisms
of the IKBKB — G > T (rs5029748), IRF1 — C > A (rs2070729) and TNFA- C > T (rs1799964)
genes may affect the effectiveness of antidepressant therapy with serotonin reuptake inhibitors.
What is more, severity of the episodes could be connected with occurrence of the IL1B — C >
G (rs1143623) and TGFB — A > G (rs1800469) polymorphisms.

Table 4. Summary of the impact of studied SNPs on phenotype

Polymorphism Genotype Phenotype effect

TGFA — G >A (rs2166975) AlG Higher risk of depression in the general population
Higher risk of depression in the male group
G/G Lower risk of depression in the general population

TGFB — A > G (rs1800469) A/A Lower age of onset
G/G More severe symptoms of a depressive episode

IRF1-C > A (rs2070729) A/C Higher risk of depression in the general population
Higher risk of depression in the female group
Worse treatment response
AlA Better treatment response

IKBKB — G > T (rs5029748) GIT Higher risk of depression in the general population
Higher risk of depression in the male group
T/IT Lower risk of depression in the general population
G/G Better treatment response

PTGS2 — C > T (rs4648308) T/IT Lower risk of depression in the general population
CIT Higher risk of depression in the female group

PTGS2 — A > G (rs5275) A/A Higher risk of depression in the male group
AlG Higher risk of depression in the female group
TNFA - C > T (rs1799964) TIT Worse treatment response
CIT Better treatment response
IL1B - C > G (rs1143623) C/IC More severe symptoms of a depressive episode
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The results obtained using an animal model of depression showed that both the chronic
mild stress procedure and venlafaxine administration affect the gene expression level and the
methylation status in their promoter regions. After stress procedure, the consumption of sucrose
solution decreased to approximately 60% of initial values. Chronic venlafaxine treatment
normalized sucrose consumption in stressed rats.

Animals stressed for seven weeks and administered saline demonstrated significantly
greater expression of TGFA, TGFB, PTGS2, IRF1 and IKBKB genes in PBMCs compared to
the control group. Chronic administration of venlafaxine for five weeks caused a significant
decrease in the expression of all studied genes in stressed rats. Interestingly, the effect of the
CMS and antidepressant administration on the mRNA expression of the studied genes clearly
differed between brain structures. The CMS caused a significant decrease of TGFA and IKBKB
expression in the hippocampus. Furthermore, stress induced lower expression of TGFA, TGFB
and IKBKB in the amygdala, and in the midbrain in the case of IKBKB. After venlafaxine
administration, the stressed animals demonstrated downregulation of TGFA, TGFB and IRF1
in the hypothalamus as well as IKBKB gene in the amygdala and prefrontal cortex. On the other
hand, venlafaxine treatment also increased the expression of TGFA in the hippocampus and
nucleus basal ganglia, as well as PTGS2 gene in the hypothalamus.

The only significant change in methylation status in PBMCs was found in the case of
the IKBKB promoter, where two-week exposure to CMS caused increased methylation
compared with non-stressed controls. No significant differences after venlafaxine treatment
were observed. Regarding brain structures, CMS procedure significantly increased the
methylation level of the TGFA promoter in the amygdala. Stressed animals also demonstrated
a higher methylation status in the case of the IRF1 promoter in the amygdala and prefrontal
cortex, as well as in the case of PTGS2 promoter in the hippocampus and amygdala. However,
CMS also caused a decrease in PTGS2 and TGFA promoter methylation in the prefrontal cortex.
Interestingly, chronic five-week administration of venlafaxine resulted in significant increased
IKBKB promoter methylation in the amygdala and nucleus basal ganglia, and IRF1 promoter in
the amygdala. A similar effect was observed in the case of the TGFA promoter, where the

methylation status was higher in the hippocampus and amygdala after venlafaxine treatment.
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Resume and conclusion

Depression is a serious health and economic problem. The disease and its symptoms
affect all aspects of patients life, and thus limit the proper functioning. Unfortunately, despite
intensive research, the complex pathogenesis of depressive disorders is still not fully
understood. In addition, the disease is characterized by a high relapse rate and the fact that more
than 30 percent of patients do not respond to conventional antidepressant drug therapy.
Moreover, the diagnosis of depression is based only on observation according to the
international classifications of symptoms, without taking into account the potential contribution
of mechanisms at the molecular level. The studies conducted so far clearly indicate a
multifactorial and complex network of interrelated mechanisms underlying the development of
the disease. The growing body of evidence emphasizes the significant role of inflammation and
activation of the immune system in depression. The results obtained in this dissertation confirm
this statement. Polymorphisms of genes involved in inflammation modulate the risk of
depression, as well as affect the severity of its symptoms and, importantly, the response to
pharmacotherapy. Moreover, the this research showed that both chronic mild stress and
venlafaxine therapy affect gene expression changes related to the activation of the immune
system. The obtained results indicate that the studied genes may be responsible for the
activation of inflammatory pathways in the presence of stress stimuli. The CMS procedure, in
both PMBC and brain regions, induce changes in the expression of investigated genes, which
in turn can trigger an inflammatory cascade. Another key finding is that chronic venlafaxine
administration may cause anti-inflammatory effects by affecting the expression of the
inflammation-related genes. As possibility of conducting research on the human brain is
limited, understanding the complex relationships and processes occurring within this tissue
requires the use of an animal models which reflect the symptoms of depression in humans. The
validated chronic mild stress model, is based on the assessment of the level of anhedonia - the
most common, adequate way to quantify the behavioral effect of CMS procedure by measuring
the ability to respond to reward stimuli. All the results support the fact that inflammation may
play an important role in the molecular aspect of depression etiology. Therefore, it is important
to conduct research in such area, which might contribute to the development of new diagnostic

methods of the disease as well as personalized antidepressant therapy.
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Conclusion

1.

Inflammation plays a significant role in the molecular basis of depression

Single nucleotide polymorphisms located in genes involved in inflammation (IL1A,
IL1B, TNFA, TGFA, TGFB, IKBKB, IRF1, PTGS2) affect the risk of depression, age of

first episode, severity of symptoms and response to the treatment

Chronic mild stress and venlafaxine treatment induce changes in the mRNA expression
level of genes involved in inflammation (TGFA, TGFB, IKBKB, IRF1, PTGS2) in the

blood and brain structures

Chronic mild stress and venlafaxine treatment in affect methylation status of the
promoter regions of genes involved in inflammation (TGFA, TGFB, IKBKB, IRF1,
PTGS2) in the blood and brain structures

Changes in the level of gene expression and the methylation of promoter regions may

be tissue specific
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ARTICLE INFO ABSTRACT

MDDs (major depressive disorders) belong to the most frequently diagnosed mental diseases and affect ap-
proximately 350 million people all over the world. A growing body of evidence suggests that inflammatory
processes may play a significant role in the pathophysiology and progression of the disease. The comorbidity of
MDDs with many other medical conditions, for example autoimmune diseases (ADs) caused by inflammation,
has been observed on numerous occasions. In both cases, increased levels of pro-inflammatory cytokines, che-
mokines and other inflammatory agents are observed. Furthermore, higher rates of inflammatory markers are
associated with a poorer response to antidepressant treatment. Additionally, the presence of any AD is associated
with higher prevalence of depression and may reduce the chance of effective therapy. Interestingly, the ad-
ministration of several anti-inflammatory agents used in AD treatment is positively correlated with a reduction
of depressive symptoms. In conclusion, the factors contributing to the coexistence of depression as well as
affecting antidepressant treatment effectiveness may lead to an alteration of the cytokine profiles in many au-

Keywords:

Autoimmune disease
Antidepressant treatment response
Anti-inflammatory agent
Depression

Inflammation

toimmune diseases.

1. Introduction

The leading aspect of research into the human brain is to understand
its functioning at the molecular, cellular and systemic levels, which may
contribute to the comprehension of the pathogenesis of brain diseases.
These disorders constitute a cluster of leading health problems around
the world. Among them, a depressive disorder (MDD, depression) re-
presents one of the most frequently diagnosed diseases and a major
contributing factor to the overall global burden of all diseases (WHO
2018). The number of depressed patients is increasing every year,
making depression one of the most common diseases afflicting the
human population. According to the World Health Organization, de-
pression affects approximately 350 million people, i.e. approximately
5% of the global population. Moreover, up to 10% of the society in
developed countries may suffer from depression (DiLuca and Olesen
2014). It is estimated that by 2020 MDD will have been the second most
common cause of disability, directly behind cardiovascular diseases
(Poniatowska-Leszczyiiska and Matyszczak 2013, WHO 2018). De-
pression can occur in both sexes; however, women are about twice
more likely to suffer from this disease than men (Seedat et al. 2009).
Additionally, MDD is one of the most economically burdening diseases
in the modern world with over 60% of all costs generated annually by
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brain diseases (DiLuca and Olesen 2014). Furthermore, mood disorders,
including MDD, increase the risk of suicide in relation to the general
population (Bachmann 2018, Handley et al. 2018). Almost one million
people commit suicide every year, which is the second leading cause of
death among people aged 15-29 (Marcus et al. 2012, WHO 2018).
Despite the importance of the problem, knowledge of the patho-
genesis of the disease is not complete, which is partly due to its mul-
tifactorial nature. However, the role of complex interrelations between
genetic, environmental, biological as well as psychosocial factors is
emphasized among many processes that may have an impact on the
development and progression of the disease (Sullivan 2000, Dowlati
et al. 2010). In spite of the availability of many antidepressants, about
30% of all patients do not respond to conventional methods of therapy
(Al-Harbi 2012). Therefore, there is a strong need to understand the
mechanisms underlying depressive disorders, which may contribute to
the development of novel and personalized treatment options. It has
been found that MDDs frequently accompany many other medical
conditions, for example autoimmune diseases (ADs) caused by in-
flammation (Dantzer et al. 2008, Dowlati et al. 2010, Lotrich 2012,
Alcocer-Gomez et al. 2014). Thus, the role of immune impairment in
the course of depression has been studied for the past two decades
(Miller and Raison 2015). Nevertheless, the mechanisms underlying
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Fig. 1. The impact of inflammation on biological processes connected with neurotransmission.
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CRH - corticotropin-releasing hormone; ACTH - adrenocorticotropic hormone; IDO- indoleamine 2,3-dioxygenase enzyme; BH4 - tetrahydrobiopterin; SERT —
sodium-dependent serotonin transporter; BDNF — brain-derived neurotrophic factor.

this phenomenon remain unclear (Kessler and Bromet 2013). ADs re-
present a cluster of disorders accompanied by chronic inflammation,
which develop as a result of a reduction or loss of immunological tol-
erance to self-antigens (Anaya 2012). There is a growing body of evi-
dence indicating that several autoimmune diseases are characterized by
an increased immune response (Khaibullin et al. 2017). The aim of this
paper is to elucidate, based on the available research results and lit-
erature, the role of the relationship between the comorbidity of MDD
and ADs as well as the reaction to antidepressant treatment under
conditions with an altered immune response. We have put forward a
hypothesis that inflammation in the course of an autoimmune disease
may significantly reduce the chance of a positive response to MDD
treatment. In this article, instead of a systematic comprehensive lit-
erature review, we provided a meaningful synthesis of available lit-
erature data.

2. Depression and inflammation

Inflammation is characterized by a number of behavioral, auto-
nomic and endocrine changes that affect the balance of physiological

processes (Dantzer et al. 2008). Inflammatory processes cause a broad
spectrum of symptoms and behavioral changes observed in both illness
and depressive disorders. During inflammation, the most important
cells are macrophages (Jiang et al. 2014), since they stimulate the
immune system to produce prostaglandins and a variety of cytokines
(Sokol and Luster 2015). The secretion of pro-inflammatory cytokines
results in the release of C-reactive proteins (CRP) by the liver, thus
enabling stimulation of and communication with other cells of the
immune system (Sokol and Luster 2015). In patients suffering from
MDD, the activation of inflammatory pathways is manifested by sig-
nificantly elevated levels of acute phase proteins such as CRP, al-an-
titrypsin or haptoglobin (Raison et al. 2006). Moreover, the expression
of other inflammatory mediators, e.g. prostaglandins, adhesion mole-
cules and chemokines such as monocyte chemoattractant protein-1
(MCP-1) and E-selectin, is also higher. (Raison et al. 2006, Raison et al.
2009). In fact, prolonged activation of the immune system and
chronically persistent inflammation are strongly associated with the
development and progression of the disease. Patients with MDD have
higher levels of pro-inflammatory cytokines in blood, including inter-
leukin-la (IL-1a), interleukin-1B (IL-1B), interleukin 6 (IL-6), and
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tumor necrosis factor alpha (TNF-a) (Haapakoski et al. 2015). The
cytokines released during immune system stimulation modulate many
biological functions such as activation of the HPA axis (Hypothala-
mic-Pituitary—Adrenal axis), neuroplasticity and modification of neu-
rotransmitters metabolism. HPA axis activation by cytokines causes a
release of the corticotrophin-releasing hormone (CRH), adrenocortico-
tropic hormone (ACTH) and cortisol. Activated hypothalamus synthe-
tizes CRH, which binds to specific receptors in the anterior pituitary.
Subsequently, secreted ACTH causes release of glucocorticoids (GC) in
the adrenal glands (de Kloet et al. 2005).To reinstate homeostasis, this
process is regulated by negative feedback mechanisms, precisely GCs
bind to glucocorticoid receptors (GR) and further inhibit the release of
CRH. In MDD, the negative feedback is reduced by impaired sensitivity
of GRs and thus hypersecretion of CRH and increased synthesis of GCs
(Holsboer 2000, Pariante and Miller 2001). Moreover, cytokines are
found to be able to cause glucocorticoid resistance by direct interaction
with GR (Miller et al.1999; Pariante et al. 1999). The end products of
this system have. Been known to be able to cross blood-brain barrier
and influence the brain functioning, therefore leading to psycho-
pathology in nervous system (McKay and Cidlowski 2003).The levels of
all of these neurotransmitters have been found to be increased in MDD
patients (Pariante and Miller 2001, Pace et al. 2007). Apart from this,
the activity of the immune system also affects tryptophan metabolism.
Pro-inflammatory cytokines are involved in the regulation of the in-
doleamine 2,3-dioxygenase enzyme (IDO), which is responsible for the
conversion of tryptophan to kynurenine. Upregulation of IDO results in
a reduced amount of tryptophan as a serotonin precursor (Guillemin
et al. 2005, Fujigaki et al. 2006). Moreover, cytokines may interfere
with serotonergic neurotransmission by affecting SERT (sodium-de-
pendent serotonin transporter) enzyme activity (Zhu et al. 2006). Fur-
thermore, inflammation and cytokines have been shown to influence
dopamine (DA) synthesis through decreasing tetrahydrobiopterin
(BH4) availability. BH4 is an important enzyme cofactor for tyrosine
hydroxylase (TH) responsible for tyrosine to L-3,4-dihydrox-
yphenylalanine (L-DOPA) conversion during dopamine (DA) synthesis
(Neurauter et al. 2008). Simultaneously, BH4 is required for arginine to
nitric oxide (NO) conversion by nitric oxide synthase (NOS) (Haroon
et al. 2012). Cytokines can stimulate NOS activity, and thus increase the
utilization of BH4, which results in its deficiency in DA synthesis
(Cunnington and Channon 2010).

In addition, inflammatory mediators can negatively affect neuro-
transmission and neuronal integrity (Felger and Lotrich 2013). As
outlined above, inflammation affects many biological processes, such as
neurotransmitters metabolism, neuroplasticity, neuroendocrine func-
tion and brain activity, all of which are involved in the development
and progression of MDD (Fig. 1). Taken together, immune processes can
cause depression through at least several mechanisms of action.

3. The relationship between depression and autoimmune
disorders

The association between autoimmunity and mood disorders is
probably the result of increased inflammatory activity and has been
observed for various autoimmune diseases (Siegmann et al. 2018). Such
an association has also been found for depression (Chosidow et al.
2010, Kheirandish et al. 2015, Khaibullin et al. 2017, Muscatello et al.
2017, Marrie et al. 2018). Previously, studies focused on the prevalence
of mood disorders, especially depression, in patients suffering from
ADs; now, there is a growing body of evidence indicating that the as-
sociation may be bidirectional, and autoimmunity could be considered
a potential cause of certain mental disorders (Dowlatshahi et al. 2014).
Accordingly, patients suffering from ADs are exposed to a higher risk of
depression development (Euesden et al. 2017) induced by brain-re-
active antibodies or other inflammatory agents (Katzav et al. 2007,
Chen et al. 2009, Diamond et al. 2009). In addition, it was confirmed
that depressed patients with severe symptoms had increased levels and
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reactivity of autoantibodies (Diamond et al. 2009, Laske et al. 2008).
Andersson et al. (2015) found that rheumatoid arthritis, psoriasis vul-
garis, systemic lupus erythematosus, ulcerative colitis, Graves' disease,
multiple sclerosis, Crohn's disease and type 1 diabetes are the ADs most
frequently co-occurring with MDDs. Furthermore, an analysis per-
formed by Benros et al. (2013) established that a greater risk of de-
pression development is associated with autoimmune diseases sug-
gesting that autoimmunity is a significant factor in the pathophysiology
of mood disorders. The bidirectional interaction of the immune system
and the central nervous system may at least partially explain the re-
lationship between ADs and depression. Although inflammation may be
systemic, pro-inflammatory agents such as cytokines can affect the
brain causing a cascade of actions in the central nervous system leading
to pathologies (Hodes et al. 2014). Peripheral inflammation occurring
in autoimmune diseases is able to induce “sickness behavior”, i.e. a
group of behavioral and physiological changes present during infection
development such as fatigue, malaise and anhedonia (Dantzer et al.
2008). It has been revealed that even though inflammation is systemic
peripheral cytokines are able to affect and send a signal to the brain
through multiple pathways, including neural, cellular and humoral.
These mechanisms include: (i) passage of cytokines through leaky re-
gions in the blood brain barrier (BBB); (ii) active transport through BBB
via cytokine-specific transport molecules; (iii) activation of the cells
(e.g. endothelial cells) responsible for the release of inflammatory
mediators (e.g. prostaglandins); (iv) transmission of cytokine signals
through binding to specific receptors associated with afferent nerve
fibers including the vagus nerve (D'Mello et al. 2009, Dantzer et al.
2008, Miller et al. 2009).

MDD often accompanies many other medical conditions, being re-
lated to immune system disruption. In this section, we emphasize the
link between depression and autoimmune diseases in the context of
anomalous inflammatory activity.

3.1. Multiple sclerosis and inflammation

Multiple sclerosis (MS) is a demyelinating disease with a wide range
of clinical manifestations, the etiology of which has not been thor-
oughly defined so far. Patients with MS are found to have higher pre-
valence of major depression (Feinstein 2004). Moreover, MS is asso-
ciated with a predominantly Thl (T helper cells type I) cytokine
pattern, which is characterized by elevated levels of pro-inflammatory
cytokines, i.e. TNF tumor necrosis factor a (TNF-a), interleukin (IL-) IL-
6, IL-12, 11-23, and decreased levels of anti-inflammatory interleukins —
IL-10 (Kato and Suzumara 2003, Kang and Kim 2006, Khaibullin et al.
2017, Palle et al. 2017). Moreover, increased levels of CC and CXC
chemokines, which stimulate leukocyte recruitment, i.e. CCL4 (mac-
rophage inflammatory protein 1), CCL22 (macrophage-derived che-
mokine) and CXCL10 (interferon-gamma-induced protein 10), have
been found, suggesting T cell activation (Khaibullin et al. 2017). In-
terestingly, altered cytokine profiles in MS patients are similar to those
found in depressed patients (Ratchford 2008). Furthermore, mRNA le-
vels of IFN-y and TNF-a are increased in such patients and both cyto-
kines are correlated significantly with scores on the Beck Depression
Inventory (Kahl and Kim 2002).

3.2. Hashimoto's thyroiditis, Grave's disease, Type 1 diabetes and
inflammation

Changes in the level of proinflammatory cytokines are also found in
other autoimmune diseases such as Hashimoto's thyroiditis, Grave's
disease and Type 1 diabetes (T1D). Several studies have confirmed the
connection between symptoms of depressive episodes in individuals
suffering from T1D (Powers et al. 2016, Muscatello et al. 2017, Trief
et al. 2017). Moreover, it has been shown that the autoimmune re-
sponse in the disease is associated with the upregulation of IL-1, IL-2,
IL-12, IL-18 and IL-23/IL-17 (Kikodze et al. 2013, Costa et al. 2010). In
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case of Hashimoto's thyroiditis, a dominant immune response is char-
acterized by the increased expression of IL-2, IL-12, IL-18, IL-1f, IL-8,
IFN-y and TNF-a (Phenekos et al. 2004, Lichiardopol and Mota 2009,
Konca-Degertekin 2016), while Grave's disease is predominated by the
presence of Th2 (T helper cells type II) cytokines, i.e. IL-4, IL-5 and IL-6
(Phenekos et al. 2004).

3.3. Rheumatoid arthritis and inflammation

Rheumatoid arthritis (RA) is an autoimmune inflammatory disorder
with common fluctuations in the level of cytokines. RA is a syndrome
characterized by stiffness, inflammation and pain leading to articular
destruction and functional decline. Furthermore, patients with RA are
exposed to a higher risk of depressive disorders than the general po-
pulation (Mateen et al. 2017, Marrie et al. 2018). Cytokines such as
TNF-a, IFN-y, IL-1, IL-12 play an important role in the pathophysiology
of RA. Moreover, studies have confirmed elevated levels of IL-1(3, IL-6,
IL-17 as well as TNF-a in RA patients (Mateen et al. 2017). Interest-
ingly, several of those cytokines, e.g. TNF-a as well as IL-6, have been
linked to depressive disorders (Hodes et al. 2016). Based on this, in-
flammation may be a potential factor increasing the risk of depression
in people with RA.

3.4. Psoriasis vulgaris and inflammation

Psoriasis vulgaris is a chronic, multisystemic, immune-mediated
disorder with unknown etiology (Menter et al. 2010). It has been
confirmed that pro-inflammatory cytokines are also involved in its
pathogenesis and progression. Patients with psoriasis are found to have
elevated levels of TNF-a, IL-12, IL-17, IL-23 and IFN-y (Baliwang et al.
2015). Based on screening studies, depression may affect up to 55% of
patients with psoriasis, while the incidence of mood disorders is higher
in the case of severe psoriasis compared to its mild form (Chosidow
et al. 2010).

3.5. Systemic lupus erythematosus and inflammation

A similar trend can be found in systemic lupus erythematosus (SLE),
i.e. a chronic and progressive disorder affecting multiple organs with a
wide range of clinical manifestations. In the course of the disease both
innate and adaptive immune systems become dysfunctional (Guervitz
et al. 2013). Interestingly, the prevalence of depression in the people
suffering from SLE is two times higher compared to the general popu-
lation (Bachen et al., 2009, Kheirandish et al. 2015). Furthermore, it
seems that SLE is an autoimmune disease with a prevailing Th2 re-
sponse. On the other hand, during advanced stages of the disease, an
ongoing Thl response is observed, characterized by elevated levels of
IL-12, IL-17 IL-23, IL-18, TNF-a, as well as IFN-y (Nakashima et al.
2006, Mangini et al. 2007, Mok et al. 2010).

4. Inflammation and response to treatment
4.1. Inflammation and pharmacotherapy

Psychopharmacological approaches to MDDs include many types of
therapies. Several antidepressant drugs are available, which provide
different mechanisms of action (Table 1). Most of them usually affect
the metabolism of monoamines. It is known that some antidepressants
have anti-inflammatory and neuroprotective activity, which may partly
be attributed to their ability of downregulation of pro-inflammatory
cytokine production and upregulation of the production of anti-in-
flammatory cytokines (Obuchowicz et al. 2014). Interestingly, evidence
suggests that insufficient therapeutic benefits of antidepressant treat-
ment may be related to immune system impairment (Carvalho et al.
2013).

The therapeutic effects of antidepressant drugs on the levels of pro-
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inflammatory cytokines have been investigated in many studies (Xia
et al., 1996, Maes et al. 2005, Obuchowicz et al. 2014). Drugs from the
group of tricyclic antidepressants (TCA) as well selective serotonin re-
uptake inhibitors (SSRI) have anti-inflammatory effects on cytokine
secretion. Drugs from both groups, including imipramine and fluox-
etine, are able to decrease the levels of IL-6, IL-1 and TNF-a, while
imipramine has the additional ability to prevent morphological changes
and activate microglia (Obuchowicz et al. 2014). Furthermore, these
antidepressants are capable of reducing the levels of IFN-y. Moreover,
the investigated antidepressants increase the secretion of anti-in-
flammatory cytokines, e.g. IL-4 (Alboni et al. 2013). In addition, a
pharmacotherapy based on the application of antidepressant drugs di-
minishes CRP concentrations (Hiles et al. 2012). On the other hand,
mirtazapine, which belongs to the group of third-generation drugs,
increases the production of IL-22 (Munzer 2013). There is also evidence
that the success rate of the therapy increases when the antidepressants
are combined with anti-inflammatory drugs (Akhondzadeh et al., 2009,
Hashemian et al., 2011, Abbasi 2012). The prominent example includes
nonsteroidal anti-inflammatory drugs (NSAIDs), such as selective cy-
clooxygenase-2 (COX-2) inhibitors. As mentioned previously, pro-in-
flammatory molecules can trigger a cascade of inflammatory processes,
including induction of cyclooxygenases (COXs) — main enzymes in-
volved in prostaglandin production (Harden et al., 2015). Treatment
targeting COX enzymes may have an advantageous result in MDD pa-
tients with increased levels of pro-inflammatory cytokines. The patients
who received add-on medication of celecoxib (COX-2 inhibitor) showed
a significant improvement in scores on the Hamilton Depression Rating
Scale (Miiller et al., 2006). Moreover, it has been shown that celecoxib
reduces serum IL-6 concentration and increases treatment response in
MDD patients (Abbasi et al., 2012). Those studies suggest an adjuvant
role of NSAIDs in MDD treatment. In addition, there are several other
drugs providing an anti-inflammatory mechanism of action which may
enhance the effects of antidepressant drugs. Particularly, statins, i.e. a
group of lipid-lowering medications, display properties allowing for the
reduction of depressive symptoms. One study indicates that the anti-
depressant effect of fluoxetine increases when this drug is administrated
with lovastatin (Ghanizadeh 2013). Similar properties are demon-
strated by simvastatin. Simvastatin-treated patients experienced a
greater response to antidepressant treatment as well as significantly
more pronounced reduction in Hamilton Depression Rating Scale
(HDRS) scores (Gougol 2015).

4.2. Impact of inflammatory processes on response to treatment

It has been reported that patients who do not respond to anti-
depressant treatment are more likely to have higher rates of in-
flammatory markers compared to the responding ones. Moreover, pa-
tients who do not respond to antidepressants exhibit increased
inflammatory markers compared to those after a successful therapy
(Strawbridge et al. 2015). This was further confirmed when Haroon
et al. (2018) reported that a number of failed antidepressant treatment
attempts was associated with increased plasma levels of inflammation
markers, i.e. TNF-a, IL-6, STNFR2 and CRP. Furthermore, there are a
few studies indicating an association between increased TNF levels in
patients and unsuccessful therapy (Eller et al. 2008, Gupta et al. 2016,
Strawbridge et al. 2015). CRP is considered to be another candidate for
being a marker or risk factor for treatment-resistant depression
(Chamberlain et al. 2018, Raison et al. 2013, Haroon 2018). It has been
found that a subgroup of patients with such type of depression have
increased concentrations of CRP compared to other patients
(Chamberlain et al. 2018). Another study showed higher levels of CRP
in patients with multiple antidepressant treatment trials (Haroon
2018). Additionally, depressed patients with high rates of inflammatory
agents respond better to novel or adjuvant therapies than conventional
treatment (Jha et al. 2017, Yang et al. 2015, Shelton et al. 2015). The
mentioned evidence proves that non-responsiveness to traditional
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Classification of antidepressant drugs (National Collaboration Centre for Mental Health 2010).

Antidepressant drugs group Mechanism

Example

Tricyclic antidepressants (TCAs)

Selective serotonin reuptake inhibitors
(SSRIs)
Monoamine oxidase inhibitors

Increasing noradrenergic and serotonergic neurotransmission by inhibiting the reuptake of
monoamine neurotransmitters into the pre-synaptic neuron
Inhibiting the reuptake of serotonin into the presynaptic neuron

Increasing monoamine neurotransmission by binding irreversibly to monoamine oxidase

Amitriptyline, Imipramine, Doxepin,
Nortriptyline

Citalopram, Fluoxetine, Fluvoxamine,
Paroxetine, Sertaline

Maclobemide, Phenelzine

(enzyme that degrades monoamine neurotransmitters e.g. serotonin and NA)

‘Third-generation’ drugs

Variable types of action, including inhibition of the reuptake of monoamines as well as

Duloxetine, Mirtazapine, Venlafaxine

blocking receptors that modulate release of neurotransmitters

treatment may be related to inflammation.

4.3. Inflammatory mechanisms affecting response to treatment

Inflammation in the course of depression may influence the effec-
tiveness of treatment with antidepressants via several mechanisms of
action (Miller and Raison, 2015). The majority of traditional anti-
depressant drugs used in the pharmacotherapy of MDD exert a clinical
effect by blocking the reuptake of monoamines, e.g. SSRIs inhibit the
reuptake of serotonin (National Collaborating Centre for Mental Health
2000). In fact, pro-inflammatory cytokines disrupt this mechanism of
action by increasing the expression and, hence, the function of mono-
amine transporters, mainly those for serotonin. More precisely, TNF
and IL-1p activate p38 MAPKs (mitogen-activated protein kinases),
which results in an increased activity of monoamine transporters, thus
decreasing availability of serotonin in the synapses (Zhu et al. 2010).
Inflammatory cytokines have also been shown to reduce neuro-
transmitter synthesis by modulating the activity of the enzymes in-
volved in monoamine synthesis, including indoleamine 2,3 dioxygenase
(IDO) (Capuron et al. 2013). Additionally, inflammatory processes may
be associated with disruptions in glutamate metabolism (Haroon et al.
2016). It has been shown that pro-inflammatory proteins, including
cytokines, can simultaneously increase the release of glutamate by as-
trocytes and decrease glutamate reuptake through downregulation of
its transporters. In consequence, elevated concentrations of this neu-
rotransmitter may result in a reduction in the brain-derived neuro-
trophic factor (BDNF), which can lead to neurotoxicity (Haroon et al.
2017).

5. Impact of anti-inflammatory agents on depressive symptoms

As mentioned above, pro-inflammatory cytokines and other immune
agents are upregulated in various autoimmune diseases, while their
elevated levels may affect response to antidepressant treatment. These
facts have allowed putting forward a hypothesis that co-occurrence of
autoimmune diseases in the course of depressive disorders may reduce
the chance of a positive response to treatment. Moreover, some piece of
evidence shows that this relation is bidirectional, and depression may
affect the efficacy of treatment in autoimmune diseases. Nonetheless,
the administration of several anti-inflammatory and biological agents in
AD therapy is positively correlated with decreased depressive symp-
toms (Uguz et al. 2009, Figueiredo-Braga et al. 2018). The anti-
depressant properties of anti-cytokine agents have been investigated in
recent studies (Table 2).

In case of rheumatoid arthritis, the co-existence of MDD weakens
the response to disease-modifying antirheumatic drugs (DMARDs) and
glucocorticoid treatment (Matcham et al. 2016). Hider et al. (2009)
evaluated the impact of anti-TNF therapy in depressed RA patients on
their mood alterations. This study showed that patients with severe
depression were more likely to respond worse to a therapy based on
cytokine inhibitors. Nevertheless, Braga et al. (2018) investigated the
influence of the use of biological therapeutics on depressive symptoms,
i.e. Abatacept, Adalimumab, Etanercept, Golimumab, Infliximab,

Rituximab and Tocilizumab; however, the results were inconclusive.
Researchers found that several biological drugs used in RA therapy
were able to lessen depressive symptoms. It was indicated that using
Tocilizumab - an IL-6 inhibitor — in the patients with RA led to an
improvement in the symptoms of depression. In addition, Sulfasalazine
— a non-biological agent — has a therapeutic impact on symptoms of
depression (Figueiredo-Braga et al. 2018). However, other biological
medications, i.e. Abatacept, Adalimumab and Golimumab, show nei-
ther positive nor negative correlation with depression (Figueiredo-
Braga et al. 2018). Another research investigated whether TNF-a an-
tagonists, i.e. Etanercept or Infliximab, could have an impact on the
severity of symptoms of depression in patients suffering RA. This fur-
ther confirms that the use of anti-TNF drugs may lower the prevalence
of depression symptoms (Uguz et al. 2009).

According to a growing number of research studies on the interac-
tions between psoriasis and depression, biological therapeutics com-
monly used in the treatment of this type of AD, i.e. TNF-a inhibitors,
IL12/23 blockers and IL-17 blockers, may be potentially used in the
therapy of depression (Patel et al. 2017). Data confirmed an almost
50% reduction in depressive disorders in the patients with psoriasis and
psoriasis arthritis who were treated with anti-TNF-a biological medi-
cations (Wu et al. 2016). According to other research, Etanercept re-
duced depression symptoms (Tyring et al. 2006). Moreover, as com-
pared to the placebo group, Adalimumab displayed properties in
reducing symptoms of depression in the patients suffering from mod-
erate to severe psoriasis (Menter et al. 2010). Another research, con-
ducted by Wu et al. (2016), confirmed the antidepressant effect of anti-
TNF-a therapy using Etanercept, Adalimumab or Golimumab in the
treatment of psoriasis. The drop of depression prevalence was observed
within the first 3 months and continued for the next 24 months (Wu
et al. 2016). Furthermore, other cytokine inhibitors, particularly Bro-
dalumab, Secukinumab and Ixekizumab belonging to the group of IL-17
inhibitors, as well as Kriakinumab and Ustekinumab from the group of
IL-12/23 inhibitors, also play an important role in depression treat-
ment. Moreover, Ustekinumab has been found to reduce depression
symptoms and decrease the risk of depression development by more
than 50%, as measured by the Hospital Anxiety and Depression Scale
(HADS) (Langley et al. 2010).

Infliximab is also associated with decreased symptoms of depression
in patients with Crohn's disease (CD) and ulcerative colitis (UC), which
are the principal types of the inflammatory bowel disease (IBD)
(Guloksuz et al. 2013, Horst et al. 2015). Guloksuz et al. (2013) re-
ported that Infliximab distribution was positively correlated with a
significant reduction in Hamilton Depression Rating Scale (HDRS) and
Beck Depression Inventory (BDI) scores. This discovery is in line with a
retrospective study of IBD patients. A reduction in the severity of de-
pression symptoms occurred in investigated patients suffering from CD
as well as UC treated with Infliximab. Moreover, the probability of
development of depressive disorders, measured as a percentage of pa-
tients with IBD exposed to the risk of depression, was reduced as a
result of treatment based on the administration of Infliximab. In case of
CD patients, the risk decreased by about 30% and for UC the risk was
reduced by 18% (Horst et al. 2015).
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Table 2
Summary of the studies assessing pro-inflammatory agents in the treatment of depressive symptoms.
Drugs Medical condition Result Authors
Tocilizumab Patients with RA and depressive symptoms Tocilizumab was associated with decreased depressive symptoms Figueiredo-Braga et al.

TNF-a antagonists ~ Patients with RA diagnosed with psychiatric disorders

Patients with psoriasis vulgaris or psoriatic arthritis
Patients with inflammatory bowel disease

TNF-a antagonists may have an impact on the severity of depressive
symptoms

Anti-TNF-a reduced symptoms of depressive disorders in patients
Anti-TNF-a reduced the risk from moderate to severe

Adalimumab displayed properties in reducing depressive symptoms
Etanercept was found to reduce depression symptoms

Ustekinumab reduced depression symptoms and decreased the risk of

2018
Uguz et al., 2009

Wu et al. 2016
Horst et al. 2015
Menter et al. 2010
Tyring et al. 2006

Langley et al. 2010

depression development

Adalimumab Patients with moderate to severe psoriasis vulgaris

Entanercept Patients with moderate to severe psoriasis and
symptoms of depression

Ustekinumab Patients with psoriasis vulgaris

Infliximab Patients with Crohn's disease

Patients with ankylosing spondylitis
Patients with ankylosing spondylitis
Patients with treatment-resistant depression

Infliximab reduced the severity of depressive symptoms
Infliximab may be effective in depression treatment
Infliximab reduced depressive symptoms

Infliximab reduced levels of inflammatory biomarkers

Guloksuz et al., 2013
Ertenli et al., 2012
Ersozlii-Bozkirl et al. 2015
Raison et al., 2013

A potential role of Infliximab in the treatment of depressive symp-
toms was suggested in a longitudinal study involving patients with
ankylosing spondylitis (Ertenli et al. 2012). TNF-a inhibitor adminis-
tration was associated with lower BDI scores. Bozkirli et al. (2015)
observed similar results in a prospective observational study of patients
with AS. A diagnosis of depression, carried out using BDI before and
after Infliximab administration, demonstrated an improvement in de-
pressive symptoms after a 12-week period (Ersozlii-Bozkirl et al. 2015).

There are also studies evaluating inhibitors of cytokines as potential
therapeutics in patients with depressive disorders without any accom-
panying autoimmune disease. Recently published meta-analysis sub-
jected randomized clinical trials (RCTs) studying the effect of anti-in-
flammatory drugs on patients with MDD and depressive symptoms. It is
particularly significant paper, since it is the first study collecting evi-
dence from all RCTs investigating antidepressant treatment effects of
anti-inflammatory agents. Authors analyzed 36 RCTs, examined
NSAIDs, cytokine-inhibitors, statins, minocycline, pioglitazone and
glucocorticoids. It revealed that among investigated RCTs, administra-
tion of anti-inflammatory drugs improved antidepressant treatment
compared to placebo. Moreover, both NSAID and cytokine-inhibitors
monotherapy exerted a better improvement in depressive symptoms
than placebo. (Kohler-Forsberg et al. 2019). Similarly, Maes et al.
conducted a randomized controlled trial using Infliximab and involving
patients with a major depressive disorder (MDD) as well as anti-
depressant-resistant depression. Despite the fact that the trial was in-
terrupted predominantly, Infliximab exerted some therapeutic effects
(Maas et al. 2010). Another research confirmed that TNF-a inhibition
did result in a significant change in Hamilton Depression Rating Scale
scores in the patients suffering from treatment-resistant depression and
receiving Infliximab as compared to the group taking placebo (Raison
et al. 2013). Nonetheless, a significant correlation was found between
anti-inflammatory treatment and the baseline level of inflammatory
biomarkers, namely the patients with elevated CRP concentrations ex-
hibited a superior treatment response (Raisson et al. 2013). Although
IL-6 inhibition is associated with a reduction in the severity of de-
pressive symptoms in comorbidities such as RA, there have been no
studies to date on the efficacy of IL-6 inhibitors in MDD patients
without autoimmune diseases. Several trials of treatment with biolo-
gical agents in mental disorders have been conducted. For instance,
clinical studies investigating the effect of Sirukumab (NCT02473289)
and Tocilizumab (NCT02660528) have been completed recently;
however, the results have not been published yet.

There is also an extensive number of RCTs investigating the role of
Omega-3 polyunsaturated fatty acids (PUFAs) in depression, which
were the subject of several precise meta-analyses. These meta-analyses
confirmed that supplementation with both eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) showed beneficial results in MDD.

(Grosso et al., 2014, Hallahanet al., 2016, Lin et al., 2012, Lin and Su,
2007, Martins, 2009, Mocking et al., 2016, Sublette et al., 2011).
Moreover, both DHA and EPA were well-tolerated by patients (Su et al.,
2014) and significantly associated with decreased severity of MDD (Su
et al., 2018). Interestingly, it is suggested that EPA, which is considered
as one of the major anti-inflammatory nutraceutical agents, exerts
better effect than DHA (Su, 2009, 2012, Su, 2015, Su et al., 2014, Su
et al., 2018).

5.1. Depressive disorders and multiple sclerosis

Although depression and multiple sclerosis often coexist, there are
very few studies examining MDD treatment in patients suffering from
MS, being mainly based on the administration of antidepressant drugs.
Although a high percentage of individuals were treated successfully
(Patten 2009), depressive symptoms still persisted in some patients
(Raissi et al. 2015). Interestingly, it has been found that sertraline
treatment effectively reduces depression when measured with BDI, but
not with HDRS (Mohr et al., 2001a, b). Similarly, paroxetine does not
result in a significant improvement of the HDRS score as compared to
placebo (Ehde et al. 2008). Another study conducted by Mohr et al.
(2001a, b) provides data suggesting that decreased depressive symp-
toms in MS during treatment with Sertaline are associated with reduced
levels of IFN-y expression, measured with the use of the enzyme-linked
immunosorbent assay (Mohr et al., 2001a, b). According to the Amer-
ican Academy of Neurology, the amount of evidence is insufficient to
either refute or support the hypothesis that antidepressant therapy is
effective in MS patients with depression (Minden et al. 2014). Even
though there is no study indicating that a poorer response to treatment
in patients with MS is associated with inflammation, inflammatory
agents including cytokines may be a potential cause of this. As men-
tioned previously, inflammatory processes may contribute to decreased
antidepressant efficacy. There is a large body of evidence indicating
that the non-responsiveness is associated with higher rates of in-
flammatory markers (Strawbridge et al. 2015, Haroon et al. 2018),
which allows us to suppose that elevated levels of cytokines, i.e. TNF-a,
IL-6, IL-12 and 1I-23, in MS patients may be factors influencing anti-
depressant therapy.

6. Future perspectives

The data collected in this review have shown some promising in-
formation. Although autoimmune diseases and depression retain their
own individual sets of inflammatory cytokines in their pathogenesis and
course of the disease, many alterations in cytokines can be found in
both disorders. The research studies evaluating therapy with cytokine
inhibitors in patients with depressive disorders without any
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autoimmune comorbidities are limited. Nonetheless, those studies
provide data regarding a potential antidepressant role of cytokine
blockers. The antidepressant efficacy of these biological agents has been
confirmed mainly in the studies that evaluated reduction in the severity
of depressive symptoms assessed as a secondary outcome in auto-
immune diseases. A disruption of the immune system in depressive
disorders is clearly dissimilar to any other inflammatory condition. In
fact, there is a limited number of available cytokine inhibitors that
could be used as pro-inflammatory cytokine blockers in the course of
depression. Furthermore, some patients respond to antidepressant
therapy, whereas many individuals are more likely to be non-re-
sponders. Thus, the heterogeneity of MDD patients may be another
limitation of using this type of treatment. It is known that prolonged
activation of the immune system and chronically persistent inflamma-
tion are strongly associated with the development and progression of
MDD (Haapakoski et al. 2015). Furthermore, an elevation of pro-in-
flammatory agents may affect response to antidepressant treatment.
Thus, targeting inflammatory pathways, particularly in proin-
flammatory cytokines, may be promising for the treatment of the dis-
ease. Therefore, there is a strong need for future research in this field,
which may contribute to the development of novel and personalized
therapeutic methods.

7. Conclusion

The objective of this review was to evaluate the relationship be-
tween an altered immune response in both depressive disorders and
autoimmune diseases, and a response to treatment in depression ac-
companied by autoimmune disorders. Another purpose of this study
was to assess the efficacy of cytokine inhibitors in reducing the severity
of depressive symptoms in AD patients suffering from MDDs. The fac-
tors contributing to the coexistence of depression as well as the ones
affecting antidepressant treatment effectiveness may lead to an altera-
tion of cytokine profiles in many autoimmune diseases. Furthermore,
inhibition of pro-inflammatory cytokines may serve as a helpful ther-
apeutic approach in depression in the case of lack of response to con-
ventional and traditional treatment options.
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Abstract

The purpose of the preliminary study was to determine whether the occurrence of certain SNPs of genes encoding IL-1a, IL-
14, and TNF-a is associated with the development of depression. Five polymorphisms were selected: i.e. c.-1560G >C—IL-1
(rs1143623), c. -118 C>T—IL-1 (rs1143627), c.340G > T—IL-1a (rs17561), ¢.-1211T > C—TNF-a (rs1799964) and c.-
488G > A—TNF-a (rs1800629). These were analyzed using TagMan probes. The genotypes of the analyzed polymorphisms
were found to be associated with disease severity and may affect the effectiveness of antidepressant therapy. In addition, the
gene—gene analysis confirmed that combined genotypes of investigated SNPs may modulate the risk of depression.

Keywords Major depressive disorder - Inflammation - Single nucleotide polymorphism - Cytokine

Introduction

The expression of pro-inflammatory cytokine genes can
be modulated by the presence of single nucleotide poly-
morphisms (SNPs) within them (Martin et al. 2015). Such
modulation may be related with age of onset, severity of epi-
sodes and suicidal tendencies in major depressive disorder
(MDD) (Kim et al. 2013; Luckhoff et al. 2014; Omrani et al.
2009). The present paper examines the effect of the SNPs
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c.-1560G > C—IL-1p (rs1143623), c. -118 C>T—IL-1p
(rs1143627), ¢.340G>T—IL-1a (rs17561), c.-
1211T > C—TNF-a (rs1799964) and c.-488G > A—TNF-a
(rs1800629). All are located in the coding, promotor or
regulatory region of the genes, and hence can affect mRNA
stability, degradation and expression, resulting in changes
in the activity of the final protein product (Prokunina and
Alacron-Riquelme 2004; Roden et al. 2006).

Materials and Methods
Subjects

The study included 270 patients with depression hospital-
ized at the Department of Adult Psychiatry of the Medi-
cal University of Lodz, and 231 volunteers without health
problems, selected randomly (Table 2). The inclusion and
exclusion criteria, diagnosis and severity assessment were
performed as described previously (Czarny et al. 2018). The
study protocol was approved by the Bioethics Committee of
the Medical University of Lodz (No. RNN/70/14/KE).
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SNP Selection and Genotyping

To this study we selected polymorphisms, located
in the coding or regulatory region of the genes,
i.e.: ¢.-1560G>C—IL-1p, c. -118 C>T—IL-1p,
c.340G>T—IL-1a, ¢.-1211T > C—TNF-a, and c.-
488G > A—TNF-a. DNA isolation, and SNP selection and
genotyping were conducted as described previously (Czarny
et al. 2018).

Statistical Analysis

The descriptive statistics are shown as means + SD or as
medians with interquartile ranges. Normality of the studied
group was verified with the Shapiro—Wilk test, homogeneity
of variance was checked with Brown—Forsythe test. Accord-
ingly, either the unpaired Student’s ¢ test or Mann—Whitney
U test was used. Some bivariate and multivariate analyses
were performed using resampling with replacement (the
bootstrap-boosted versions of the tests, 10,000 iterations)
to make sure that the revealed differences were not detected
by pure chance.

An unconditional multiple logistic regression model was
used to calculate the associations between the studied poly-
morphisms and the occurrence of disease. The results are
shown as odds ratios (ORs) with 95% confidence interval
(£95% CI). Since women tend to display a greater risk of
depressive disorders then men, the OR values were also
adjusted for sex (Clerci et al. 2009). In addition, the signifi-
cant outcomes were further validated with the use of two
approaches: the bootstrap-boosted multiple logistic regres-
sion (resampling with replacement, 10,000 iterations) and
the cross-validated logistic regression (corresponding to the
d-jackknife technique), with the patient group acting as the
modelled class. This was intended to overcome any possible
bias related to relatively low sample sizes. The goodness
of fit of logistic regression models showing a significant
degree of discrimination between controls and patients was
estimated with Hosmer—Lemeshow test.

The analysis of the collected data was performed in Sta-
tistica 12 (Statsoft, USA), SigmaPlot 11.0 (Systat Software
Inc., USA), Resampling Stats Add-in for Excel v.4 (Arling-
ton, USA) and StudSize3.02 (CreoStat HB, Sweden).

Results

The distribution of genotypes and alleles was in agreement
with the Hardy—Weinberg equilibrium.

To investigate the impact of the studied SNPs on the
effectiveness of antidepressant therapy, patients were divided

@ Springer

into two groups: one with a Hamilton Rating Scale score less
than 7 points after treatment (marked as effective therapy)
and another with more than 7 points (marked as ineffective
therapy). For rs1799964, it was found that the T/T genotype
and the T allele were associated with low effectiveness of
pharmacotherapy, and the C/T genotype and C allele with
positive response to the treatment (Table 1).

Patients with G/C and C/C genotypes of rs1143623 dem-
onstrated different levels of disease severity based on the
Hamilton Depression Rating Scale (Fig. 1).

The combined genotypes of rs1143623-rs1799964,
rs1143627 rs17561 and rs1143627-1rs1799964 decreased the
risk of depression occurrence, while rs1143627-rs1800629
increased this risk (Table 2).

Discussion

The study describes the genotypes of five SNPs located in
IL-1p, IL-1a and TNF-a. It is the first to confirm the associa-
tion between gene—gene interaction and the development of
major depressive disorder (MDD). It is also the first study
to show a link between the presence of SNPs and the effec-
tiveness of depression treatment, particularly in case of
rs1799964, in which the T/T genotype and the T allele were
associated with low effectiveness, and the C/T genotype and
C allele, associated with a positive treatment response. Exact
mechanism of this phenomenon has not been elucidated.
However, T allele of mentioned SNP is associated with
higher expression of TNF-a, that act pro-inflammatory and
could interfere with mechanism of antidepressants action.
Moreover, C/T genotype and C allele are associated with
decreased serum TNF-a level and thus reduction of inflam-
mation, which may act synergistically with the anti-inflam-
matory mechanism of action of antidepressants (Cui et al.
2012). This discovery could contribute to the selection of
effective, personalized pharmacotherapy. We also found that
carriers of C/C genotype of rs1143623 are exposed to more
severe depressive episode than G/C carriers. It is established
that higher level of cytokines is related with intensification
of depression symptoms. Therefore, allele G of the SNP,
which is associated with decreased pro-inflammatory IL-1/
expression could predict less severe disease manifestation
(Chen et al. 2006).

Our findings confirm that the G/C-T/C genotype of
1s1143623-rs1799964 decreased the risk of MDD. Inter-
estingly, rs1143623 was found to affect the activity of
the IL-1p promoter; the presence of the minor G allele
decreased expression of the gene, possibly by disturbing
the GATA motif (Chen et al. 2006; Kapelski et al. 2016).
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Table 1 Impact of
¢.-1560G>C—IL-1p
(rs1143623), c. -118

C>T—IL-1p (rs1143627),
¢.340G >T—IL-1a (rs17561),

c.-1211 T> C—TNF-a
(rs1799964) and
c.-488G > A—TNF-a

(rs1800629) polymorphisms

on effectiveness of the
antidepressant treatment

Genotype/Allele  Responsive* patients Unresponsive* Crude OR (95% CI)* )4
patients

Number Frequency Number Frequency

c.-1560G > C—IL-1p (rs1143623)

G/IG 13 0.087 8 0.110 1.297 (0.512-3.284) 0.583
G/C 52 0.347 18 0.247 0.617 (0.329-1.158) 0.132
c/IC 85 0.567 47 0.644 1.382 (0.776-2.463) 0.272

x>=0.333; p=0.564
G 78 0.260 34 0.233 0.882 (0.574-1.355) 0.566
C 222 0.740 112 0.767 1.134 (0.738-1.742) 0.566

c.-118C>T—IL-1p (1s1143627)
c/IC 71 0.473 34 0.466 0.970 (0.554-1.699) 0.915
T/C 59 0.393 27 0.369 0.905 (0.508-1.612) 0.735
T/T 20 0.133 12 0.164 1.279 (0.588-2.783) 0.536
x>=0.144; p=0.704
T 201 0.667 95 0.651 0.927 (0.627-1.370) 0.704
C 99 0.333 51 0.349 1.079 (0.730-1.595) 0.704
¢.340G>T—IL-1a (rs17561)
G/G 79 0.527 38 0.521 0.976 (0.557-1.708) 0.932
G/T 58 0.387 29 0.397 1.045 (0.590-1.853) 0.879
/T 13 0.087 6 0.082 0.944 (0.344-2.592) 0.911
x>=0.0003; p=0.986
G 216 0.720 105 0.719 0.996 (0.646-1.536) 0.986
T 84 0.280 41 0.281 1.004 (0.651-1.548) 0.986
¢.-1211 T> C—TNF-a (rs1799964)
T/T 94 0.627 60 0.822 2.750 (1.386-5.454)"7%  0.004

£2.750 (1.386-5.454) 0.004
2,750 (1.386-5.454) 0.004
C/T 45 0.300 12 0.164 0.459 (0.226-0.934)"7 0,032
%0.459 (0.226-0.934) 0.032
©0.459 (0.226-0.934) 0.032

c/C 11 0.073 1 0.014 0.176 (0.022-1.386) 0.099
x>=10.498; p=0.001
T 233 0.777 132 0.904 2.474 (1.358-4.507)"7  0.003

b2.474 (1.358-4.507) 0.003
©2.474 (1.358-4.507) 0.003
C 67 0.223 14 0.096 0.404 (0.222-0.736)*7  0.003
%0.404 (0.222-0.736) 0.003
©0.404 (0.222-0.736) 0.003
c.-488G > A—TNF-a 151800629

AIA 2 0.013 1 0.014 1.028 (0.092-1.523) 0.982
G/A 44 0.293 19 0.260 0.848 (0.451-1.592) 0.607
G/G 104 0.693 53 0.726 1.172 (0.630-2.180) 0.616

x?=0.215; p=0.643
A 48 0.160 21 0.144 0.873 (0.489-1.557) 0.644
G 252 0.840 125 0.856 1.146 (0.642-2.04) 0.644

“Responsive patients are patients, who have responded positively to therapy of SSRIs, while unresponsive
patients have not responded to this therapy; ‘adjusted OR’ means OR adjusted for sex; for significant com-
parisons the superscript ” means the bootstrap-boosted OR (resampling with replacement, 10,000 itera-
tions); < means the cross-validated OR. Statistical power (1-p) for significant comparisons given in super-
scripts

p<0.05 along with corresponding ORs are in bold

@ Springer
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Fig. 1 Distribution of the severity of episode (before therapy) and
single nucleotide polymorphisms of genes encoding pro-inflamma-
tory cytokines c.-1560G > C—IL-1p (rs1143623), c. -118 C > T—
IL-1p (rs1143627), ¢.340G > T—IL-la (rs17561), c.-1211T > C—
TNF-o (rs1799964) and c.-488G > A—TNF-a (rs1800629). The
horizontal lines denote the median, while the whiskers show the inter-
quartile range. Significance of differences estimated with Kruskal-

Rs1799964 is located in the promoter region and its T/C
and C/C genotypes were associated with decreased serum
TNF-a levels. This study also reported higher gene expres-
sion with the T allele, compared to allele C (Cui et al. 2012).
Interestingly, the risk of depression was reduced in cases
with the T/C—C/T genotype of rs1799964-1s1143627, with
rs1143627 being located in the TATA-box motif of the pro-
moter region (El-Omar et al. 2000). Depression was also
less likely in the G/T-C/T genotype of rs17561-rs1143627.
Interestingly, rs17561 was associated with ovarian cancer
risk (White et al. 2012). This is the first study examining
the association between rs1143627 or rs17561 and MDD.

@ Springer
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Wallis, followed by the post-hoc multiple comparison Conover-Inman
test; the Benjamini-Hochberg correction was used to validate the sig-
nificant values of the post-hoc P for multiple variables: P = 0.0477,
c.-1560G > C—IL-1p (rs1143623), P = 0.1466, c. -118 C > T
IL-1P (rs1143627), P = 0.6597, ¢.340G > T—IL-1a (rs17561), P =
0.5248, c.-1211T > C—TNF-a (151799964), P = 0.2026, c.-488G >
A—TNF-a (rs1800629)

The G/G-C/C combined genotype of
rs1800629-rs1143627 was found to decrease the risk of
depression. In addition, allele A of rs1800629 was found to
be associated with the occurrence of depression (Jun et al.
2003) and with earlier age of onset (Luckhoff et al. 2014).
However, the G/G genotype was correlated with suicidal
attempts in depression (Kim et al. 2013). Accordingly, this
variant was recorded to be more frequent in subjects who
had attempted suicide than in a control group (Omrani et al.
2009).

The main limitation of our preliminary work is its rela-
tively small sample size. However, to minimise the risk of
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obtaining false positive results, two resampling approaches
were performed. Another limitation was the ethnic homo-
geneity of the studied group, which reduces the potential
to extrapolate the results to other ethnic groups. Therefore,
these results should be interpreted with caution and consid-
ered preliminary.

Conclusion

The SNPs of genes encoding pro-inflammatory cytokines
may have impact on the risk and treatment of depression.
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ABSTRACT

Background: Activation of the immune system might affect the severity of depressive
episodes as well as response to the antidepressant treatment. The purpose of this
study was to investigate whether the occurrence of variant alleles of analyzed SNPs
are involved in prevalence and progression of depression. Moreover, selected genes
and SNPs have not been investigated in context of the disease severity and treatment.
Therefore, six polymorphisms were selected: g.41354391A>G-TGFBI (rs1800469),
g.132484229C>A-IRF (rs2070729), g.186643058 A>G-PTGS2 (rs5275),
g.186640617C>T-PTGS2 (rs4648308), g.70677994G>A-TGFA (rs2166975) and
g.42140549G>T-IKBKB (rs5029748).

Methods: A total of 360 (180 patients and 180 controls) DNA samples were
genotyped using TagMan probes.

Results: We observed that A/G of the rs2166975 TGFA, A/C of rs2070729 IRF1 and
G/T of rs5029748 IKBKB were associated with an increased risk of depression
development while the T/T of rs5029748 IKBKB, T/T of rs4648308 PTGS2 and G/G
of rs2166975 TGFA reduced this risk. We also stratified the study group according to
gender and found that genotype A/G and allele G of the 152166975 TGFA, G/T

of rs5029748 IKBKB as well as C allele of rs4648308 PTGS2, homozygote A/A and
allele A of rs5275 PTGS2 were associated with increased risk of depression
development in men while homozygote G/G of rs5275 PTGS2 decreased this risk.
Moreover, C/T of rs4648308 PTGS2 and A/G of rs5275 PTGS2 was positively
correlated with the risk of the disease occurrence in women. Furthermore, a
gene-gene analysis revealed a link between studied polymorphisms and depression.
In addition, A/A of rs1800469 TGFBI was associated with earlier age of onset of the
disease while G/G of this SNP increased severity of the depressive episode.
Interestingly, A/C of rs2070729 IRF1 and T/T of rs5029748 IKBKB may modulate the
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effectiveness of selective serotonin reuptake inhibitors therapy. In conclusion,
studied SNPs may modulate the risk of occurrence, age of onset, severity of the
disease and response to the antidepressant treatment.

Subjects Genetics, Pharmacology, Psychiatry and Psychology, Medical Genetics
Keywords Major depressive disorder, Depression, Inflammation, Cytokines, Single nucleotide
polymorphism

INTRODUCTION

Depression (Major depressive disorder, MDD) is one of the most frequently diagnosed
mental diseases. According to World Health Organization, about 350 million people suffer
from this disorder all over the world (WHO, 2018). Despite the importance of the
problem, pathogenesis of depression is not fully understood. However, there is a growing
body of evidence suggesting that immune system impairment and dysregulation is
associated with the pathophysiology of MDD. In particular, the “cytokine hypothesis” is
widely accepted as one of the mechanisms for the development of depression (Capuron ¢
Miller, 2011). This theory postulates that MDD is a result of elevated expression of
pro-inflammatory cytokines, which act as neuromodulators as well as main agents in
mediation of the neuroendocrine, neurochemical and behavioral features of the disease
(Schiepers, Wichers ¢ Maes, 2005). Some evidence confirmed link between inflammation
and depression. Primarily, MDD patients exhibit increased levels of cytokines and other
pro-inflammatory markers (Capuron ¢ Miller, 2011). Additionally, medical conditions
connected with increased inflammatory response are associated with greater risk of MDD
developing (Capuron ¢ Miller, 2011).

One of the cytokine class strongly associated with depression are interferons (IFN),
cluster of signaling proteins involved in immune response. More than twenty different IFN
proteins have been identified so far and divided into classes. IFN proteins are able to
activate immune cells, that is, natural killer cells (NK cells) and macrophages (Pinto ¢
Andrade, 2016). For instance, IFN-« is implicated in modulation of mood, behavior and
sleep-wake cycle, partially by its ability to activate the pro-inflammatory cytokine network
including, interleukin 1 (IL-1), interleukin 6 (IL-6) and tumor necrosis factor alpha
(TNF-a) (Zahiu &> Mihai, 2014). IFN and IFN-inducible genes, involved in immunity and
inflammation, are transcriptionally regulated by interferon regulatory factor 1 (IRF1)
(Tamura et al., 2008). IRF1 was a first identified transcription factor in IFN system and as a
member of interferon regulatory factor family, plays important role in controlling
expression of aforementioned genes (Kroger et al., 2002). Besides this, IRF1 promotes
inflammatory cytokine release and regulates expression of interleukin 12 (IL-12) and
interleukin 15 (IL-15), which are involved in MDD (Tamura et al., 2008).

Besides cytokine theory, various inflammatory pathways are thought to be activated in
course of depression, including activation of the NF-kB (nuclear factor-kB), what leads to
increased levels of pro-inflammatory cytokines (Bierhaus et al., 2003; Pace et al., 2006).
NEF-kB is a ubiquitous transcriptional factor that regulates expression of genes involved in
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pleiotropic functions, including pro-inflammatory cytokines and co-stimulatory molecules
(Takeda & Akira, 2007; Krakauer, 2008; Zhang, Lenardo & Baltimore, 2017). Inactive
NF-kB molecules retain in the cytoplasm by interaction with IkB proteins, allowing to
immediate activation in response to adequate impulse (Napetschnig ¢» Wu, 2013).
Canonical signaling of NF-kB is activated by IkB kinase (IKK complex), consisting of three
subunits, each encoded by separate gene, that is, IKK-a (Inhibitor of nuclear factor
kappa-B kinase subunit alpha) encoded by CHUK gene, IKK-B (inhibitor of nuclear
factor kappa-B kinase subunit beta) by IKBKB gene and IKK-g (inhibitor of nuclear
factor kappa-B kinase subunit gamma) by IKBKG. The activation of IKK is induced by
phosphorylation of serine residues in catalytic subunits of kinase complex (Napetschnig ¢
Wu, 2013; Karin ¢ Ben-Neriah, 2000; Cardinez et al., 2018). Therefore, defective
expression of NF-kB as the pro-inflammatory transcription factor, caused by alterations in
IKBKB gene, may play a role in the development of depression (Napetschnig ¢ Wu, 2013).
Transforming growth factors (TGF) constitute of two classes of polypeptide growth
factors, namely TGFA (transforming grow factor o) and TGFB (transforming grow factor f3).
Important functions of these cytokines are embryonic development and regulation of
specific reactions of immune system by their ability to induce T regulatory cells (Treg)
(Kissin et al., 2002; Yamagiwa et al., 2001). TGFA is a ligand for epidermal growth factor
receptor, which stimulates cell migration and proliferation. These gene and protein
have been associated with many types of cancers and other diseases (Ten Dijke ¢ Hill,
2004). Another piece of evidence confirmed that TGFB, an anti-inflammatory cytokine,
plays role in brain inflammation as well as in peripheral immune response. Namely, TGFB
is mainly involved in regulating inflammatory response by induction of differentiation
of CD4" T cells (Nam et al., 2008; Passos et al., 2010). Another essential function of the
protein is cell to cell signaling, and thus controlling of cell growth and differentiation
(Ten Dijke & Hill, 2004). In addition, TGFB is able to exert neuroprotective effects in many
neurodegenerative disorders (Vivien ¢ Ali, 2006). Information about its role in depression
are contradictory. On the one hand, in animal model of depression, the cytokine level
is increased and causes imbalance between Treg and Th17 cells (Hong et al., 2013). On the
other hand, some studies reported that levels of TGFB in depressed patients are lower
than in healthy control group (Musil et al., 2011; Sutcigil et al., 2007). Moreover, TGFB
alone is sufficient to stimulate production of pro-inflammatory cytokines for example, IL-1
and TNF-a (Kunzmann et al., 2003). The protein is also able to induce expression of
prostaglandin-endoperoxide synthase 2 (PTGS2; cyclooxygenase-2—COX-2) encoded by
PTGS2 gene, which is involved in pathogenesis of MDD. PTGS2 besides contribution to
processes related to inflammation, also participates in the production of free radicals,
which is partly utilized by PTGS2 itself (Aktan, 2004; Hansson, Olsson ¢ Nauseef, 2006).
Moreover, COX-2 catalyzes conversion of arachidonic acid (AA) to prostaglandins
(PGs), which further intensify inflammation and neurodegenerative processes in central
nervous system (CNS) (Minghetti, 2004). In response to growth factors, cytokines and
other inflammatory molecules, PTGS2 is immediately expressed and is responsible for
the production of prostanoid in both acute and chronic inflammatory conditions
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(Breyer et al., 2001; Shi et al., 2010). Additionally, in animal model of depression increased
expression of PTGS2 was observed in brain regions (Cassano et al., 2006).

The evidence suggests that MDD may be associated with impairment of immune
system, caused by defective activity of aforementioned genes. Moreover, genetic factors
may play an essential role in development of depression, since genome-wide association
studies (GWAS) found several regions significantly associated with MDD (Shyn et al.,
2011; Wray et al., 2018). Therefore, the present study examines the prospective
relationship between the occurrence, age of onset, severity or antidepressant treatment
efficacy of MDD and appearance of single nucleotide polymorphism (SNP) located in
inflammatory-related genes, that is, g.132484229C>A of IRFI (rs2070729, located on
5q31.1), g.186643058A>G of PTGS2 (rs5275, located on 1q31.1), g.186640617C>T of
PTGS2 (rs4648308, located on 1q31.1), g.70677994G>A of TGFA (rs2166975, located on
2p13.3), g.41354391A>G of TGFBI (rs1800469, located on 19q13.2) and g.42140549G>T
of IKBKB (rs5029748, located on 8p11.21). Selected SNPs are located within immune genes
participating in inflammatory-related signaling pathways. Therefore, they could affect
gene expression and protein function and thus contribute to immune disruptions leading
to increased risk of MDD.

MATERIALS AND METHODS

Subjects

The study included a total of 360 participants randomly selected. A group of 180 patients
with depression hospitalized at the Department of Adult Psychiatry of the Medical
University of Lodz and 180 volunteers without health problems, selected randomly
(Table 1). Participants who took part in the experiment were native, not-related Poles.
Patients were included based on the criteria set out in ICD-10 (F32.0-7.32.2, F33.0-F33.8).
Medical and psychiatric records were obtained in accordance with ICD-10 criteria, using
the Standardized Composite International Diagnostic Interview (CIDI). The depression’
severity was evaluated using the 21-item Hamilton Depression Rating Scale (HDRS-21).
The exclusion criteria included: axis I and II disorders other than MDD, chronic somatic
diseases, autoimmune disorders (psoriasis, rheumatoid arthritis, chronic obstructive
pulmonary disease, cancer, chronic kidney disease, systemic lupus erythematosus, type 1
diabetes, hepatitis B and C virus and HIV infection), neuroinflammatory and
neurodegenerative disorders (including multiple sclerosis, Alzheimer’s disease,
Parkinson’s disease) and central nervous system damage. Furthermore, subjects with
familial incidence of mental diseases, other than MDD did not participate in the
experiment. Psychiatric examination was conducted by the same psychiatrist, before the
subjects were included in the experiment and after 8 weeks of pharmacotherapy with
selective serotonin reuptake inhibitor (SSRI). Control group included selected randomly,
volunteers with negative history of mental disorders. Participation in the experiment was
voluntary. Controls and patients who did not agree to participate in the study were
excluded. The purpose of the study was clearly presented, participants were assured that
their personal information would be kept confidential. All of the subjects agreed by giving
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Table 1 Characteristic of studied population. M means male; F means Female Mdn—median; Q1—
first quartile; Q3—third quartile HRDS1—points in Hamilton Depression Rating Scale measured before
antidepressant treatment.

Group Control Patients
(n = 180) (n = 180)

Sex (M/F) 93/87 91/89

Age (Mdn (Qy; Q3)) 57 (50; 65) 51 (44; 56)

Age of onset (Mdn (Q;; Q3)) - 34 (28; 43)

HRDSI (Mdn (Q;; Q3)) - 24 (19; 27)

Treatment efficacy

Responsive (reduction from baseline of = 50% in the total score) 93%

Remission (total HRDS1 score <7) 66%

Table 2 Characteristic of studied polymorphisms.

Gene rs number Polymorphis Localization Minor allele freqency
TGFA 152166975 g.70677994G>A Exon 5 A =0.256
TGFB rs1800469 g.41354391A>G 5" of TGFB gene A =0312
IRF1 rs2070729 g.132484229C>A Intron 9 A =0.465
IKBKB rs5029748 g.42140549G>T Intron 2 T =0.259
PTGS2 1s5275 2.186643058A>G 3" UTR of PTGS2 gene G =0.310
rs4648308 g.186640617C>T 3" of PTGS2 gene T=0.142

their written consent to participate in the experiment according to the protocol approved
by the Bioethics Committee of the Medical University of Lodz (No. RNN/70/14/KE).

SNP selection

Selection of the studied polymorphisms was performed using the public domain of the
database for single nucleotide polymorphisms of the National Center for Biotechnology
(NCBI dbSNP, www.ncbi.nlm.nih.gov/snp/) (Bethesda, Montgomery County, MD,
USA). The criteria used for the SNPs’ selection were that the minor allele frequency is
greater than 0.05 in the European population, and that they are located in the coding
or regulatory region of the genes and may have functional meaning for transcription and
protein function. Detailed information about selected polymorphisms are presented

in Table 2.

DNA isolation

Genomic DNA was isolated from venous blood in accordance with the manufacturer
instructions. Blood samples were collected from control group and patients with MDD.
Blood Mini Kit (A&A Biotechnology, Gdynia, Poland) was used to extract nucleic acid.
The purity of and concentration of the DNA was measured spectrophotometrically by
calculating the ratio between absorbance at 260 nm and 280 nm, using Picodrop™
(Picodrop Limited, Astranet Systems Ltd., Cambridge, UK). Samples were stored at —20 °C
until use.
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Genotyping

The investigated SNPs were genotyped using a TagMan SNP Genotyping Assay (Thermo
Fisher Scientific, Waltham, MA, USA), and a 2X Master Mix Takyon for Probe Assay—No
ROX (Eurogentec, Liege, Belgium). Reactions were conducted in accordance with the
manufacturer’s instruction. Real-time PCR were performed with a Bio-Rad CFX96
Real-Time PCR Detection System, and analyzed in CFX Manager Software (Bio-Rad
Laboratories Inc., Hercules, CA, USA).

Statistical analysis
The collected data were analyzed in Statistica 12 (Statsoft, Tulsa, OK, USA), SigmaPlot 14.0
(Systat Software Inc., San Jose, CA, USA), Resampling Stats Add-in for Excel v.4
(Arlington, TX, USA) and StudSize3.02 (CreoStat HB, Florunda, Sweden). The descriptive
statistics are shown as medians with interquartile ranges. Normality of the studied group
was verified with the Shapiro-Wilk test, homogeneity of variance was checked with
Brown-Forsythe test. Accordingly, either the unpaired Student’s ¢ test or Mann-Whitney
U test was used. To calculate the associations between studied polymorphisms and the
occurrence of a disease an unconditional multiple logistic regression model was used.
The results are shown as odds ratio (OR) with 95% confidence interval (95% CI). The OR
values were adjusted for the potential confounders, including age and sex. We also
stratified results into male and female group and evaluated correlation between case/
control for each polymorphism. In addition, in order to strengthen that the revealed
differences were not detected by a pure chance the significant outcomes were further
validated with the use of two approaches: the bootstrap-boosted multiple logistic
regression (resampling with replacement, 10,000 iterations) and the cross-validated
logistic regression (corresponding to the d-jackknife technique), with the patient group
acting as the modeled class. This was intended to overcome any possible bias related to
relatively low sample sizes. The goodness of fit of logistic regression models showing a
significant degree of discrimination between controls and patients was estimated with
Hosmer-Lemeshow test.

Efficiency of the treatment was calculated using the formula as described before
(Czarny et al., 2019):

(HAM-D, — HAM-Dg) x 100%
HAM-D,

TE =

TE-treatment efficiency; HAM-Dy—score before therapy; HAM-Dg—score after therapy.

RESULTS

Single nucleotide polymorphisms of genes encoding IRF1, IKBKB,
TGFA, TGFB and PTGS2 as a risk of MDD
The distribution of genotypes and alleles in both depressed and control groups was in

agreement with Hardy-Weinberg equilibrium. Results are presented in Table 3.
The results demonstrated that the A/G genotype of the g.70677994G>A (rs2166975)
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Table 3 Distribution of genotypes and alleles of rs1800469 (TGFBI), rs2070729 (IRFI), rs5275 (PTGS2), rs4648308 (PTGS2), 12166975
(TGFA), rs5029748 (IKBKB) and the risk of depression occurrence.

Genotype/Allele  Control Depression Crude OR (95% CI) P Adjusted OR (95% CI)* p

Number Frequency Number Frequency
g.41354391A>G of TGFBI (rs1800469)

A/A 23 0.128 20 0.117 0.853 [0.451-1.616] 0.626  0.739 [0.367-1.49] 0.398
A/G 71 0.394 76 0.428 1.231 [0.623-2.432] 0550  1.197 [0.762-1.879] 0.435
G/G 86 0.478 84 0.483 1.123 [0.575-2.196] 0.734  0.949 [0.609-1.479] 0.818
x> =0.403;p = 0.818
A 117 0.325 116 0.322 0.987 [0.723-1.349] 0.937  0.961 [0.687-1.344] 0.815
G 243 0.675 244 0.678 1.013 [0.741-1.384] 0.937  1.041 [0.744-1.456] 0.815
g.70677994G>A of TGFA (rs2166975)
A/A 27 0.142 15 0.081 0.530 [0.272-1.031] 0.062  0.576 [0.280-1.184] 0.133
A/G 59 0.311 83 0.446 ©1.814 [1.197-2.749] 0.005  °2.115 [1.341-3.336] 0.001
1.789 [1.173-2.728]%%°2  0.007  2.091 [1.323-3.304]°%%*  0.002
G/G 104 0.547 88 0.473 0.743 [0.495-1.114] 0.150  0.609 [0.392-0.946] 0.027

0.615 [0.395-0.957]>%°1  0.031
x> =8.627 5 p = 0.013

A 113 0.297 113 0.304 1.031 [0.755-1. 408] 0.848  1.173 [0.839-1.640] 0.351
G 267 0.703 259 0.696 0.970 [0.710-1.325] 0.848  0.853 [0.610-1.192] 0.351
2.132484229C>A of IRF1 (rs2070729)
A/A 37 0.209 36 0.193 0.902 [0.540-1.507] 0.694  0.883 [0.507-1.539] 0.661
A/C 76 0.429 99 0.529 ©1.409 [1.002-2.216] 0.048  ®1.504 [0.963-2.348] 0.077
1.495 [0.989-2.261]°*%7  0.057  1.496 [0.957-2.337] 0.073
C/C 64 0.362 52 0.278 0.680 [0.437-1.059] 0.088  0.692 [0.429-1.115] 0.130
x> = 4.006; p = 0.135
A 150 0.424 171 0.457 1.146 [0.855-1.536] 0363  1.225[0.893-1.681] 0.208
C 204 0.576 203 0.543 0.873 [0.651-1.170] 0363  0.816 [0.595-1.120] 0.208
g.42140549G>T of IKBKB (rs5029748)
G/G 108 0.587 100 0.559 0.891 [0.588-1.350] 0.586  0.928 [0.594-1.450] 0.743
G/T 40 0.217 59 0.330 ©1.787 [1.125-2.839] 0.014  P1.813 [1.072-3.066] 0.026
1.770 [1.108-2.829]>%'  0.017  1.776 [1.080-2.921]°°¢  0.024
T/T 36 0.196 20 0.112 %0.507 [0.272-0.945] 0.032  0.450 [0.229-0.885] 0.021

0.517 [0.286-0.934]>%""  0.029  0.461 [0.243-0.877]°7>°  0.018
2
X = 1.509; p = 0.470

G 256 0.696 259 0. 723 1.145 [0.830-1.578] 0.409  1.210 [0.857-1.707] 0.279
T 112 0.304 99 0.277 0.874 [0.634-1.204] 0.409  0.827 [0.586-1.167] 0.279
g.186643058A>G of PTGS2 (rs5275)

A/A 79 0.422 81 0433 1.045 [0.693-1.574] 0.834  1.079 [0.696-1.674] 0.734
AIG 75 0.401 83 0.444 1.192 [0.790-1.797] 0402 1.262 [0.812-1.961] 0.302
G/G 33 0.176 23 0.123 0.654 [0.368-1.164] 0.149  0.550 [0.295-1.024] 0.059
x> = 1.848; p = 0.397

A 233 0.623 245 0.655 1.149 [0.853-1.549] 0.361  1.225 [0.890-1.688] 0.214
G 141 0.377 129 0.345 0.870 [0.675-1.173] 0.361  0.816 [0.593-1.124] 0.214

(Continued)
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Table 3 (continued).

Genotype/Allele

Control

Depression Crude OR (95% CI) P Adjusted OR (95% CI)* p

Number

Frequency = Number Frequency

2.186640617C>T of PTGS2 (rs4648308)

C/C 130 0.703 124 0.697 0.972 [0.620-1.522] 0.900  0.927 [0.575-1.496] 0.756
C/T 40 0.216 52 0.292 1.496 [0.929-2.409] 0.097  °1.673 [0.994-2.815] 0.052
1.650 [0.991-2.745]%**®  0.054
T/T 14 0.076 2 0.011 %0.129 [0.027-0.631] 0.011  P0.103 [0.029-0.511] 0.003
0.139 [0.031-0.620]>%**  0.010  0.110 [0.023-0.522]°°*¢  0.005

x> =10.61; p = 0.005
C 300 0.815 300 0.843 1.2148 [0.824-1.790] 0327 1.208 [0.799-1.828] 0.370
T 68 0.184 56 0.157 0.824 [0.559-1.214] 0327  0.828 [0.547-1.252] 0.370

Notes:

* ‘Adjusted OR’ means OR adjusted for sex and age; for significant comparisons the superscript b means the bootstrap-boosted OR (resampling with replacement, 10,000
iterations); all OR values without bootstrap analysis were calculated using cross-validation algorithm.

Statistical power (1 — B) (calculated at o = 0.05) for significant comparisons given in superscripts.

p < 0.05 along with corresponding ORs are in bold.

polymorphism of the TGFA gene is associated with an increased risk of depression
development, while G/G genotype decreased this risk. Furthermore, in case of IRFI,
carriers of A/C genotype of the g.132484229C>A (rs2070729) have a greater chance of
developing the disease. Moreover, the T/T homozygote of g.186640617C>T (rs4648308) of
PTGS2 gene is negatively correlated with risk of MDD development. Similarly, In the case
of g.42140549G>T (rs5029748) polymorphism of IKBKB, we found that T/T homozygote
decreased risk of MDD occurrence, while the heterozygote of the same gene variant
decreased this risk.

Single-nucleotide polymorphisms of genes encoding IRF1, IKBKB,
TGFA, TGFB and PTGS2 and MDD occurrence in male and female
population

Since women show two-times higher risk of MDD occurrence compared to men, we
decided to investigated the association between prevalence of the disease in stratified
male/female population and all studied SNPs. Results are presented in Table 4. The results
demonstrated that in the case of g.70677994G>A (rs2166975) polymorphism of the
TGFA, the A/G genotype increased the risk of MDD in men, but not in women. Moreover,
allele A of this SNP was associated with decreased chance of the disease, while allele G was
strongly correlated with higher risk of MDD. Furthermore, in male population allele G
and G/G homozygote of the g.186643058A>G (rs5275) of PTGS2 decreased risk of
depression while, allele A and A/A homozygote of the same polymorphism was associated
with increased risk of the occurrence of the disease. Additionally, it was found that

A/G genotype of this SNP was correlated with higher risk of MDD in the female group.
Another SNP of PTGS2 gene, g.186640617C>T (rs4648308) was associated with MDD risk
in both studied groups. Precisely, C/T genotype was positively correlated with the risk
of the occurrence of MDD in women. Similarly, allele C of the mentioned polymorphism
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Table 4 Distribution of genotypes and alleles of rs2070729 (IRF1), rs5275 (PTGS2), rs4648308 (PTGS2), rs2166975 (TGFA), rs5029748
(IKBKB) and the risk of depression occurrence in male and female population.

Genotype/Allele  Control Depression Crude OR (95% CI) P Adjusted OR (95% CI)* p
Number Frequency Number Frequency
Male
8.70677994G>A of TGFA (rs2166975)
A/A 13 0.126 8 0.085 0.644 [0.254-1.641] 0353  0.808 [0.302-2.164] 0.671
A/G 34 0.330 45 0.479 °1.843 [1.037-3.272] 0.037  °2.318 [1.222-4.400] 0.010
1.864 [1.047-3.317]%%%®  0.034  2.280 [1.218-4.268]°7>*  0.009
G/G 56 0.544 41 0.436 0.649 [0.370-1.145] 0.132  "0.476 [0.250-0.905] 0.024
0.480 [0.257-0.898]%74° 0.022
X = 4.640; p = 0.098
A 60 0.291 61 0.709 0.109 [0.062-0.189] <0.001  ®0.106 [0.060-0.186] <0.001
0.113 [0.065-0.195]°°°>  <0.001  0.109 [0.063-0.190]>°%°  <0.001
G 146 0.324 127 0.676 9,005 [5.242-15.468] <0.001  9.281 [5.308-16.225] <0.001
8.861 [5.125-15.319]>%%  <0.001  9.135 [5.260-15.867]°"°  <0.001
g.42140549G>T of IKBKB (rs5029748)
G/G 61 0.610 53 0.589 0.916 [0.510-1.644] 0.769  0.955 [0.514-1.776] 0.885
G/T 19 0.190 30 0.333 ©2.153 [1.082-4.288] 0.029  °2.073 [1.016-4.300] 0.049
2.132 [1.097-4.143]%%®  0.026  2.063 [1.024-4.154]***  0.049
T/T 20 0.200 7 0.078 ©0.316 [0.118-0.849] 0.022  0.295 [0.100-0.869] 0.027
0.337 [0.135-0.841]°7°®*  0.020  0.310 [0.116-0.830]*7°  0.021
x> = 8.788; p = 0.012
G 141 0.705 136 0.756 1.211 [0.817-1.796] 0341  1.305 [0.826-2.061] 0.253
T 59 0.295 44 0.244 0.826 [0.557-1.225] 0341  0.766 [0.485-1.210] 0.253
2.186643058A>G of PTGS2 (rs5275)
A/A 40 0.392 48 0.505 1.583 [0.896-2.796] 0.111 2,073 [0.999-4.300] 0.050
1.803 [0.982-3.309]>¢*  0.057
A/G 41 0.402 37 0.389 0.949 [0.534-1.687] 0.858  0.852 [0.462-1.575] 0.611
G/G 21 0.206 10 0.105 0.454 [0.201-1.028] 0.057  %0.427 [0.171-1.019] 0.052
0.438 [0.186-1.032]°°%°  0.059
x> = 4.593; p = 0.101
A 121 0.593 133 0.700 ©1.588 [1.031-2.445] 0.036  °1.659 [1.064-2.586] 0.025
1.601 [1.054-2.430]%%72  0.027  1.664 [1.087-2.548]°7*>  0.019
G 83 0.407 57 0.300 °0.621 [0.399-0.968] 0.035  0.603 [0.393-0.926] 0.021
0.625 [0.412-0.949]°%°%  0.027  0.601 [0.393-0.920]°°°°  0.019
2.186640617C>T of PTGS2 (rs4648308)
C/C 65 0.663 67 0.736 1.417 [0.754-2.664] 0276  1.335 [0.687-2.595] 0.394
C/T 25 0.255 24 0.264 1.046 [0.543-2.014] 0.892  1.128 [0.564-2.255] 0.734
T/T 8 0.082 0 0 - - - -
x> = 7.802; p = 0.020
C 155 0.791 158 0.868 1,772 [0.996-3.162] 0.052  “1.744 [0.983-3.094] 0.049
1.741 [1.004-3.019]°%*®  0.048  1.751 [1.007-3.040]°%*  0.047
T 41 0.209 24 0.132 %0.567 [0.322-0.996] 0.049  "0.566 [0.315-0.999] 0.049
0.574 [0.331-0.996]°°%*  0.048  0.571 [0.329-0.993]°°®  0.047
(Continued)
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Table 4 (continued).

Genotype/Allele  Control Depression Crude OR (95% CI) p Adjusted OR (95% CI)* p
Number Frequency Number Frequency

Female

.132484229C>A of IRF1 (rs2070729)

A/A 20 0.244 20 0.215 0.849 [0.417-1.730] 0.650  0.655 [0.297-1.437] 0.291

A/C 32 0.390 48 0.516 1.667 [0.910-3.056] 0.096  “2.016 [1.025-3.966] 0.042
1.936 [1.003-3.738]°°%%  0.049

C/C 30 0.366 25 0.269 0.637 [0.334-1.216] 0.169  0.657 [0.328-1.318] 0.237

x> = 2.975; p = 0.226

A 72 0.439 88 0.473 1.136 [0.756-1.706] 0.539  1.159 [0.730-1.840] 0.532

C 92 0.561 98 0.527 0.880 [0.586-1.322] 0.539  0.862 [0.544-1.370] 0.532

2.186643058A>G of PTGS2 (1s5275)

A/A 39 0.459 33 0.359 0.661 [0.359-1.211] 0.176  0.595 [0.309-1.143] 0.119

A/G 34 0.400 46 0.500 1.500 [0.823-2.734] 0.183  1.962 [1.024-3.758] 0.042
1.952 [1.017-3.746]>%**  0.044

G/G 12 0.141 13 0.141 1.001 [0.427-2.344] 0.998  0.718 [0.284-1.812] 0.483

X = 2.006; p = 0.356

A 112 0.659 112 0.609 0.810 [0.527-1.244] 0336 0.833 [0.524-1.325] 0.441

G 58 0.341 72 0.391 1.235 [0.804-1.898] 0336  0.816 [0.755-1.908] 0.441

8.186640617C>T of PTGS2 (rs4648308)

C/C 65 0.756 57 0.655 0.614 [0.315-1.195] 0.148  0.595 [0.294-1.205] 0.149

C/T 15 0.174 28 0.322 ©2.270 [1.100-4.684] 0.027  ®2.574 [1.224-5.415] 0.013

2.246 [1.098-4.596]%%¢  0.027  2.533 [1.178-5.449]°%%7  0.017

T/T 6 0.070 2 0.023 0.314 [0.061-1.620] 0.163  0.211 [0.037-1.211] 0.081

X = 6.449; p = 0.039

C 145 0.843 142 0.816 0.843 [0.495-1.435] 0.530  0.853 [0.469-1.553] 0.603

T 27 0.157 32 0.184 1.186 [0.697-2.018] 0530  1.172 [0.644-2.135] 0.603

Notes:

‘Adjusted OR’ means OR adjusted for sex and age; for significant comparisons the superscript b means the bootstrap-boosted OR (resampling with replacement, 10,000
iterations); all OR values without bootstrap analysis were calculated using cross-validation algorithm.
Statistical power (1 — B) (calculated at a = 0.05) for significant comparisons given in superscripts.
p < 0.05 along with corresponding ORs are in bold.

increased prevalence of the disease among men, while allele T decreased this risk. We also
found that genotypes of g.42140549G>T (rs5029748) polymorphism of IKBKB gene
were related with appearance of MDD in male population. Particularly, G/T genotype was

connected with increased risk of depression, while T/T genotype of the same SNP

decreased this risk.

Gene-gene interactions of IRF1, IKBKB, TGFA, TGFB and PTGS2 and

the risk of MDD

In this research, we also studied whether the combined genotypes of investigated

polymorphism are associated with appearance of MDD. Results are presented in Table 5.

In reference to effect of combined genotypes, it was found that G/G-T/T genotypes of
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Table 5 Gene-gene interactions of rs1800469 (TGFBI), rs2070729 (IRF1), rs5275 (PTGS2), rs4648308 (PTGS2), rs2166975 (TGFA), rs5029748

(IKBKB) and the risk of depression occurrence.

Combined genotype Control (n = 180) Depression (n = 180)  Crude OR (95% CI) P Adjusted OR (95% CI)* p
Number Frequency Number Frequency
g.41354391A>G of TGFBI (rs1800469)-g.70677994G>A of TGFA (rs2166975)
A/G-A/G 24 0.126 35 0.186 1.592 [0.904-2.803] 0.106 °1.906 [1.032-3.518] 0.039
1.898 [1.036-3.477]°*°°  0.038

8.70677994G>A of TGFA (rs2166975)-g.132484229C>A of IRF1 (rs2070729)

A/G-A/C 27 0.141 45 0.241 %1.951 [1.152-3. 305] 0.013 2,117 [1.224-3.660] 0.007
1.925 [1.136-3.262]>°*  0.015 2.092 [1.193-3.660]°°¢”  0.010

8.70677994G>A of TGFA (rs2166975)-g.186643058A>G of PTGS2 (rs5275)

G/G-G/G 22 0.115 8 0.043 ©0.320 [0.127-0.807] 0.016 0.223 [0.087-0.574] 0.002
0.341 [0.148-0.788]°%®  0.012 0.233 [0.094-0.579]°°*°  0.002

A/A-G/G 7 0.037 1 0.005 0.139 [0.017-1.141] 0.066 °0.167 [0.027-1.031] 0.054

0.129 [0.014-1.159]°%%°  0.068

A/G-G/G 4 0.021 14 0.074 3,581 [1.233-13.12] 0.026 °4.264 [1.416-12.839] 0.010
3.761 [1.215-11.647]"%°'  0.022 4.137 [1.263-13.545]>*°"  0.019

9.70677994G>A of TGFA (rs2166975)-g.186640617C>T of PTGS2 (rs4648308)

G/G-T/T 12 0.063 1 0.005 %0.087 [0.013-0.638] 0.018 0.057 [0.011-0.312] 0.001
0.080 [0.010-0.620]°**  0.016 0.051 [0.006-0.420]°°*®  0.006

A/G-C/T 10 0.052 25 0.133 3,005 [1.242-7.269] 0.015 ©3.240 [1.442-7.280] 0.004
2.776 [1.294-5.956]>°%*  0.009 3.115[1.397-6.944] ®*  0.005

8.70677994G>A of TGFA (rs2166975)-g.42140549G>T of IKBKB (rs5029748)

G/G-T/T 23 0.120 9 0.048 %0.362 [0.156-0.840] 0.018 "0.286 [0.106-0.772] 0.013
0.367 [0.165-0.816]°%""  0.014 0.306 [0.131-0.719]*%%%  0.007

A/G-G/T 11 0.058 24 0.128 2,393 [1.136-5.042] 0.022 ©2.645 [1.184-5.910] 0.018
2.395 [1.138-5.041]%Y72  0.021 2.621 [1.208-5.688]°>"!  0.015

.132484229C>A of IRFI (rs2070729)-g.186643058A>G of PTGS2 (rs5275)

A/C-A/G 29 0.152 49 0.261 %2.077 [1.206-3.576] 0.008 °1.863 [1.022-3.394] 0.042
1.969 [1.180-3.286]°%"*  0.009 1.844 [1.069-3.180]°°"°  0.028

8.132484229C>A of IRFI (rs2070729)-g.42140549G>T of IKBKB (rs5029748)

A/C-G/T 16 0.084 29 0.154 52,032 [1.036-3.989] 0.039 °1.918 [0.935-3.931] 0.075
1.995 [1.044-3.810]%°>  0.036 1.901 [0.958-3.774]°%*  0.066

9.42140549G>T of IKBKB (rs5029748)-g.186643058 A>G of PTGS2 (rs5275)

T/T-G/G 14 0.073 2 0.011 ©0.131 [0.037-0.598] 0.008 0.126 [0.027-0.589] 0.008
0.136 [0.030-0.607]°°3°  0.009 0.132 [0.02-0.610]°°° 0.009

G/T-A/G 16 0.084 31 0.165 2,235 [1.114-4.487] 0.024 °1.933 [0.883-4.233] 0.008
2.160 [1.138-4.098]°°'2  0.018 1.894 [0.968-3.704]°%°  0.009

g.42140549G>T of IKBKB (rs5029748)-g.186640617C>T of PTGS2 (rs4648308)

G/T-C/T 4 0.021 19 0.101 b5.013 [1.531-18.121] 0.005 °4.164 [1.232-15.343] 0.035
5.256 [1.753-15.760]>%*°"  0.003  4.320 [1.390-13.428]°2%¢ 0.011

Notes:

‘Adjusted OR’ means OR adjusted for sex and age; for significant comparisons the superscript b means the bootstrap-boosted OR (resampling with replacement, 10,000

iterations); all OR values without bootstrap analysis were calculated using cross-validation algorithm.
Statistical power (1 — B) (calculated at a = 0.05) for significant comparisons given in superscripts.
p < 0.05 along with corresponding ORs are in bold.
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g.70677994G>A (rs2166975)—TGFA and g.186640617C>T (rs4648308)—PTGS2 was
associated with decreased risk of depression occurrence, while A/G-C/T genotypes
increased this risk. The A/G-A/C genotypes of g.70677994G>A (rs2166975)—TGFA and
g.132484229C>A (rs2070729)—IRF1 as well as A/G-A/G genotypes of g.70677994G>A
(rs2166975) TGFA and g.41354391A>G (rs1800469)—TGEB also increased the risk of the
disease. Furthermore, higher risk of MDD occurrence was associated with the G/T-A/G
genotypes of g.42140549G>T (rs5029748)—IKBKB and g.186643058 A>G (rs5275)—
PTGS2, however the T/T-G/G genotypes reduced this risk. In the case of linked genotypes
of g.70677994G>A (rs2166975)—TGFA and g.186643058A>G (rs5275)—PTGS2, we
found that link between A/G-G/G of this genes was associated with higher risk of
appearance of the MDD, while G/G-G/G as well as A/A-G/G genotypes decreased this
chance. Similarly, A/G-G/T combined genotypes of g.70677994G>A (rs2166975)—TGFA
and g.42140549G>T (rs5029748)—IKBKB increased risk of MDD but G/G-T/T genotypes
of the same SNP were associated with lower risk of disease incidence. Moreover,
carriers of A/C-A/G combined genotypes of g.132484229C>A (rs2070729)—IRF1 and
g.186643058A>G (rs5275)—PTGS, A/C-G/T of g.132484229C>A (rs2070729)—IRFI and
g.42140549G>T (rs5029748)—IKBKB as well as G/T-C/T genotypes of g.42140549G>T
(rs5029748)—IKBKB and g.186640617C>T (rs4648308)—PTGS2 had a greater risk of
MDD appearance.

Single-nucleotide polymorphisms of genes encoding IRF1, IKBKB,
TGFA, TGFB, PTGS2 and the age of the first episode of MDD and the
severity classification on the hamilton depression rating scale

To estimate whether the investigated polymorphisms may had an impact on the age of the
first episode of MDD, patients were stratified in accordance to genotype and their age of
onset was compared (Fig. 1). A significant difference was found between A/A and A/G
genotypes as well as A/A and G/G genotypes of g.41354391A>G (rs1800469)—TGFBI.
Carriers of A/A genotype had their first episode significantly earlier compared to other
genotypes.

In the case of the impact of genotypes of the investigated SNPs on the episode severity
measured using the Hamilton Depression Rating Scale (HDRS) (Fig. 2), significant
differences was found between carriers of A/A and G/G genotypes of g.41354391A>G
(rs1800469)—TGFBI.

Single-nucleotide polymorphisms of genes encoding IRF1, IKBKB,
TGFA, TGFB, PTGS2 and effectiveness of depression treatment

We also evaluated impact of the studied polymorphisms on the effectiveness of
antidepressant treatment with selective serotonin reuptake inhibitor (SSRI) (Fig. 3).
Regarding the effect of investigated SNPs on treatment efficiency, differences was found
between A/A and A/C genotypes of g.132484229C>A (rs2070729)—IRF1I as well as G/G
and T/T genotypes of g.42140549G>T (rs5029748)—IKBKB.
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Figure 1 Impact of single-nucleotide polymorphisms localized in inflammatory genes on the age of the first episode of MDD. (A) TGFBI
g.41354391A>G (rs1800469) (B) TGFA g.70677994G>A (rs2166975) (C) IRFI g.132484229C>A (rs2070729) (D) PTGS2 g.186643058A>G (rs5275)
(E) PTGS2 g.186640617C>T (rs4648308) (F) IKBKB g.42140549G>T (rs5029748). Results are presented as scatter dot plots. The horizontal lines
denote the median, while the whiskers show the inter-quartile range. Full-size K&l DOT: 10.7717/peerj.8676/fig-1

DISCUSSION

There is strong amount of evidence that inflammation is undeniably associated with major
depressive disorder. Moreover, it was confirmed that some inflammatory genes and
presence of their genetics variants play important role in MDD development. Additionally,
several loci/chromosomal regions connected with MDD were mapped by genome-wide
linkage analysis, that is, 1q32.1, 2p25.1, 3p21.1, 3p26.1, 3q26.1, 6p22.3, 8q22.2, 8q22.3,
8q12.1, 8q23.3, 11p14.2-p14.3, 13q31.1-q31.3, 15q25.2 and 19q12 (McGuffin et al., 2005;
Shyn et al., 2011; Sullivan et al., 2013). Selected candidate genes in current study are located
in proximity to the above mentioned regions of chromosomes. In this research, we
genotyped six polymorphic variants of TGFA, TGFBI, IRFI and PTGS2 genes; and to our
knowledge, none of this SNPs have been studied in the context of severity and treatment
response in depression before. However, these SNPs were included in GWAS but only one
of them, that is, rs2070729, had p value below 0.05.

The first of investigated polymorphisms in this study was g.70677994G>A (rs2166975)—
TGFA. The SNP is localized on 2p13.3 and it is responsible for synonymous change
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Figure 2 Distribution of the severity of episode (before therapy) and single nucleotide polymorphisms localized in inflammatory genes.
Severity of current episode according to 21-item Hamilton Depression Rating Scale (HAM-D) (A) TGFBI g.41354391A>G (rs1800469)
(B) TGFA g.70677994G>A (rs2166975) (C) IRFI g.132484229C>A (rs2070729) (D) PTGS2 g.186643058A>G (rs5275) (E) PTGS2 g.186640617C>T
(rs4648308) (F) IKBKB g.42140549G>T (rs5029748). Results are presented as scatter dot plots. The horizontal lines denote the median, while the

whiskers show the inter-quartile range.

Full-size K&] DOT: 10.7717/peer;j.8676/fig-2

Vall59Val. This terminal amino acid is present in the precursor protein and is necessary
for glycosylation during protein maturation as well as protein localization to the cell
surface (Briley et al., 1997). In our study, we were the first to show a link between rs2166975
polymorphism of TGFA and depression. The results confirmed that A/G genotype of
rs2166975 is more frequently distributed in patients suffering from depression. Interestingly,
the same genotype increased the risk of MDD only in man population. In the case of the
gene-gene interactions between polymorphism of TGFA and other SNPs, analysis confirmed
that A/G-A/C combined genotypes of rs2166975—TGFA and rs207072—IRF1I are
associated with higher chance to develop MDD. In addition, A/G-G/G genotypes of
1s2166975—TGFA and rs5275—PTGS2 is associated with higher risk of MDD, while
G/G-G/G homozygotes decreased this chance. It was indicated that rs2166975 in TGFA
gene, showed association with the risk of cleft palate (Morkiiniené et al., 2007). Furthermore,
another study confirmed, using transmission disequilibrium test, that minor allele of
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Figure 3 Impact of single-nucleotide polymorphisms localized in inflammatory genes on the effectiveness of the treatment. Treatment
effectiveness expressed as percentage of HAM-D decline after therapy. (A) TGFBI g.41354391A>G (rs1800469) (B) TGFA g.70677994G>A
(rs2166975) (C) IRFI g.132484229C>A (rs2070729) (D) PTGS2 g.186643058A>G (rs5275) (E) PTGS2 g.186640617C>T (rs4648308) (F) IKBKB
g.42140549G>T (rs5029748). Results are presented as scatter dot plots. The horizontal lines denote the median, while the whiskers show the
inter-quartile range. Full-size k&) DOT: 10.7717/peerj.8676/fig-3

rs2166975 was over-transmitted to cleft-palate cases (Carter et al., 2010). Although there are
no studies investigating role of rs2166975 polymorphism in depression or any other
psychiatric disorders, our results suggest important role of investigated polymorphism in
pathophysiology and course of depression.

The second studied SNP, g.41354391A>G (rs1800469) of TGFBI, is located on 19q13.2
in the proximal negative regulatory region of the gene. The human TGFB1 protein is
considered to be one of the immunosuppressive cytokines, which plays crucial role in CNS
development (Sousa Vde et al., 2004). It is responsible for such functions as astrocyte
differentiation, synaptogenesis and neuronal migration (De Sampaio e Spohr et al., 2002;
Sousa Vde et al., 2004; Feng ¢» Ko, 2008; Siegenthaler ¢ Miller, 2004). Our results show that
rs1800469 polymorphism is associated with both severity of depressive episodes and age of
the onset of the disease. Precisely, carriers of G/G genotype are characterized by more
severe episodes than A/A genotype carriers, which may correlate with increased
concentrations of TGFB1. Moreover, a significant difference in the age of the first episode
of MDD was found between A/A and A/G genotypes, as well as A/A and G/G genotypes
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of rs1800469—TGFBI. In accordance to our findings, TGFB levels were found to be
increased in people suffering from MDD (Davami et al., 2016; Kim et al., 2007; Kim et al.,
2008) as well as in Chronic HBV-Infected Patients (CHB) with mild depression symptoms
(Bahramabadi et al., 2017). It has been reported that rs1800469, is not associated with
neither Alzheimer’s disease risk (Chang et al., 2013) nor Schizophrenia (Kapelski et al.,
2015). However rs1800469 of TGFBI is associated with altered plasma levels of TGFBI,
which may modulate a susceptibility to MDD (Shah et al., 2006; Wang et al., 2008). Data
suggest that, allele G is associated with lower expression of TGFBI (Shah et al., 2006).
On the other hand, another study confirmed that genotypes A/G and G/G was correlated
with increased plasma TGFB1 concentrations, indicating that G allele is associated with
higher production of the protein (Wang et al., 2008). It was found that other SNPs of
TGFBI could be associated with MDD. In the case of rs1800470 (codon 10), genotype T/T
is significantly more frequently distributed in depressed patients (Mihailova et al., 2016).
Moreover, another study revealed that C/C genotype of the same SNP is positively
correlated with higher risk of depression development and more severe episodes of the
disease (Caraci et al., 2012). Although TGFBI is considered to play important role in
psychoneuroimmunology, there is only few research about its association with mental
disorders, and interestingly there is no other studies investigated role of mentioned
rs1800469 in MDD.

In our study we also investigated whether SNPs in PTGS2 gene are involved in MDD
development. As mentioned in Introduction, PTGS2 participates in inflammatory
processes partly related with neurodegeneration in CNS (Minghetti, 2004). There is
evidence demonstrating that rs20417 polymorphism of PTGS2 may play a role in MDD.
Precisely, presence of G allele is strongly associated with increased risk of depression
development (Galecki et al., 2010). However, we have not included this polymorphism in
our study. Instead, we explored g.186640617C>T (rs4648308) polymorphism located on
1q31.1. There are evidence of its involvement in depression. Precisely, allele T and C/T
genotype (in positive strand allele A and G/A genotype) of mentioned SNP are associated
with significantly increased risk of IFN-a-induced depression (Su et al., 2010). Part of our
result are consistent with this findings, namely, we found that C/T heterozygote increased
risk of MDD in woman, as well as the C allele increased this chance in man group. On the
contrary, we also reported that T/T genotype carriers of this SNP are less likely to develop
depression in general population. Similarly, in man group allele T was also negatively
correlated with depression prevalence.

Second polymorphism of PTGS2 gene, g8.186643058A>G (rs5275) located on 1q31.1,isa
functional SNP, which modulates expression of PTGS2. We were first to found that allele
G is connected with higher chance of MDD occurrence. Additionally, it is confirmed
that this SNP is associated with severe pain in lung cancer patients. Namely, A/A and A/G
(in forward strand T/T and T/C) carriers experience more severe pain than G/G carriers
(Reyes-Gibby et al., 2009; Reyes-Gibby et al., 2013). However, Mendlewicz et al. (2012)
found no association between PTGS2 rs5275 polymorphism and treatment response and
remission of MDD. Still, there are no other studies investigated aforementioned SNPs in
PTGS2 gene in context of MDD.
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Another SNP candidate in our research was g.42140549G>T (rs5029748) of IKBKB
gene. It is located on 8p11.21, in intronic region of the gene, thus do not cause amino acid
substitution. We were first to analyze the mentioned polymorphism as a risk factor for
MDD. Our main finding relates to the connection between this SNP and effectiveness of
depression treatment. Namely, we demonstrated differences in SSRI response between
carriers of G/G and T/T genotypes. Moreover, presence of G/T genotype of rs5029748 is
associated with increased risk of MDD development either in general or man population,
while the T/T homozygote of the same gene variant reduces this risk in the same
studied groups. In addition, carrier of combined G/T-A/G genotypes of rs5029748—
IKBKB and rs5275—PTGS2 are more likely to develop MDD, while T/T-G/G genotype
showed protective effect. Moreover A/G-G/T genotype of rs5029748 IKBKB and
1s2166975—TGFA, increased risk of depression but G/T-T/T are associated with lower risk
of disease. The trend of increasing risk of depression prevalence is also present in the
case of linked genotypes of rs5029748—IKBKB and rs4648308—PTGS2. Some studies
revealed association between aforementioned SNP and risk of colorectal or colon cancer
(Seufert et al., 2013; Curtin et al., 2013). Precisely, minor allele T of rs5029748, was
associated with decreased risk of colon cancer (Curtin et al., 2013). Although our result
showed that single-nucleotide polymorphism of IKBKB may play significant role in MDD,
they have not been investigated in pathogenesis of the disease before.

The g.132484229C>A (rs2070729)—IRF1 polymorphism was the last studied SNP in
this article. It is located on 5q31.1 in intronic gene region. The SNP is associated with
susceptibility to hepatitis C virus (HCV) infection (Fortunato et al., 2008). What is more,
allele C of this SNP is linked to higher vulnerability HIV-1 acquisition (Lingappa et al.,
2011). To our best knowledge, we were first to analyze role of rs2070729 in MDD.
Regarding the effect of investigated SNP on treatment efficiency, data in our study showed
significant differences in antidepressant response between A/A and A/C genotypes of
rs2070729—IRF1, A/A carriers were more likely to better treatment response. Exact
explanation of this mechanism has not been elucidated yet in previous research. However,
since A allele is a minor one in European population, we speculate that it might be
associated with decreased expression of IRF1 and thus reduction of inflammatory cytokine
release. Therefore, together with anti-inflammatory properties of antidepressants it
could enhance the their effect. We also found that carriers of A/C genotype of rs2070729—
RF1 were linked with A/G of rs5275—PTGS or G/T of rs5029748—IKBKB had a greater
risk of MDD appearance. These results suggest that SNP in IRFI gene may have impact
in depression development.

Our preliminary study has several potential limitations. Firstly, the sample size was
relatively small. Nevertheless, two resampling approaches were performed so as to
minimize the risk of obtaining false positive results. Another limitation was the homogenic
ethnicity of studied group. This could reduce the potential to extrapolate the results to
other ethnic groups. Furthermore, it must be emphasized that there is limited data on the
impact of these SNPs on the level of mRNA and protein expression/activity. Consequently,
presented results should be considered preliminary and interpreted with caution.
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CONCLUSIONS

The single-nucleotide polymorphisms located in IRFI, IKBKB, TGFA, TGFBI1, PTGS2
genes modulate the risk of occurrence, age of onset, severity of the disease and response to
the antidepressant treatment. Our result suggest that inflammatory pathways, in which
studied genes are involved may be at least partially implicated in etiology of MDD.
Moreover, discovery about impact of IRFI and IKBKB SNPs on treatment response could
contribute to the discovery of effective, personalized pharmacotherapy. However, future
studies should elucidate the implication of the studied polymorphisms in biological
functions, for example, mRNA and protein expression, protein activity. On the whole, our
results might cast a new light on the pathogenesis of major depressive disorders.
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Abstract: Preclinical studies conducted to date suggest that depression could be elicited by the
elevated expression of proinflammatory molecules: these play a key role in the mediation of neuro-
chemical, neuroendocrine and behavioral changes. Thus, this study investigates the effect of chronic
mild stress (CMS) and administration of venlafaxine (SSRI) on the expression and methylation status
of new target inflammatory genes: TGFA, TGFB, IRF1, PTGS2 and IKBKB, in peripheral blood
mononuclear cells (PMBCs) and in selected brain structures of rats. Adult male Wistar rats were
subjected to the CMS and further divided into matched subgroups to receive vehicle or venlafaxine.
TagMan gene expression assay and methylation-sensitive high-resolution melting (MS-HRM) were
used to evaluate the expression of the genes and the methylation status of their promoters, respec-
tively. Our results indicate that both CMS and chronic treatment with venlafaxine were associated
with changes in expression of the studied genes and their promoter methylation status in PMBCs
and the brain. Moreover, the effect of antidepressant administration clearly differed between brain
structures. Summarizing, our results confirm at least a partial association between TGFA, TGFB,
IRF1, PTGS2 and IKBKB and depressive disorders.

Keywords: depression; chronic mild stress; venlafaxine; inflammation; expression; methylation

1. Introduction

Being one of the most frequently diagnosed mental diseases, depression (Major depres-
sive disorder, MDD) affects more than 260 million people worldwide and is a significant
contributor to the global burden of disease. Due to the constantly increasing number of
patients, MDD is estimated to be the second leading cause of social disability. Depression
reduces people’s functioning by inducing persistent sadness, lack of interest and anxiety.
These and other symptoms often become chronic or recurrent and may lead to suicide [1].
Furthermore, above one-third of patients do not respond to antidepressant treatment [2,3].

Despite its importance, the pathogenesis of depression is not fully understood. Nev-
ertheless, there is a growing body of evidence suggesting that it may be influenced by
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the activation of the immune system. One mechanism that has been proposed for its
development is given in the “cytokine hypothesis” [4]; briefly, MDD could be elicited by
the elevated expression and activity of proinflammatory molecules: these act as neuromod-
ulators and thus play a key role in the mediation of neurochemical, neuroendocrine and
behavioral changes [5]. Indeed, patients affected with medical conditions associated with
chronic inflammation, i.e., rheumatoid arthritis, cardiovascular diseases and autoimmune
disorders, are at higher risk of depression [6]. Moreover, a great amount of evidence
confirms a link between inflammation and depression in patients without other medical
conditions. A rich body of research indicates that MDD patients exhibit increased concen-
trations of cytokines and other proinflammatory markers, such as acute phase reactants,
chemokines and adhesion molecules [7-10].

Patients with depression have also demonstrated activation of microglia, i.e., immune
cells resident within the central nervous system (CNS) [11]. This may also contribute
to neuroinflammation, and neurotrophic system disruptions since activated microglia
express proinflammatory cytokines [12]. Additionally, their mobilization is connected
with the activation of nuclear factor-kB (NF-kB), which is often responsible for cytokine
production [13]. However, sometimes microglia exert a neuroprotective effect by releasing
anti-inflammatory molecules, including transforming growth factor 3 (TGFB), to antago-
nize inflammation-promoted CNS damage [12].

TGEFB is a class of polypeptide growth factors, which together with transforming
growth factor « (TGFA), constitute the TGF family. Their main functions are embryonic
development and regulation of immune system reactions [14,15]. TGFB is known to play
a role in brain inflammation, as well as in the peripheral immune response [16,17]. In
addition, TGFB can exert neuroprotective effects in many neurodegenerative disorders [18].
However, reports about its role in MDD are inconsistent. Its level has been found to be
increased in animal studies, with this increase being associated with an imbalance between
Treg and Th17 cells [19], while other studies have identified lower TGFB expression in
depressed patients than in healthy subjects [20,21]. In addition, TGFB stimulates not only
cytokines but also prostaglandin-endoperoxide synthase 2 (PTGS2; cyclooxygenase-2—
COX-2) encoded by the PTGS2 gene, which has been implicated in the pathogenesis of
MDD [22,23]. Besides its role in inflammation, PTGS2 also catalyzes the conversion of
arachidonic acid (AA) to prostaglandins (PGs), which further escalate inflammatory and
neurodegenerative processes in CNS [24,25]. Importantly, research on an animal model
of depression confirmed that PTGS2 levels are significantly elevated in various brain
regions [26].

Another molecule strongly associated with inflammation is interferon regulatory
factor 1 (IRF1). IRF1 was the first transcription factor identified in the interferon (IFN)
system and plays a pivotal role in controlling the expression of many genes associated with
the immune system [27]. IRF1 regulates IFN and other IFN-inducible genes involved in
inflammation by influencing transcription [28]. Interferons, clusters of cytokines acting
as signaling proteins in the immune response, play key roles in psychiatric conditions.
For instance, IFN-« is an efficient stimulator of the proinflammatory cytokine network,
including interleukin 1 (IL-1), interleukin 6 (IL-6) and tumor necrosis factor o (TNF-x), in
both peripheral the CNS [9,29]; it is implicated in the adjustment of mood, sleep-wake
cycle and behavior [29]. IRF1 also promotes the release of inflammatory cytokines and
regulates the expression of interleukin 12 (IL-12) and interleukin 15 (IL-15), which are
involved in MDD [28]. Furthermore, IRF1 interacts with several transcription factors, such
as NF-kB [27].

Besides cytokines, various inflammatory pathways are thought to be dysregulated in MDD,
including NF-kB, leading to increased levels of proinflammatory cytokines [30,31]. NF-kB is
a ubiquitous transcriptional factor regulating the expression of genes involved in pleiotropic
functions, including proinflammatory cytokines and costimulatory molecules [32-34]. In ad-
dition, NF-kB regulates neurogenesis and synaptic plasticity in the nervous system [35-37].
Moreover, some studies indicate the presence of an interplay between NF-kB and brain-derived
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neurotrophic factor (BDNF), which is a cornerstone of the neurotrophic hypothesis of depres-
sion [38,39]. More precisely, NF-kB can regulate BDNF expression and vice versa [40]. Normal
NF-kB signaling is essential for neurogenesis, brain functioning, memory and neuronal plastic-
ity [41,42]. Canonical signaling of NF-kB is activated by the IkB kinase (IKK complex), consisting
of three subunits, one of which is IKK-B (inhibitor of nuclear factor kappa-B kinase subunit
() encoded by the IKBKB gene [43—45]. Therefore, alterations in IKBKB gene expression can
disrupt the NF-kB system and may influence developing depression [43].

Despite the confirmed involvement of the immune system in depression, knowledge
about inflammatory molecules other than cytokines is lacking. All selected genes contribute
to neuroinflammation and brain functioning involved in the pathogenesis of depression.
The occurrence of any variation in such genes may result in dysregulation and disruption
of the other related factors. Moreover, the majority of them have not been studied in the
context of psychiatric disorders yet. Therefore, all of these genes were selected to give
a broader view of the inflammatory processes that may be activated in depression, not
just focusing on cytokines, especially since all these factors are related to the regulation or
stimulation of cytokine expression. Moreover, we have studied these genes in the context of
the correlation of their single nucleotide polymorphisms (SNPs) with the risk of depression
development. Therefore, the current study is a continuation of our research [46]. Stress is
known to provoke inflammation in brain regions, such as the frontal cortex, hypothalamus
and hippocampus, particularly sensitive to chronic stress [47,48]. Importantly, studies
indicate an imbalance between pro- and anti-inflammatory cytokines in chronic mild stress
(CMS)-induced depression [49]. It is hypothesized that antidepressant drug administration
could effectively reduce proinflammatory cytokines in depressed subjects [50]. Selective
serotonin reuptake inhibitors (SSRIs) and serotonin-norepinephrine reuptake inhibitors
(SNRIs), such as venlafaxine, are currently used in the first-line treatment of MDD [51,52].
However, the chronic impact of antidepressants on the levels of inflammatory molecules in
the peripheral and central nervous system has been barely studied. As it is only possible to
directly study the brain of depressed patients post-mortem, therefore, such study requires
using an animal model to understand the complex relationship between many processes,
including the inflammation and etiology of MDD.

Therefore, the present study investigates whether: (1) the CMS procedure in rats, which
closely mirrors depression in humans, can induce changes in TGFA, TGFB, IRF1, PTGS2 and
IKBKB expression at the mRNA level in peripheral blood mononuclear cells (PBMCs) and in
selected brain structures (hippocampus, amygdala, midbrain, hypothalamus, prefrontal cortex
and basal ganglia); (2) chronic administration of serotonin-norepinephrine reuptake inhibitor,
venlafaxine, alters the expression of these genes in the peripheral and central nervous system;
(3) the CMS procedure and chronic venlafaxine administration cause epigenetic changes in the
investigated genes, such as methylation level in the promoters; (4) the changes in expression
observed in PBMCs can reflect similar changes in the brain.

2. Materials and Methods
2.1. Animals

Male Wistar Han rats, approximately 5 weeks old, weighing 200-220 g at the start
(Charles River, Germany), were used to carry out the study. The animals were brought
into the laboratory one month before the start of the experiment to adapt to the housing
conditions. With the exceptions described below, the rats were housed singly with a
maintenance 12 h light/dark cycle (lights on at 8.00) in controlled temperature (20 £ 2 °C)
and humidity (50 £ 5%). Food and water were allowed ad libitum. All procedures
used in the experiment were approved by the Bioethical Committee at the Institute of
Pharmacology, Polish Academy of Sciences, Krakéw, Poland, and conform to the rules and
principles of Directive 86/609/ECC.



Genes 2021, 12, 667

40f18

2.2. Chronic Mild Stress Procedure

Male Wistar Han rats were brought into the laboratory one month before the start
of the experiment to adapt to the housing conditions. First, after acclimatization, the
animals were trained to consume a 1% sucrose solution in baseline tests conducted
once a week in the home cage. Sucrose solution consumption is the most common,
adequate way to quantify the behavioral effect of CMS procedure by measuring the
ability to respond to reward stimuli. It reflects the key symptom investigated in a
depressed subject, which is anhedonia—inability to feel pleasure [53]. Sucrose solution
was presented for one hour after 14 h water and food deprivation. Consumption of the
sucrose was verified once a week, under controlled conditions, until the experiment
was ended. Subsequently, based on their sucrose intakes in the final baseline test, the
animals were divided into two matched groups. The control group (of nonstressed
animals) was housed in separate rooms to exclude contact with the stressed animals.
In this group, food and water were freely available, except for 14 h deprivation before
each weekly sucrose test. The stressed group was exposed to the CMS procedure
for a period of two or seven weeks. Each week of the stress regimen consisted of
two periods of food and water deprivation, two periods of 45-degree cage tilt, two
periods of intermittent illumination (light on and off every two hours), two periods of
a soiled cage (250 mL water in sawdust bedding), one period of paired housing, two
periods of low-intensity stroboscopic illumination (150 flashes/min), and three periods
without stress. All stressors were applied for 10-14 h and were used individually and
continuously, day and night. The rats subjected to the CMS procedure demonstrated
a gradual decrease in sucrose solution consumption to approximately 40% of pre-
stress values. After stabilization of this effect, named after two weeks of initial stress,
the animals were either decapitated or further divided into matched subgroups and
daily administrated with vehicle (1 mL/kg, IP) or venlafaxine (10 mg/kg, IP) for the
subsequent five weeks. The drug was administrated to both control and stressed
animals. The weekly sucrose tests were carried out 24 h after the last dose. After the
final sucrose test, i.e., after seven weeks of stress, or rather, the completion of five-week
administration of vehicle or drug, the animals were decapitated, and blood and brain
samples were collected. Before decapitation, no anesthesia was used to avoid possible
changes in the expression of genes in the brain caused by the anesthetic. The detailed
description of stressors and CMS schedule are presented in Table 1.

2.3. Specimen Collection

Peripheral blood mononuclear cells (PBMCs) were isolated from blood samples col-
lected into 5 mL vacutainers with EDTA. Isolation was based on differential migration of
cells during centrifugation. Precisely, blood was mixed with equal volumes of PBS, layered
on top of Gradisol L (Aqua-Med, Lodz, Poland) and centrifuged. The interfacial layer
(lymphocyte coat) was transferred to a new tube and centrifuged. The supernatant was
removed, and PBMCs stored as pellets at —20 °C until used.

2.4. RNA and DNA Isolation from Peripheral Blood Mononuclear Cells

RNA and DNA isolation was performed using the commercial spin column meth-
ods with elution in RN Ase-Free water (GenElute mammalian total RNA miniprep kit,
Sigma-Aldrich, St. Louis, MO, USA; QIAamp DNA mini kit, Qiagen, Hilden, Germany,
respectively), following the manufacturer’s instructions. Total DNA and RNA concentra-
tions were determined spectrophotometrically. The purity of samples was measured as
260/280 nm OD ratio with expected values of 1.8-2.0. RNA and DNA samples were stored
at —20 °C until further analysis.
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Table 1. Schedule of CMS procedure and detailed description of all applied stressors.

Experiment Start

5 weeks adaptation to 1% sucrose consumption test

2 weeks without stress

2 weeks of initial stress

5 weeks without stress
and with venlafaxine
administration

5 weeks of stress with saline administration 5 weeks of stress with venlafaxine administration

Stress Procedure

Stressor Duration Number of periods
Food apd Water 10-14 h 2 periods
deprivation
45-degree cage tilt 10-14 h 2 periods
Soiled cage (250 mL
water in sawdust 10-14 h 2 periods
bedding)
Paired housing 10-14 h 1 period
Low-intensity
stroboscopic ;
illumination (150 10-14h 2 periods
flashes/min)
Intermittent . .
Alumination 10-14 h (light on and off every two hours) 2 periods
No stress 10-14 h 3 periods

Final sucrose consumption test and decapitation

2.5. Specimen Collection; RNA and DNA Isolation from Brain Tissues

Brain regions, i.e., hippocampus, amygdala, midbrain, hypothalamus, prefrontal
cortex and basal ganglia, were separated and immediately frozen in liquid nitrogen and
stored at —80 °C. In the isolation procedure, a sufficient volume of PBS was added to each
sample and then homogenized using FastGene® tissue grinder (Nippon Genetics Europe,
Diiren, Germany). The homogenized samples were then sonicated, centrifuged and rinsed
with PBS by a commercial kit (ISOLATE II RNA/DNA /protein kit; Bioline), according to
the manufacturer’s protocol. The purity of the RNA and DNA and their concentrations
were measured spectrophotometrically by calculating the ratio between absorbance at
260 nm and 280 nm. Samples were stored at —20 °C until further analysis.

2.6. Reverse Transcription and Gene Expression

The reverse transcription reaction was performed with the use of a high-capacity
cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). The total
reaction volume was 20 pL. The mixture contained nuclease-free water, 10xRT buffer, 10xRT
random primers, 25xdNTP Mix (100 mM), total RNA (0.5 ng/uL) and MultiScribe® reverse
transcriptase. The reaction tubes were incubated for 10 min at 25 °C, 120 min at 37 °C,
and then for 5 min at 85 °C to inactivate the reverse transcriptase. PCR was performed in
a C1000™ programmed thermal cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA).
After the reaction, the cDNA samples were stored at —20 °C. TagMan gene expression
assay (Thermo Fisher Scientific, Waltham, Massachusetts, USA) was used to examine the
expression of the following genes: IKBKB (assay ID: Rn00584379_m1), TGFA (assay ID:
Rn00446234_m1), TGFB (assay ID: Rn00572010_m1), IRF1 (assay ID: Rn01483828_m1),
PTGS2 (assay ID: Rn01483828_m1). The reaction was performed using CFX96™ real-time
PCR detection system thermal cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA). The
housekeeping gene 18S ribosomal RNA gene (18S) (assay ID: Hs99999901_s1) was applied
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as an internal control (reference gene) for all reverse transcription—quantitative polymerase
chain reactions (RT-qPCR). The reaction mixture contained the following: cDNA samples,
a TagMan Universal master mix, no UNG (Applied Biosystems, Foster City, CA, USA),
TagMan probe (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and RN Ase-free
water. The PCR protocol was as follows: 10 min at 95 °C (enzyme activation), followed by
60 cycles of 30 s at 95 °C (denaturation), and one minute at 60 °C (for annealing/extension).
The cycle threshold (Ct) values were calculated automatically by a CFX96 real-time PCR
detection system software System (Bio-Rad Laboratories Inc., Hercules, CA, USA). For each
sample, the gene expression of the target mRNA was calculated relative to a reference gene
(ACt sample = Ct target gene — Ct reference gene). The levels of gene expression are given
as a normalization ratio calculated as fold =2 — ACt sample.

2.7. Methylation and HRM Analysis

The methylation status of investigated gene promoters was obtained by methylation-
sensitive high-resolution melting [54,55]. Genes sequences were checked for the numbers
of promoters and the presence of CpG islands. The promoter sequence was obtained from
the Eukaryotic promoter database EPD (http://epd.vital-it.ch (accessed on 1 December
2018)) [56]. For all investigated genes, the region from —499 to 100 bp relative to the tran-
scription start site (TSS) was used to design primers. The selected region contains all core
promoter motifs, required CpG island as well, as is characterized by the presence of curved
DNA elements relevant to the transcription process. Primers were designed for promoters
containing CpG islands using Methyl Primer Express™ Software v 1.0 (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) according to recommendations provided by
Wojdacz et al. (2009) [57]. It was not possible to design suitable MS-HRM primers for TGFB
(Table 2). The bisulfite conversion reaction was performed using 200 ng of DNA with a CiTi
converter DNA methylation kit (A&A Biotechnology, Gdynia, Poland), according to the
manufacturer’s instruction. Methylated DNA (CpGenome™ rat methylated genomic DNA
standard; Merck Millipore, Burlington, MA, USA) and unmethylated DNA (CpGenome™
rat unmethylated genomic DNA standard; Merck Millipore, Burlington, MA, USA) were
used as controls for the MS-HRM experiments. To maintain accuracy and control the sensi-
tivity of methylation detection, a series of dilutions were prepared, namely: nonmethylated,
10% methylated, 25% methylated, 50% methylated, 75% methylated, and 100% methylated
DNA. These reactions were performed using the Bio-Rad CFX96 real-time PCR detection
system and analyzed in HRM Powered by Precision Melt Analysis™ software (Bio-Rad
Laboratories Inc., Hercules, CA, USA). Each reaction mixture contained 5x HOT FIREPol®
EvaGreen® HRM Mix (no ROX) (Solis BioDyne, Tartu, Estonia), 500 nM of each primer and
10 ng of bisulfite converted DNA (theoretical calculation). The parameters for amplification
and HRM analyses included initial activation for 12 min at 95 °C, 45 cycles of 95 °C for 15 s;
annealing at optimal primer temperatures (tested experimentally) for 20 s and elongation
at 72 °C for 20 s. The HRM analysis consisted of denaturation at 95 °C for 15 s, reannealing
at 60 °C for one minute and melting from 60 to 95 °C at a ramp rate of 0.2 °C.

Table 2. The specification of primers used for the analysis of methylation levels in the promoter regions of the studied genes.

Product Size Number of Product CpGsin

/! o
Gene Starter Sequence (5'->3') Tm (°C) (bp) CpG Islands %CGs Product
F:AGGGTGGTTTTTTATTTTTATTTT
IKBKB R:AACCCCCACTAAAACTAACTTAA % 17 ! 36.75 >
FTTGGAGATTTAGGGAGTTAGGT
IRF1 R:CCCCTTACCTATCTTAAAAAACC 5 123 ! 43.90 4
F:GTAATAGTAGGGAGGAAAAATTTTAA
PTGS2 R:ATCCTAACAAACCCCAAA % 1 ! 37.84 10
TGFA F:GTTTTTTTAGGTGGTTGGTTAAG 55 188 1 42 55 1

R:CTTCAAACACCTCCCTACAATA
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2.8. Drugs

Venlafaxine HCI (Carbosynth Ltd., Compton, Berkshire, UK) was dissolved in 0.9% sterile
saline, which was used for vehicle administration. The drug was then administered IP at a
volume of 1 mL/kg of body weight, i.e., a dose of 10 mg/kg, as used previously [58,59].

2.9. Statistical Analysis

The effect of initial two-week stress on sucrose consumption was analyzed by t-
test for normally distributed data or the Mann-Whitney rank-sum test for non-normally
distributed data. In addition, when the data were normally distributed, the sucrose intake,
gene expression and methylation data were analyzed using one-way analysis of variance
(one-way ANOVA), with Tukey’s test as a post hoc test; F ratios were significant for the
groups’ control/vehicle, stressed /vehicle and stressed /venlafaxine. If the data were not
normally distributed, these relationships were tested using the Kruskal-Wallis one-way
ANOVA on ranks, followed by post hoc Student-Newman—Keuls test. The student’s t-test
was used to analyze differences between blood and brain samples. p values < 0.05 were
considered significant. Analyses were performed using Statistica 12 (StatSoft, Tulsa, OK,
USA), SigmaPlot 11.0 (Systat Software Inc., San Jose, CA, USA) and GraphPad Prism 5.0
(GraphPad Software, Inc., La Jolla, CA, USA).

3. Results
3.1. Sucrose Intakes and Body Weights of Animals Exposed to CMS and
Venlafaxine Administration

The 1% sucrose solution intake was comparable in all groups before CMS procedure
initiation (week 0). Following the initial two-week stress, the consumption decreased to
approximately 60% of initial values (week 2; stressed). Intakes remained at low levels in
stressed animals administered with the vehicle until the end of the experiment (week 7;
stressed /saline). Although chronic (five-week) venlafaxine treatment yielded no effect
in control animals, it normalized sucrose consumption in stressed rats (Table 3). Both
stress and venlafaxine had no significant effect on the body weights of the control or CMS
animals (Table 51, Supplementary Materials).

Table 3. Sucrose intakes in animals exposed to chronic mild stress (CMS) for two weeks and in animals exposed to CMS

or venlafaxine.

Weeks of CMS Control Stressed Stressed/Saline Stressed/Venlafaxine Control/Venlafaxine
Week 0 126 1.6 11.0 £ 0.7 11.7 £ 0.7 114 £ 0.5 119 +£0.7
Week 2 15.6 £19 6.8 = 1.0 ** 49 £+ 0.6 **** 58+ 05* 139+ 09
Week 7 - - 6.1 +£0.7 12.6 = 1.0 *** 13.3+1.3

Data represent means &= SEM. N = 6. ** p < 0.01; relative to week 0 in the stressed group. * p < 0.05; relative to week 0 in the
stressed /venlafaxine group. *** p < 0.01; relative to week 2 in the stressed/venlafaxine group. **** p < 0.001; relative to week 0 in

the stressed /saline group.

3.2. Gene Expression
3.2.1. Gene Expression in PBMCs after CMS Procedure and Venlafaxine Administration

The mRNA expression level of TGFA, TGFB, PTGS2, IRF1 and IKBKB in PBMCs did
not differ between the control and stressed groups for the initial two weeks. However,
animals stressed for seven weeks and administered saline demonstrated significantly
greater expression of all studied genes compared to the control group, i.e., TGFA (F = 22.027,
df =4, p <0.001, Tukey’s test p < 0.001), TGFB (F = 11.383, df = 4, p < 0.001, Tukey’s test
p < 0.001), PTGS2 (F = 20.803, df = 4, p < 0.001, Tukey’s test p < 0.001), IRF1 (F = 11.239,
df =4, p <0.001, Tukey’s test p < 0.001), IKBKB (F = 13.817, df = 4, p < 0.001, Tukey’s test
p < 0.001). Chronic treatment with venlafaxine (five weeks) yielded no effect in control
animals, but caused a significant decrease in the expression of all studied genes in stressed
rats, i.e., TGFA (F = 22.027, df = 4, p < 0.001, Tukey’s test p < 0.001), TGFB (F = 11.383,
df =4, p <0.001, Tukey’s test p < 0.001), PTGS2 (F = 20.803, df = 4, p < 0.001, Tukey’s test
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Figure 1. mRNA expression of TGFA (A), TGFB (B), PTGS2 (C), IRF1 (D) and IKBKB (E) in PBMCs of animals exposed to
chronic mild stress (CMS) for two weeks (control, stressed) and in animals exposed to CMS for seven weeks and administered
vehicle (1 mL/kg) or venlafaxine (10 mg/kg) for five weeks (stressed/saline, stressed /venlafaxine, control/venlafaxine).
Relative gene expression levels were estimated using the 2—ACt (Ct gene-Ct 185) method. Data represent means + SD.
N =6; ** p < 0.01; *** p < 0.001 relative to control group; ### p < 0.001 relative to stressed/saline group.

3.2.2. Gene Expression in Brain Structures after CMS Procedure and
Venlafaxine Administration

The effect of CMS and antidepressant administration on the mRNA expression of
the studied genes clearly differed between brain structures. All statistically significant
results are shown in Figure 2. The two-week CMS caused a significant decrease of TGFA
(F=10.364, df = 4, p < 0.001, Tukey’s test p = 0.006), and IKBKB (F = 7.985, df = 4, p < 0.001,
Tukey’s test p = 0.006) expression in the hippocampus. Furthermore, stress induced lower
expression of TGFA (F =19.543, df = 4, p < 0.001, Tukey’s test p = 0.004), TGFB (F = 4.408,
df =4, p = 0.008, Tukey’s test p = 0.022) and IKBKB (F = 7.311, df =4, p < 0.001, Tukey’s
test p = 0.024) in the amygdala, and in the midbrain in the case of IKBKB (F = 27.746,
df =4, p <0.001, Tukey’s test p = 0.004). Interestingly, this effect was intensified in animals
after the seven-week CMS procedure. After venlafaxine administration, the stressed
animals demonstrated downregulation of TGFA (F = 8.635, df = 4, p < 0.001, Tukey’s test
p <0.001), TGFB (F = 8.058, df = 4, p < 0.001, Tukey’s test p < 0.001) and IRF1 (F = 10.804,
df =4, p < 0.001, Tukey’s test p < 0.001) in the hypothalamus, IKBKB (F = 4.029, df =4,
p = 0.012, Tukey’s test p = 0.024) levels in the prefrontal cortex and IKBKB (F = 7.311,
df =4, p <0.001, Tukey’s test p < 0.015) in the amygdala. On the other hand, venlafaxine
treatment also increased the expression of TGFA in the hippocampus (F = 10.364, df = 4,
p < 0.001, Tukey’s test p = 0.002) and nucleus basal ganglia (F = 2.815, df = 4, p = 0.047,
Tukey’s test p = 0.024), as well as PTGS2 level in the hypothalamus (F = 13.733, df = 4,
p <0.001, Tukey’s test p < 0.001). Furthermore, no differences in mRNA expression level
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were found after venlafaxine administration in the nonstressed control group (Figure S1,
Supplementary Materials).
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Figure 2. mRNA expression of TGFA (A), IKBKB (B), TGFB (C), IRF1 (D) and PTGS2 (E) in the brain structures of animals
exposed to chronic mild stress (CMS) for two weeks (control, stressed) and in animals exposed to CMS for seven weeks
and administered vehicle (1 mL/kg) or venlafaxine (10 mg/kg) for five weeks (control/venlafaxine, stressed/saline,
stressed /venlafaxine). Relative gene expression levels were estimated using a 2—ACt (Ctgene—Ct18S) method. Data
represent means £ SD. N = 6. *p < 0.05; **p < 0.01 relative to control group. # p < 0.05; ## p < 0.01; ### p < 0.001 relative to
stressed /saline group. & p < 0.05; && p < 0.01 relative to stressed group.
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3.3. Methylation of Studied Genes Promoters
3.3.1. Methylation Status in PBMCs after CMS Procedure and Venlafaxine Administration

The only significant change in methylation status was found in the case of the IKBKB
promoter (Figure 3), where two-week exposure to CMS caused increased methylation
compared with nonstressed controls (F = 5.777, df = 4, p = 0.002, Tukey’s test p = 0.011). No
significant differences were observed for promoters of other investigated genes in PMBCs.

74.0
73.5-] [~
73.0

72.5 {

72.0

Methylation level of IKBKB promoter [%]
~
v

Figure 3. Methylation level of IKBKB promoter in PBMCs of animals exposed to chronic mild stress
(CMS) for two weeks (control, stressed) and in animals exposed to CMS for seven weeks, including
five-week administration of vehicle (1 mL/kg) or venlafaxine (10 mg/kg) (control/venlafaxine,
stressed /saline, stressed/venlafaxine). Data represent means + SD. N = 6. * p < 0.05 relative to
control group.

3.3.2. Methylation Status in Brain after CMS Procedure and Venlafaxine Administration

All statistically significant results are shown in Figure 4. CMS procedure significantly
increased the methylation level of the TGFA promoter in the amygdala (F = 45.000, df = 4,
p < 0.001, Tukey’s test p = 0.006). Stressed animals also demonstrated a higher methylation
status in the case of the IRF1 promoter in the amygdala (F = 14.765, df = 4, p < 0.001,
Tukey’s test p < 0.001) and prefrontal cortex (F = 29.138, df = 4, p < 0.001, Tukey’s test
p <0.001), as well as in the case of the PTGS2 promoter in the hippocampus (F = 9.749,
df = 4, p<0.001, Tukey’s test p < 0.001) and amygdala (F = 44.933, df = 4, p < 0.001,
Tukey’s test p < 0.001). However, CMS also caused a decrease in PTGS2 (F =9.777, df = 4,
p <0.001, Tukey’s test p < 0.001) as well as TGFA (F = 12.000, df = 4, p < 0.001, Tukey’s test
p = 0.003) promoter methylation in the prefrontal cortex Interestingly, chronic five-week
administration of venlafaxine resulted in increased IKBKB promoter methylation in the
amygdala (F = 24.000, df = 4, p < 0.001, Tukey’s test p < 0.001) and nucleus basal ganglia
(F=5.803, df = 4, p = 0.002, Tukey’s test p < 0.001), and the IRF1 promoter in the amygdala
(F=14.765, df = 4, p < 0.001, Tukey’s test p = 0.006). A similar effect was observed in the
case of the TGFA promoter, where the methylation status was higher in the hippocampus
(F=13.500, df =4, p <0.001, Tukey’s test p < 0.001) and amygdala (F = 45.000, df = 4,
p <0.001, Tukey’s test p < 0.001). No other differences in mRNA expression level were
found (Figure S2, Supplementary Materials).
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Figure 4. Methylation levels of the TGFA (A), IRF1 (B), PTGS2 (C) and IKBKB (D) promoter in brain regions of animals
exposed to chronic mild stress (CMS) for two weeks (control, stressed) and in animals exposed to CMS for seven weeks,
including five-week administration of vehicle (1 mL/kg) or venlafaxine (10 mg/kg) (control/venlafaxine, stressed /saline,
stressed /venlafaxine). Data represent means &+ SD. N = 6. * p < 0.05, ** p < 0.01, *** p < 0.001 relative to control group.
## p < 0.01 ###; p < 0.001 relative to stressed /saline group.

4. Discussion

The present study is the first to investigate the levels of TGFA, IRF1 and IKBKB mRNAs
in an animal model of depression. The study also briefly examined the influence of other
genes, such as PTGS2 and TGFB, and the effect of prior venlafaxine treatment on depression
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as knowledge about their role in the etiopathomechanism of depressive disorders is lacking;
this is particularly important as all these factors play roles in neuroinflammatory processes
and brain functioning. Moreover, any variation in one of the results in dysregulation and
disruption in the others. Therefore, all of these genes were investigated to give a broader
view of the inflammatory processes that may be activated in depression, not just focusing
on cytokines.

Our study is the first to describe the effect of CMS [53] on the expression of se-
lected genes in the PBMCs and six brain regions (hippocampus, amygdala, hypothalamus,
midbrain, prefrontal cortex and basal ganglia). They also present the impact of chronic ad-
ministration of venlafaxine on the mRNA level in this context. The results are also enriched
with a study of whether these factors can induce epigenetic changes, i.e., the methylation
status of the gene promoters studied, in blood and brain samples. Our results indicate that
for the initial two weeks, the mRNA expression of TGFA, TGFB, PTGS2, IRF1 and IKBKB
in PBMCs did not differ between the control and stressed groups. However, after longer
exposure to CMS, i.e., for a subsequent five weeks, the expression of all studied genes was
significantly upregulated. It might suggest that activation of inflammatory pathways in
the periphery could only be triggered after longer exposure to chronic stress conditions.

Our results regarding TGFB are consistent with those of other animal studies demon-
strating its increased expression in mice subjected to depression induced by unpredictable
mild stress [19]. On the other hand, other studies suggest a significant blood TGFB level
is significantly lower in depressed patients compared to healthy controls [20,21,60,61].
Interestingly, we observed that expression of TGFB was significantly diminished in the
amygdala after CMS procedure and that chronic (five-week) treatment with venlafaxine
caused a decrease of TGFB expression in the PBMCs and the hypothalamus of stressed
rats. This observation contradicts previous findings concerning antidepressant drugs; more
precisely, it has been reported that treatment with antidepressants caused up-regulation
of TGFB in plasma [61,62]. It has been proposed that its protein product plays a role in
maintaining the stability of immunologically privileged sites, such as the central nervous
system. In addition, as TFGB plays a complex role in stimulating the production of various
cytokines [63], it is possible that using antidepressants, including venlafaxine, may change
the balance between pro- and anti-inflammatory cytokines by changing the levels of TGFB
in depression. It is, therefore, also possible that increased expression of TGFB in chronic
stress conditions may occur in response to the elevated levels of proinflammatory agents
commonly found in depression. Another investigated gene in the TGF family, TGFA,
encodes polypeptide growth factor. Both genes regulate embryonic development and
immune response [14,15]. In the present study, low expression of TGFA was observed
in the PBMCs of control animals; however, this was significantly upregulated after CMS;
interestingly, the TGFA mRNA levels were higher in the hippocampus and amygdala of
the nonstressed group than the CMS rats. In the case of the hippocampus, this effect was
normalized after venlafaxine administration. Similarly, in PMBCs, antidepressant therapy
led to downregulation of TGFA expression, reversing the effects of the CMS procedure.
In addition, lower TGFA expression was observed after venlafaxine administration in the
amygdala, hypothalamus and prefrontal cortex. Interestingly, CMS caused increased TGFA
promoter methylation in the amygdala, which could be associated with lower levels of
TGFA expression. In addition, higher levels of methylation were observed after antide-
pressant therapy, which could be connected with the downregulation of TGFA expression
observed in the amygdala of rats treated with venlafaxine. This is the first set of such
results concerning the role of TGFA in depression or other psychiatric disorders. However,
it has been found to play a role in the induction of proliferation and differentiation of
neural cells in the adult mammalian brain: exogenous TGFA administration was observed
to trigger repair mechanisms after nervous system injury and to have neuroprotective
properties against cytotoxic and apoptotic signals [64]. It is hypothesized that TGFA could
improve or the state of neurodegenerative disorders, such as Parkinson’s disease, as well
as post-traumatic and stroke brain injury, and even reverse some of their characteristic
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features. Therefore, future studies should consider the possible role of TGFA in psychiatric
disorders. Another gene believed to be associated with mechanisms of depression is PTGS2.
It is widely accepted that PTGS2 participates in inflammatory processes partly involved in
neurodegeneration in the CNS. PTGS2 and its downstream product PGs play important
roles in triggering an inflammatory cascade in depression [24,25]. Our results indicate that
its expression was significantly upregulated in PBMCs after seven-week chronic stress,
and this effect was, at least partially, reversed by chronic venlafaxine administration. In
the case of brain tissues, we only observed one significant change after the antidepressant
treatment: a higher level of PTGS2 mRNA in the hypothalamus. We also observed that the
CMS procedure increased PTGS2 promoter methylation in the hippocampus and amygdala
and reduced it in the prefrontal cortex. However, this methylation pattern seemed to be
unrelated to PTGS2 expression. Our findings regarding the PTGS2 mRNA expression
gene are consistent with previous reports indicating significantly increased levels in the
peripheral blood cells of depressed patients versus healthy controls [65]. Furthermore, in a
model depression in adult rats caused by neonatal treatment with the antidepressant drug
clomipramine, PTGS2 mRNA expression was increased in the hippocampus. At the same
time, the protein level was elevated in the entorhinal cortex, and that the usage of NSAID
PTGS2 inhibitors, i.e., COX-2 inhibitors, could reverse depressive behavior [26]. This is in
line with another study proving that chronic unpredictable mild stress caused increased
PTGS2 expression accompanied with depressive symptoms, which was further neutralized
by PTGS2 RNAI lentivirus inhibitor [66]. Administration of COX2 selective inhibitor in
depressed rats has also been found to reduce depressive behavior and diminish the levels of
cytokines in the hypothalamus of rats [67]. Moreover, for patients with severe depression,
therapy with a selective inhibitor cannot only alleviate depressive behavior but also reduce
the serum level of proinflammatory cytokines [68]. The upregulation of the PTGS2 gene
observed in the course of depression, together with the effectiveness of its inhibitors in ther-
apy, confirm that PTGS2 plays a role in developing depressive disorders. Furthermore, our
findings also suggest that venlafaxine has anti-inflammatory activity. The present research
examined whether the expression of IRF1 changes during a depression-like state since it
plays a pivotal role in controlling the expression of a number of genes whose products are
essential in immunity [27]. As stated, IRF1 regulates the transcription of IFN and other
IFN-inducible genes, all of which play a role in inflammation [28]. In the present study, IRF1
mRNA level was found to be significantly increased in the PMBCs of rats exposed to CMS;
however, this fell to around control levels after venlafaxine administration. Venlafaxine
treatment also lowered IRF1 expression in the hypothalamus. Regarding epigenetics, the
CMS procedure resulted in an increase of IRF1 promoter methylation in the amygdala
and prefrontal cortex, while antidepressant treatment caused higher IRF1 methylation in
the amygdala. However, these changes did not affect the mRNA expression of the gene.
This may suggest that other processes have a greater impact on the expression of this
gene than the methylation of promoter sequences. To date, there has been no research
regarding the role of IRF1 in depression and other psychiatric disorders, nor the level of its
expression in these conditions. However, we could hypothesize that stress causes increased
IRF1 expression and thus increased activation of inflammatory pathways, which is com-
monly observed in the course of depression. In addition, disruptions in NF-kB signaling,
commonly observed in MDD, result in increased levels of proinflammatory cytokines.
NF-kB regulates the expression of various genes involved in the immune response [30,31].
One of the IkB kinase subunits, IKKB, encoded by the IKBKB gene, is known to regulate
NF-kB activity [43]. Studies have suggested that chronic unpredictable mild stress (CUMS)
induces an increase of IKKB protein levels in the hippocampus [69]; however, our present
findings indicate that CMS reduced IKBKB mRNA levels in the hippocampus, as well
as in the amygdala and midbrain. In addition, in contrast to the brain, CMS resulted
in increased IKBKB mRNA expression in PMBCs, which was decreased by venlafaxine
treatment. Therefore, it is possible that inhibition of IKKB- NF-kB signaling pathways
may exert an antidepressant-like effect and silence the neuroinflammation [69,70]. As the
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activation of NF-kB signaling promotes the release of proinflammatory cytokines, increased
mRNA expression of IKBKB in PMBCs, which acts as a regulatory factor for NF-kB, could
contribute to the activation of inflammatory pathways in blood cells; however, this effect is
not reflected in the brain. These differences between tissue types may be associated with
their response to stress stimuli. However, it is worth adding that the fact that an elevated
level of IKBKB is not associated with high promoter methylation status. The change in
promoter methylation status is low enough (approximately 1%) that despite its statistical
significance, it may not be biologically relevant. Moreover, it could also suggest that other
forms of expression regulation may have a greater influence.

Our findings are mostly in line with those of previous reports and support the con-
cept that depressive disorders accompany alterations of multiple aspects of the immune
response, both in the peripheral nervous system and in the central nervous system. Our
work has some limitations, particularly a lack of protein level analysis. However, such an
examination could not be performed in this study due to material limitations. Moreover,
obtained results were characterized by a wide variability between different parts of the
brain and between blood and brain samples. It is worth mentioning that in most cases, the
investigated genes demonstrated significantly higher expression in blood than brain tissues;
however, it can only be speculated whether this is due to a distinct tissue response or other
factors. The promoter methylation changes, despite being statistically significant, are not
always reflected by altered expression patterns. This suggests that these changes have not
been biologically relevant or/and other factors may have a greater influence on expression
regulation. Mainly, expression changes are controlled by methylation status. However,
other epigenetic modifications, such as modification of histones and microRNAs, could be
implicated [71]. Additionally, discordant changes in methylation and expression patterns
may be dependent on methylation changes in other cytosines, either outside investigated
regions or associated with non-CpG sites. Moreover, other variables that must be taken into
consideration are sequences recognized by methylation-sensitive transcriptional factors.
In this case, even single methylated or unmethylated cytosine influence the affinity of
the TF, and therefore, impact the gene expression. However, this phenomenon is still not
well-known, as well as the list of the potentially methylation-sensitive TF is continuously
changing [72]. Therefore, it is an interesting perspective research area. MS-HRM analy-
sis could have some potential limitations, such as primer competition, finding suitable
primer binding sites as well as issue of the PCR bias. However, all the imperfections of
the method can be minimized or even eliminated following the rules carefully [57,73]. As
mentioned, MS-HRM analysis has some limitations. In our study, it was not possible to
find suitable primer-binding sites in sequences with high CpG content and thus to design
primers for the TGFB gene. Additionally, it is worth adding that non-CpG sites, which
have not been analyzed in our study, might be differentially methylated and thus affect
gene expression [74]. Therefore, observed results should be extrapolated with caution. It is
also difficult to develop a single stable and faultless animal model of depression, particu-
larly since many human symptoms cannot be modeled in laboratory animals. We used a
validated CMS animal model, which closely mirrors depression in humans. However, it
should be remembered that it is based only on anhedonia, reflected by reduced sucrose
intake [53]. Moreover, daily injections of drugs or vehicles may act as an additional stress
factor of the CMS. However, we believe that such research moves one step closer to the
possibility of conducting research on patients.

5. Conclusions

Our main findings indicate that the TGFA, TGFB, PTGS2, IRF1 and IKBKB genes could
be responsible for activating inflammatory pathways after stress stimuli. More precisely,
this research confirms that CMS is associated with changes in the mRNA expression
of these genes, both in PMBCs and regions of the brain, which in turn could trigger
an inflammatory cascade. Another key finding is the fact that chronic administration
of venlafaxine may cause anti-inflammatory effects by affecting the expression of the
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investigated genes. Furthermore, both CMS and venlafaxine administration caused changes
in promoter methylation status. However, contradictory results in this area suggest that
other epigenetic mechanisms could play a significant role in the expression regulation
of the aforementioned genes. The results also indicate that individual brain structures
demonstrate different tissue responses for stress and antidepressant drugs, suggesting
that reactions are region-specific. Nevertheless, our findings confirm at least a partial
association between TGFA, TGFB, PTGS2, IRF1 and IKBKB genes and depression, and
hence it is highly likely that inflammation plays a role in psychiatric disorders. Such
observations serve as a further step towards understanding the underlying processes of
depression and the mechanisms of action of antidepressants.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ genes12050667/s1, Table S1: The effect of CMS procedure and venlafaxine on the body
weights of the animals; Figure S1: mRNA expression of TGFA (A), IKBKB (B), TGFB (C), IRF1
(D) and PTGS2 (E) in the brain structures of animals exposed to chronic mild stress (CMS) for
two weeks (control, stressed) and in animals exposed to CMS for seven weeks and administered
vehicle (1 mL/kg) or venlafaxine (10 mg/kg) for five weeks (control/venlafaxine, stressed/saline,
stressed /venlafaxine). Relative gene expression levels were estimated using a 2—ACt (Ctgene—Ct18S)
method. Data represent means + SD. N = 6.; Figure 52: Methylation levels of the TGFA (A), IRF1
(B), PTGS2 (C) and IKBKB (D) promoter in brain regions of animals exposed to chronic mild stress
(CMS) for two weeks (control, stressed) and in animals exposed to CMS for seven weeks, including
five-week administration of vehicle (1 mL/kg) or venlafaxine (10 mg/kg) (control/venlafaxine,
stressed /saline, stressed /venlafaxine). Data represent means + SD. N = 6.
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Single-Nucleotide Polymorphisms of IL-1q, IL-18 and TNF-a Genes on the Occurrence,
SeYeﬁty and Treatment Effectiveness of the Major Depressive Disorder. Cell Mol Neurobiol.
2020; 40(6):1049-1056 méj udziat wynosit 10% i obejmowal wspétudziat w projektowaniu

badari, konsultacje merytoryczne oraz pomoc w analizie uzyskanych wynikéw i redakcji
manuskryptu.

Os$wiadczam, ze w pracy Bialek K, Czamny P, Watala C, Wigner P, Talarowska M,
Galecki P, Szemraj J, Sliwinski T. Novel association between TGFA, TGFB1, IRF1, PTGS2
and IKBKB single-nucleotide polymorphisms and occurrence, severity and treatment response
of major depressive disorder. Peer]. 2020; 8:8676 wynosit 10% i obejmowal wspéhudziat w
projektowaniu badan, konsultacje merytoryczne oraz pomoc w analizie uzyskanych wynikéw i
redakcji manuskryptu.

Oswiadczam, ze w pracy Bialek K, Czarny P, Wigner P, Synowiec E, Barszczewska
G, Bijak M, Szemraj J, Niemczyk M, Tota-Glowczyk K, Papp M, Sliwinski T. Chronic Mild
Stress and Venlafaxine Treatment Were Associated with Altered Expression Level and
Methylation Status of New Candidate Inflammatory Genes in PBMCs and Brain Structures of
Wistar Rats. Genes (Basel). 2021; 12(5):667 wynosit 10% i obejmowat wspéludziat w
projektowaniu badan, konsultacje merytoryczne oraz pomoc w analizie uzyskanych wynikéw i
redakcji manuskryptu.
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£6dz, 28.05.2021

dr Piotr Czarny
Katedra Biochemii Medycznej

Uniwersytet Medyczny w Lodzi

Oswiadczenie o udziale w publikacji

Oswiadczam, ze w pracy Bialek K, Czarny P, Strycharz J, Sliwinski T. Major
depressive disorders accompanying autoimmune diseases - Response to treatment. Prog
Neuropsychopharmacol Biol Psychiatry. 2019;95:109678 mo¢j udziat wynosit 10% i
obejmowal tworzenie koncepcji pracy, konsultacje merytoryczne oraz wspétudziat w

przygotowaniu manuskryptu.

Os$wiadczam, ze w pracy Bialek K, Czarny P, Watala C, Synowiec E, Wigner P, Bijak
M, Talarowska M, Galecki P, Szemraj J, Sliwinski T. Preliminary Study of the Impact
of Single-Nucleotide Polymorphisms of IL-la, IL-18 and TNF-a Genes on the
Occurrence, Severity and Treatment Effectiveness of the Major Depressive Disorder.
Cell Mol Neurobiol. 2020; 40(6):1049-1056 mo¢j udziat wynosit 7% i obejmowat
wspotudzial w projektowaniu badan, przeprowadzeniu eksperymentéw, konsultacje

merytoryczne oraz pomoc w analizie uzyskanych wynikow i redakcji manuskryptu.

Oswiadczam, ze w pracy Bialek K, Czarny P, Watala C, Wigner P, Talarowska
M, Galecki P, Szemraj J, Sliwinski T. Novel association between TGFA, TGFBI1, IRF1,
PTGS2 and IKBKB single-nucleotide polymorphisms and occurrence, severity and
treatment response of major depressive disorder. Peer]. 2020; 8:8676 moj udziat
wynosit 5% i obejmowal wspoétudzial w projektowaniu badan, przeprowadzeniu
cksperymentoéw, konsultacje merytoryczne oraz pomoc w analizie uzyskanych

wynikow i redakcji manuskryptu.

Os$wiadczam, ze w pracy Bialek K, Czarny P, Wigner P, Synowiec E,
Barszczewska G, Bijak M, Szemraj J, Niemczyk M, Tota-Glowczyk K, Papp M,
Sliwinski T. Chronic Mild Stress and Venlafaxine Treatment Were Associated with

Altered Expression Level and Methylation Status of New Candidate Inflammatory
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moj udzial wynosil 6% i obejmowal wspdtudziat w projektowaniu badan
przeprowadzeniu eksperymentéw, konsultacje merytoryczne oraz pomoc w analizie

uzyskanych wynikéw i redakcji manuskryptu.
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1.6dz,27.05.2021

Prof. drhab. Janusz Szemraj
Katedra Biochemii Medycznej

Uniwersytet Medyczny w Lodzi

Os$wiadczenie o udziale w publikacji

Oswiadczam, ze w pracy Bialek K, Czarny P, Watala C, Synowiec E, Wigner P,
Bijak M, Talarowska M, Galecki P, Szemraj J, Sliwinski T. Preliminary Study of the
Impact of Single-Nucleotide Polymorphisms of [L-1a, IL-1p and TNF-o Genes on the
Occurrence, Severity and Treatment Effectiveness of the Major Depressive Disorder.
Cell Mol Neurobiol. 2020; 40(6):1049-1056 moj udzial wynosit 4% i1 obejmowat
wspoludzial w tworzeniu koncepcji, konsultacje merytoryczne oraz pomoc w redakcji

manuskryptu.

O$wiadczam, ze w pracy Bialek K, Czarny P, Watala C, Wigner P, Talarowska
M, Galecki P, Szemraj J, Sliwinski T. Novel association between TGFA, TGFBI.
[RF1, PTGS2 and IKBKB single-nucleotide polymorphisms and occurrence, severity
and treatment response of major depressive disorder. Peer]. 2020; 8:8676 moéj udziat
wynosit 4% i obejmowal wspotudzial w projektowaniu badan, przeprowadzeniu
cksperymentow, konsultacje merytoryczne oraz pomoc w analizie uzyskanych

wynikow 1 redakeji manuskryptu.

O$wiadczam, z¢ w pracy Bialek K, Czamy P, Wigner P, Synowiec E,
Barszczewska G, Bijak M, Szemraj J, Niemczyk M, Tota-Glowczyk K, Papp M,
Sliwinski T. Chronic Mild Stress and Venlafaxine Treatment Were Associated with
Altered Expression Level and Methylation Status of New Candidate Inflammatory
Genes in PBMCs and Brain Structures of Wistar Rats. Genes (Basel). 2021; 12(5):667
moj udziat wynosit 3% i obejmowal wspoludzial w tworzeniu koncepceji, konsultacje

meryloryczne oraz pomoc w redakcji manuskryptu.

KIEROWNI K
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W
Prof./df haBiZh. med. \anusz Szemraj



1.6dz, 26.05.2021

prof. dr hab. n. med. Piotr Gatecki
Klinika Psychiatrii Dorostych
Uniwersytet Medyczny w Lodzi

Oswiadczenie o udziale w publikacji

Oswiadczam, ze w pracy Bialek K, Czarny P, Watala C, Synowiec E, Wigner P,
Bijak M, Talarowska M, Galecki P, Szemraj J, Sliwinski T. Preliminary Study of the
Impact of Single-Nucleotide Polymorphisms of IL-1a, IL-1B and TNF-o. Genes on the
Occurrence, Severity and Treatment Effectiveness of the Major Depressive Disorder.
Cell Mol Neurobiol. 2020; 40(6):1049-1056 méj udzial wynosit 4% i obejmowat
wspotudziat w tworzeniu koncepcji, diagnostyce i kwalifikacji medycznej uczestnikéw

badania, pomoc w redakcji tekstu.

Oswiadczam, ze w pracy Bialek K, Czarny P, Watala C, Wigner P, Talarowska
M, Galecki P, Szemraj J, Sliwinski T. Novel association between TGFA, TGFB1, IRF1,
PTGS2 and IKBKB single-nucleotide polymorphisms and occurrence, severity and
treatment response of major depressive disorder. Peer]. 2020; 8:8676 mdj udziat
wynosit 4% i obejmowal wspotudzial w tworzeniu koncepcji, diagnostyce i kwalifikacji

medycznej uczestnikéw badania, pomoc w redakcji tekstu.

A



L6dz, 31.05.2021

prof. dr hab. n.med. Cezary Watata
Zaktad Zaburzen Krzepnigcia Krwi
Uniwersytet Medyczny w Lodzi

Os$wiadczenie o udziale w publikacji

Oswiadczam, ze w pracy Bialek K, Czarny P, Watala C, Synowiec E, Wigner
P, Bijak M, Talarowska M, Galecki P, Szemraj J, Sliwinski T. Preliminary Study of the
Impact of Single-Nucleotide Polymorphisms of IL-1a, IL-1B and TNF-o, Genes on the
Occurrence, Severity and Treatment Effectiveness of the Major Depressive Disorder.
Cell Mol Neurobiol. 2020; 40(6):1049-1056 m6j udziat wynosit 4% i obejmowat pomoc

w analizie uzyskanych wynikéw i redakcji manuskryptu.

Oswiadczam, ze w pracy Bialek K, Czarny P, Watala C, Wigner P, Talarowska
M, Galecki P, Szemraj J, Sliwinski T. Novél association between TGFA, TGFBI1, IRF1,
PTGS2 and IKBKB single-nucleotide polymorphisms and occurrence, severity and
treatment response of major depressive disorder. Peer]. 2020; 8:8676 moj udziat
wynosit 4% i obejmowal pomoc w analizie uzyskanych wynikéw i redakcji

manuskryptu.

KlkKouwNIK
Zakfadu Zaburzen Krgepnie ia Kwi
Ulinepsyt edy bodzi

Prof. dr hab. Cezary Watata




1L6dz, 25.05.2021

dr Paulina Wigner
Katedra Biochemii Ogdlne;j
Uniwersytet L.odzki

Oswiadczenie o udziale w publikacji

Oswiadczam, ze w pracy Bialek K, Czarny P, Watala C, Synowiec E, Wigner P,
Bijak M, Talarowska M, Galecki P, Szemraj J, Sliwinski T. Preliminary Study of the
Impact of Single-Nucleotide Polymorphisms of IL-1a, IL-1 and TNF-a Genes on the
Occurrence, Severity and Treatment Effectiveness of the Major Depressive Disorder.
Cell Mol Neurobiol. 2020; 40(6):1049-1056 moj udzial wynosit 4% i obejmowat

wspotudziat w przeprowadzeniu eksperymentow.

Os$wiadczam, ze w pracy Bialek K, Czarny P, Watala C, Wigner P, Talarowska
M, Galecki P, Szemraj J, Sliwinski T. Novel association between TGFA, TGFB1, IRF1,
PTGS2 and IKBKB single-nucleotide polymorphisms and occurrence, severity and
treatment response of major depressive disorder. Peer]. 2020; 8:8676. moj udziat

wynosit 4% 1 obejmowat wspotudzial w przeprowadzeniu eksperymentow.

Oswiadczam, ze w pracy Bialek K, Czarny P, Wigner P, Synowiec E,
Barszczewska G, Bijak M, Szemraj J, Niemczyk M, Tota-Glowczyk K, Papp M,
Sliwinski T. Chronic Mild Stress and Venlafaxine Treatment Were Associated with
Altered Expression Level and Methylation Status of New Candidate Inflammatory
Genes in PBMCs and Brain Structures of Wistar Rats. Genes (Basel). 2021; 12(5):667

moj udzial wynosit 3% i obejmowat wspodtudzial w przeprowadzeniu eksperymentow.

Poslinsy Wi



Lédz, 27.05.2021

dr Ewelina Synowiec
Katedra Genetyki Molekularnej
Uniwersytet Lodzki

Os$wiadezenie o udziale w publikacji

Oswiadczam, ze w pracy Bialek K, Czarny P, Watala C, Synowiec E, Wigner P,
Bijak M, Talarowska M, Galecki P, Szemraj J, Sliwinski T, Preliminary Study of the
Impact of Single-Nucleotide Polymorphisms of IL-1a, IL-1f and TNF-a Genes on the
Occurrence, Severity and Treatment Effectiveness of the Major Depressive Disorder.
Cell Mol Neurobiol. 2020; 40(6):1049-1056 moj udziat wynosil 4% i obejmowat

wspodtudzial w wykonywaniu eksperymentow.

Oswiadczam, ze w pracy Bialek K, Czamy P, Wigner P, Synowiec E,
Barszczewska G, Bijak M, Szemraj J, Niemczyk M, Tota-Glowezyk K, Papp M,
Sliwinski T. Chronic Mild Stress and Venlafaxine Treatment Were Associated with
Altered Expression Level and Methylation Status of New Candidate Inflammatory
Genes in PBMCs and Brain Structures of Wistar Rats. Genes (Basel). 2021; 12(5):667

wynosit 3% i obejmowal wspétudzial w wykonywaniu eksperymentow.



Lodz, 25.05.2021

mgr inz. Gabricla Barszezewska
Katedra Genetyki Molekularne

Uniwersytet Lodzki

Oéwiadezenie o udziale w publikacji

Oswiadczam, ze w pracy Bialek K, Czamy P, Wigner P, Synowiec E,
Barszezewska G, Bijak M, Szemraj J, Niemezyk M, Tota-Glowezyk K, Papp M,
Sliwinski T. Chronic Mild Stress and Venlafaxine Treatment Were Associated with
Altered Expression Level and Methylation Status of New Candidate Inflammatory
Genes in PBMCs and Brain Structures of Wistar Rats. Genes (Basel). 2021; 12(5):667

moj udziat wynosil 3% i obejmowat wspdtudzial w przeprowadzeniu eksperymentow.
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Lodz, 24.05.2021

mgr Justyna Strycharz
Katedra Biochemii Medycznej

Uniwersytet Medyczny w Lodzi

O$wiadczenie o udziale w publikacji

Oswiadczam, ze w pracy Bialek K, Czarny P, Strycharz J, Sliwinski T. Major
depressive disorders accompanying autoimmune diseases - Response to treatment.
Prog Neuropsychopharmacol Biol Psychiatry. 2019:95:109678 moj udziat wynosit 5%

i obejmowat wspotudziat w przygotowaniu manuskryptu.
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