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Streszczenie

Urazowe uszkodzenie mozgu (ang. traumatic brain injury, TBI) stanowi powazne wyzwanie
socjoekonomiczne. Z tego wzgledu intensywnie poszukuje si¢ terapii, ktore mogtyby
minimalizowa¢ dlugofalowe nastepstwa TBI. Jednym z proponowanych podejs¢ jest
wykorzystanie diety ketogenicznej (ang. ketogenic diet, KD), ktéra znajduje kliniczne
zastosowanie w leczeniu padaczki lekoopornej. Skuteczno$¢ leczenia w TBI moze by¢ zalezna
od wielu czynnikéw, w tym od plci oraz momentu wdrozenia terapii. W zwigzku z tym w
niniejszej pracy zbadano wptyw KD oraz pici badanych zwierzat na rozwoj blizny glejowej po
TBIL

Oprocz metod terapeutycznych istotne jest rowniez rozwijanie i poszukiwanie nowych narzedzi
diagnostycznych, umozliwiajacych szybka i precyzyjng ocen¢ zmian zachodzacych w
przebiegu TBI, w tym identyfikacj¢ markerow procesu chorobowego oraz zmian
indukowanych przez zastosowanie KD. W pracy oceniono potencjal instrumentalnych metod
spektroskopii atomowej i molekularnej jako narzedzi do badan nad procesem formowania si¢
blizny glejowej. Analizie poddano probki pochodzace od zwierzat doswiadczalnych,
obejmujace skrawki mozgu oraz mineralizaty wybranych narzadéow wewngtrznych. Badania
przeprowadzono z wykorzystaniem mikrospektroskopii w podczerwieni z transformata
Fouriera (ang. Fourier transform infrared microspectroscopy, FTIRM), spektroskopii Ramana
(ang. Raman spectroscopy, RS), fluorescencji rentgenowskiej catkowitego odbicia (ang. total
reflection X-ray fluorescence, TXRF) oraz fluorescencji rentgenowskiej ze wzbudzeniem
synchrotronowym (ang. synchrotron X-ray fluorescence, SR-XRF).

Jednym z gltownych celow badan byla identyfikacja molekut 1 pierwiastkow, ktorych
akumulacja w tkance zmienia si¢ w wyniku TBI oraz modyfikacji, jakie wprowadza w tym
zakresie KD, w zalezno$ci od ptci badanych zwierzat. Analizy prowadzone z wykorzystaniem
techniki FTIRM wykazaty, ze rozwdj blizny glejowej powoduje wyrazne zmiany w skladzie
biomolekularnym kory mozgowej. Obserwowano spadek zawartosci zwigzkow zawierajacych
grupy fosforanowe, cholesterolu i jego estrow, zwigzkow zawierajacych grupy karbonylowe
oraz lipidow, szczegdlnie nienasyconych. Odwrotne tendencje zaobserwowano w przypadku
drugorzgdowej struktury biatek — na wczesnym etapie rozwoju blizny glejowej stwierdzono
wzrost wzgledne] zawartosci biatek o strukturze P-kartki. Dane uzyskane za pomoca RS
okazaty si¢ przydatne w ocenie wptywu KD na rejon kory mézgowej niezwigzany bezposrednio
z uszkodzeniem pierwotnym. Efekty KD byly szczegoélnie wyrazne u samic, u ktorych
odnotowano wzrost poziomu cytochromu C/DNA, estryfikacji lipidow, amidu III oraz stopnia
nienasycenia lipidow — podobne, cho¢ mniej intensywne zmiany, obserwowano rowniez u
samcOw. Analizy skrawkow mézgdw przeprowadzono takze z wykorzystaniem techniki SR-
XRF, co pozwolito szczegdlowo oceni¢ fizjologie rozwoju blizny glejowej w czasie.
Najistotniejsze obserwacje dotyczyty zmian w rozkladzie pierwiastkow takich jak wapn, zelazo
1 miedz. Nie stwierdzono, natomiast istotnego modyfikujacego wpltywu KD w tym zakresie. Ze
wzgledu na potencjalnie plejotropowe dzialanie KD, oceniono rowniez wplyw diety na narzady
wewngetrzne. Analizie poddano watrobe, nerki 1 §ledzioneg, a ich mineralizaty zbadano za
pomoca metody TXRF. Uzyskane wyniki potwierdzily obcigzajagcy wplyw KD na organy
wewngtrzne, przy czym szczegdlnie wrazliwe na diete okazaly sie nerki, w ktorych stwierdzono
znaczace odchylenia poziomdw wapnia i fosforu w poréwnaniu z grupg kontrolna.

Zastosowanie metod spektroskopowych dostarczyto nowego wgladu w odpowiedz organizmu
szczurow na KD w warunkach TBI. Kazda z wykorzystanych technik spektroskopowych
okazata si¢ przydatna w charakteryzowaniu profilu obserwowanych zmian. FTIRM umozliwita
precyzyjne wyznaczenie granic obszaru powstalego uszkodzenia. Wplyw diety ketogeniczne;j
na przebieg TBI oraz sktad molekularny kory mozgowej zostat zobrazowany przy uzyciu RS.
Natomiast technika TXRF dostarczyla informacji na temat zmian w sktadzie pierwiastkowym
narzadow wewnetrznych. Z kolei analizy przeprowadzone z wykorzystaniem SR-XRF



zwrocity uwage na dynamike zmian w akumulacji pierwiastkow w obrebie formujacej si¢
blizny glejowej, co przyczynia si¢ do lepszego zrozumienia procesu pourazowej reakcji
glejowe;.



Abstract

Traumatic brain injury (TBI) poses a significant socioeconomic challenge. Consequently, there
is an intensive search for therapies that could minimize the long-term sequelae of TBI. One
proposed approach is the application of the ketogenic diet (KD), which finds clinical use in the
management of drug-resistant epilepsy. Therapeutic efficacy in TBI may depend on numerous
factors, including sex and the timing of intervention. Therefore, this study investigated the
impact of KD and the sex of the subjects on glial scar formation following TBI.

Beyond therapeutic strategies, it is crucial to develop and explore novel diagnostic tools that
enable rapid and precise assessment of TBI-associated changes, including the identification of
disease markers and alterations induced by KD administration. This study evaluated the
potential of instrumental atomic and molecular spectroscopy methods as tools for investigating
glial scar formation. Analysis was performed on samples from experimental animals,
comprising brain sections and mineralizates of selected internal organs. The research employed
Fourier transform infrared microspectroscopy (FTIRM), Raman spectroscopy (RS), total
reflection X-ray fluorescence (TXRF), and synchrotron radiation X-ray fluorescence (SR-
XRF).

A primary objective was to identify molecules and elements whose tissue accumulation changes
due to TBI and to determine how KD modifies these alterations depending on the sex of the
subjects. FTIRM analyses demonstrated that glial scar development induces distinct changes in
the biomolecular composition of the cerebral cortex. A decrease was observed in the content of
compounds containing phosphate groups, cholesterol and its esters, compounds containing
carbonyl groups, and lipids, particularly unsaturated ones. Conversely, regarding protein
secondary structure, an increase in the relative content of B-sheet structures was observed during
the early stage of glial scar formation. Data obtained via RS proved valuable in assessing the
impact of KD on cortical regions not directly involved in the primary injury. KD effects were
particularly pronounced in females, who exhibited increased cytochrome C/DNA ratios, lipid
esterification, amide III levels, and lipid unsaturation degrees; similar, albeit less intense,
changes were also observed in males. Brain section analyses were also conducted using SR-
XREF, allowing for a detailed temporal assessment of glial scar physiology. The most significant
observations concerned changes in the distribution of elements such as calcium, iron, and
copper. However, no significant modifying effect of KD was found in this regard. Given the
potentially pleiotropic effects of KD, the diet's impact on internal organs was also evaluated.
The liver, kidneys, and spleen were analysed, and their mineralizates were examined using
TXRF. The results confirmed the burdening effect of KD on internal organs; the kidneys
appeared particularly sensitive, showing significant deviations in calcium and phosphorus
levels compared to the control group.

The application of spectroscopic methods provided new insights into the systemic response of
rats to KD under TBI conditions. Each of the employed spectroscopic techniques proved useful
in characterizing the profile of observed changes. FTIRM enabled the precise delineation of the
injury boundaries. The impact of the ketogenic diet on TBI progression and the molecular
composition of the cerebral cortex was elucidated using RS. Meanwhile, TXRF provided
information regarding changes in the elemental composition of internal organs. Finally, SR-
XRF analyses highlighted the dynamics of elemental accumulation within the forming glial
scar, contributing to a better understanding of the post-traumatic glial response.



Uklad rozprawy

Na niniejszg rozprawe doktorska sktadajg si¢ trzy publikacje [A1-A3] oraz jeden manuskrypt
przestany do publikacji [S1] dotyczace wykorzystania zaawansowanych metod
spektroskopowych w badaniach wptywu diety ketogenicznej na rozwdj blizny glejowej oraz
homeostaze organizmu. Artykuty [A1]1[A3] skupiaja si¢ na uzyteczno$ci metod spektroskopii
wibracyjnej do oceny zmian molekularnych, jakie wywotuje uszkodzenie pierwotne mozgu
oraz zbadania zmian towarzyszacych rozwojowi blizny glejowej w zaleznosci od ptci zwierzat.
Artykut [A2] dotyczy wykorzystania fluorescencji rentgenowskiej catkowitego odbicia (ang.
total reflection X-ray fluorescence, TXRF) w analizie wplywu badanej diety
wysokotluszczowej na homeostaze pierwiastkowg organow wewnetrznych, podejmuje rowniez
temat zawartosci analizowanych pierwiastkoOw w stosowanej karmie.

Manuskrypt artykutu [S1], ktory w momencie przygotowywania rozprawy znajduje si¢ w
recenzji w czasopismie Spectrochimica Acta A, zawiera wyniki uzyskane za pomoca metod
mikrospektroskopii w podczerwieni z transformata Fouriera (ang. Fourier transform infrared
microspectroscopy, FTIRM), spektroskopii Ramana (ang. Raman spectroscopy, RS) oraz
fluorescencji rentgenowskiej ze wzbudzeniem synchrotronowym (ang. synchrotron X-ray
fluorescence, SR-XRF), ktore ukazuja wpltyw diety ketogenicznej (ang. ketogenic diet, KD) na
rozwoj blizny glejowe;j.
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1. Wprowadzenie

Urazowe uszkodzenie mézgu (ang. traumatic brain injury, TBI) jest rodzajem urazu, ktory
powstaje w wyniku dzialania zewnetrznych sit powodujacych czasowe lub stale, funkcjonalne
lub strukturalne uszkodzenie mozgu [1,2]. TBI stanowi wyzwanie dla stuzby zdrowia oraz ze
wzgledow spoleczno-ekonomicznych, gdyz kazdego roku odnotowuje si¢ ok. 50 milionow jego
nowych przypadkow [3]. Wigkszo§¢ z nich to przypadki tagodne, ktore nie zmieniaja
przewidywanej dlugosci zycia, natomiast mogg prowadzi¢ do pojawiajacych si¢ w po6zniejszym
czasie niepetnosprawnosci [4].

TBI mozemy podzieli¢ na dwa rodzaje, w zaleznos$ci od czasu mijajacego od uszkodzenia oraz
nastgpujacych po sobie mechanizméw. Pierwotne TBI wywotywane jest w momencie
wystapienia sil zewnetrznych 1 moze obejmowac ztamania czaszki, sttuczenie, wstrza$nienie
moézgu i rozdarcie tkanek [5]. Wtorne TBI nastgpuje w wyniku odpowiedzi komoérkowych,
zmian tkankowych i/lub behawioralnych, ktére majg miejsce w ciggu godzin, dni lub nawet lat
po wystapieniu urazu pierwotnego [6]. Powstajace okno czasowe, w zaleznosci od
zachodzacych procesow, umozliwia zastosowanie terapii, ktéra moze zminimalizowa¢ lub
nawet wyeliminowac¢ negatywne skutki nieleczonego wtoérnego urazu mozgu.

W  poszukiwaniu terapii, ktora wywotataby pozadane ztagodzenie lub zahamowanie
szkodliwych zmian w mézgu po wystgpieniu urazu pierwotnego, skierowaliSmy swoja uwage
na KD, ktora od lat stosowana jest w leczeniu padaczki lekoopornej [7]. Wystapienie padaczki
moze by¢ nastepstwem udaréw oraz TBI, ponadto 30% procent cierpiacych na to schorzenie
0s6b jest diagnozowane jako oporni na dotychczas stosowane lub dostepne leczenie [8,9]. Jako
podejscie alternatywne do operacji chirurgicznych majacych na celu usunigcie obszarow
moézgu odpowiedzialnych za wywotywanie atakow padaczkowych stosuje si¢ KD. Mechanizm
dzialania tej diety jest plejotropowy, jednak w kontekscie padaczki lekoopornej
zidentyfikowano kilka obszarow, ktore potwierdzaja jej kliniczne dziatanie i skutecznosé [10].
Ciala ketonowe, takie jak B-hydroksymaslan (ang. B-hydroxybutyrate, BHB) i acetooctan (ang.
acetoacetate, AcAc), wykazuja wieloaspektowy wpltyw na funkcjonowanie mozgu,
wykraczajacy poza ich tradycyjna role jako Zrodta energii. W kontekscie padaczki, ich dziatanie
obejmuje modulacjg¢ licznych kanatow jonowych oraz szlakdéw sygnalizacyjnych, co przektada
si¢ na obnizenie pobudliwosci neuronalnej. Mechanizm przeciwdrgawkowy ciat ketonowych
wynika migdzy innymi z aktywacji kanalow potasowych (K-ATP) [11]. W warunkach, gdy
metabolizm glukozy generuje cytoplazmatyczne rezerwy ATP, przejscie na ketolize powoduje
wzgledny spadek ATP w cytoplazmie, co sprzyja otwarciu tych kanatow [11]. Otwarcie K-ATP
prowadzi do hiperpolaryzacji neurondéw 1 stabilizacji ich potencjatu spoczynkowego,
zmniejszajac ryzyko nadmiernego wyladowania. Ponadto, BHB bezposrednio oddziatuje z
tryptofanem na jednostke KCNQ3 (kanat potasowy bramkowany napigciem), prowadzi do
hiperpolaryzacji komorki i redukuje czestotliwos¢ wytadowan [12,13]. W obszarze transmisji
synaptycznej ciala ketonowe wplywaja na transport glutaminianu do pecherzykow
synaptycznych — AcAc konkuruje z jonami chlorkowymi o miejsce allosteryczne na
transporterach  VGLUT, co skutkuje ograniczeniem ilo$ci uwalnianego glutaminianu,
gléwnego neuroprzekaznika pobudzajacego [14,15]. Dodatkowo, modyfikacja metabolizmu
cyklu Krebsa przez ketony sprzyja zwigkszeniu syntezy GABA, kluczowego neuroprzekaznika
hamujacego, co moze thumaczy¢ obserwowany wzrost jego st¢zenia u pacjentoOw stosujacych
KD [16,17]. Warto takze podkresli¢, Ze ciata ketonowe wptywaja na funkcjonowanie kanatéw
ASICla, ktore reaguja na zmiany pH. Cho¢ mechanizm ich interakcji z ketonami pozostaje
przedmiotem badan, sugeruje si¢, ze modulacja tych kanaléw moze przyczynia¢ si¢ do
terminacji napadow padaczkowych [18,19]. BHB zwigksza prog otwarcia mitochondrialnych
poréw przejsciowych (mPT), co stabilizuje poziomy wapnia w cytoplazmie i zapobiega
nadmiernemu pobudzeniu neurondéw [20-22]. Omoéwione powyze] mechanizmy tlumacza,
dlaczego KD, przez zwigkszenie st¢zenia ciat ketonowych, znajduje zastosowanie w leczeniu



padaczki opornej na standardowag farmakoterapi¢, oferujagc nowatorskie perspektywy
terapeutyczne oparte na precyzyjnym modulowaniu réznych obszaréw funkcjonowania moézgu.

Myslac o zastosowaniu KD jako terapii zapobiegania negatywnym skutkom TBI nalezy
omowi¢ powszechnie stosowane modele uszkodzenia moézgu. Do celéw badawczych
wykorzystuje si¢ modele zwierzece, ktore umozliwiaja precyzyjng kontrole parametrow
uszkodzenia oraz pozwalajag na doglebne analizy mechanizméw na poziomie tkankowym,
komoérkowym 1 molekularnym. Modele eksperymentalne obejmuja miedzy innymi: model
symulowanego uderzenia, model kontrolowanego uszkodzenia kory, model rotacyjny oraz
model wywotania uszkodzenia przez impuls ptynu. W modelu symulowanego uderzenia stosuje
si¢ specjalistyczne urzadzenie, ktore generuje kontrolowany cios w glowe zwierzecia, cios ten
moze by¢ uzyskany np. poprzez swobodny spadek cigzarka [23]. Ws$rdd najczesciej
wykorzystywanych modeli, ktére symulujg uszkodzenia spowodowane spadkiem ci¢zarka,
wyrdznia si¢ modele Feeneya, Marmarou oraz Shohami. Model Feeneya polega na upuszczeniu
cigzarka na odslonigtg opong twardg (tac. dura mater) po wykonanej kraniotomii [24], podczas
gdy w modelu opracowanym przez Marmarou, ci¢zarek spada na ptytke przymocowang do
glowy zwierzegcia [25], oraz model Shohami, powodujacy odpowiednio rozproszone lub
miejscowe uszkodzenia. Wspomniane metody umozliwiaja odtworzenie ro6znorodnych
scenariuszy mechanicznych zaburzen [26]. Model kontrolowanego uszkodzenia kory (ang.
controlled cortical injury, CCI) polega na precyzyjnym oddzialywaniu na kor¢ mozgowa, gdzie
zardwno wielkos¢, jak i gleboko$¢ ingerencji sg $cisle okreslone [23]. Taki model pozwala na
zachowanie wysokiej powtarzalnosci eksperymentu oraz kontrole nad intensywnoscig
wywolanego zaburzenia, co jest niezwykle istotne dla badan nad mechanizmami naprawczymi
i neuroprotekcyjnymi. Model rotacyjny, opracowany przez Namjoshi, symuluje przypadki
uszkodzen glowy typowych dla kolizji samochodowych i innych sytuacji, w ktérych w wyniku
uderzenia nastepuje gwaltowna rotacja lub przemieszczenie glowy [27]. W tym modelu zwierze
umieszczane jest w urzadzeniu, ktore stosuje kontrolowane sity rotacyjne na glowe,
umozliwiajagc tym samym odtworzenie dynamicznych mechanizmow zaburzen. Natomiast
model wywolania uszkodzenia przez impuls ptynu (ang. fluid percussion injury, FPI) polega na
dziataniu impulsu ptynu o odpowiednio dobranej sile, ktory uderza w odstonigta opong twarda
[28]. Taki impuls powoduje przemieszczenie i deformacje tkanki moézgowej, a stopien nasilenia
zaburzenia zalezy od glebokosci ugigcia opony twardej oraz predkosci oraz sity impulsu. W
niniejszym badaniu zastosowano model penetracyjnego uszkodzenia kory u szczurow. Model
ten, z powodzeniem wykorzystany w badaniach dotyczacych reakcji glejowej na zaburzenia
oraz ich epileptogennych efektow, charakteryzuje si¢ stosunkowo niewielkim stopniem
mechanicznego uszkodzenia mozgu, ale jednoczesnie powoduje naruszenie bariery krew-moézg
[29-33]. Taki model umozliwia precyzyjne badanie mechanizmow patofizjologicznych oraz
procesow naprawczych zachodzacych po incydencie, stanowigc cenne narzedzie w badaniach
nad konsekwencjami mechanicznych zaktocen funkcjonowania osrodkowego uktadu
nerwowego.

Oprocz poszukiwan terapii zdolnych do minimalizowania skutkéw ubocznych TBI, réwnie
wazne jest poszukiwanie metod diagnostycznych, ktore bedg w stanie zapewni¢ szybka 1 trafng
diagnozg, co jest kluczowe dla podjecia odpowiedniego leczenia. W przypadku eksperymentu
bedacego podstawa badan niniejszej rozprawy stosowano diagnostyke post mortem, ktéra
cechuje si¢ tym, ze mozemy zajrze¢ w glagb tkanek, do ktorych w trakcie diagnostyki
prowadzonej przyzyciowo nie mieliby$Smy dostgpu. Diagnostyka TBI opiera si¢ na badaniu
przekrojow moézgu po resekcji, analizie ptynu mézgowo-rdzeniowego, analizie surowicy krwi
lub obrazowaniu z wykorzystaniem tomografii komputerowej 1 magnetycznego rezonansu
jadrowego. Pierwsze z przedstawionych podej$¢ dotyczy zwierzgcych modeli TBI, gdzie mamy
dostgp do szerokiego wachlarza technik od metod instrumentalnych po barwienie
immunohistochemiczne i histochemiczne. Bioragc pod uwage charakter niniejszej rozprawy
szczegblnie interesujace jest zastosowanie technik spektroskopowych, w tym FTIRM [34,35],
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RS [36,37] 1 SR-XRF [38,39] w badaniach nad TBI. Jednak patologie 1 schorzenia uktadu
nerwowego, jakie mozna bada¢ przy wykorzystaniu tych technik nie ograniczajg si¢ do badan
nad urazem mozgu, jak rdwniez nie ograniczajg si¢ do stosowania skrawkoéw tkanek jako
probek badawczych. W diagnostyce medycznej ceniona jest mozliwos¢ identyfikacji schorzen
z tatwo dostepnych materiatléw biologicznych, do ktorych zaliczamy krew 1 jej sktadniki, $line,
czy troche trudniej pozyskiwany plyn moézgowo-rdzeniowy [40]. Najwickszg zaleta w
wykorzystaniu ptynu mézgowo-rdzeniowego i surowicy krwi w celu identyfikacji zmian lub
markerow TBI jest mozliwo$¢ ich przyzyciowego pobrania oraz sposobnos¢ do badania
zachodzacych zmian w czasie na materiale pochodzacym od tego samego osobnika. Analiza
ptynu mézgowo-rdzeniowego przy wykorzystaniu FTIRM ma swoje zastosowanie w badaniach
nad chorobami neurodegeneracyjnymi [41-43], natomiast surowice krwi bada si¢ w kontekscie
TBI [44]. Rowniez RS jest z powodzeniem stosowana do badania plynu moézgowo-
rdzeniowego w przypadku TBI i chorob neurodegeneracyjnych [45,46]. Anomalie w sktadzie
pierwiastkowym ptynoéw ustrojowych analizowane z wykorzystaniem zjawiska fluorescencji
rentgenowskiej, niezaleznie od finalnie zastosowanego uktadu aparaturowego, zostaty
wykorzystane w badaniach nad powigzaniem metali ci¢zkich w plynie mézgowo rdzeniowym
z markerami choroby Alzheimera [47]. Powyzsze przyktady zastosowan biomedycznych
FTIRM, RS i XRF potwierdzaja ich uzyteczno$¢ w badaniach nad patologiami uktadu
nerwowego. Mozliwo$¢ badania szerokiego spektrum probek, wzgledna tatwos¢ w
pozyskiwaniu materialu badawczego oraz podkreslana przez badaczy, stosujacych te techniki,
specyficznos¢ wykrywanych zmian zachodzacych pod wplywem czynnikdéw patologicznych i
schorzen potwierdza stuszno$¢ wyboru FTIRM, RS i XRF do badania wplywu KD na rozwoj
blizny glejowe;.

Spektroskopia, jako narzedzie analityczne polegajace na interpretacji widm bedacych efektem
oddziatywania promieniowania elektromagnetycznego z materig probki, znajduje szerokie
zastosowanie w wielu dziedzinach nauki. Jednym z podstawowych kryteriow klasyfikacji
metod spektroskopowych jest rodzaj informacji, jakiej dostarczaja, a w szczegdlnosci poziom
organizacji materii, ktoérego dotycza. Na tej podstawie wyrdznia si¢ m.in. spektroskopie
molekularng oraz spektroskopie atomowa. Metody molekularne dostarczaja informacji o
budowie chemicznej zwigzkow, rodzaju wigzah oraz zmianach strukturalnych czasteczek. Do
tej grupy naleza m.in. spektroskopia FTIRM oraz RS, ktéore umozliwiaja analiz¢ drgan
molekularnych 1 dlatego stanowig czule narzgdzie do badania zmian biochemicznych w
biatkach, lipidach czy kwasach nukleinowych [48-50]. Z kolei spektroskopia atomowa
koncentruje si¢ na oznaczaniu sktadu pierwiastkowego oraz stezen poszczegdlnych
pierwiastkow, niezaleznie od ich formy chemicznej. Przykladem takiej techniki jest
fluorescencja rentgenowska (ang. X-ray fluorescence, XRF), w tym metoda TXRF, ktora
umozliwia ilo§ciowg analiz¢ pierwiastkow sladowych w probkach cieklych, oraz SR-XREF,
zapewniajaca wysoka czutos¢ 1 rozdzielczos¢ przestrzenng pomiarow [51,52].

W niniejszej pracy do analizy zmian molekularnych w tkance mozgowej zastosowano metody
spektroskopii wibracyjnej: FTIRM oraz RS, ktore dostarczajag komplementarnych informacji
wynikajacych  z  odmiennych  mechanizméw  oddzialywania  promieniowania
elektromagnetycznego z materig. Spektroskopia FTIRM opiera si¢ na zjawisku absorpcji
promieniowania podczerwonego przez drgajace molekuty, prowadzacej do wzbudzen
oscylacyjnych aktywnych w podczerwieni. Warunkiem obserwacji pasma jest zmiana
momentu dipolowego czasteczki w trakcie drgania. W efekcie metoda ta jest szczeg6lnie czuta
na drgania ugrupowan polarnych i asymetrycznych [53,54]. W pracy wykorzystano FTIRM do
topograficznej 1 pétilosciowej oceny intensywnosci pasm odpowiadajgcych biatkom, lipidom,
cholesterolowi i jego estrom oraz grupom fosforanowym, co umozliwito ocen¢ zmian sktadu
molekularnego tkanki mozgu oraz modyfikacji strukturalnych biatek i thuszczow wywotanych
urazem i KD.
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RS bazuje na nieelastycznym rozpraszaniu promieniowania, w ktdorym przesuni¢cie
czgstotliwos$ci promieniowania rozproszonego wzgledem padajacego wynika z wymiany
energii z drgajacymi czgsteczkami. Aktywnos¢ Ramana jest zwigzana ze zmiang
polaryzowalno$ci czasteczki podczas drgania, co sprawia, ze technika ta jest szczegélnie
wrazliwa na symetryczne ugrupowania chemiczne oraz wigzania bogate w elektrony [55-57].
W niniejszej pracy RS zostala wykorzystana do analizy zmian w strukturze lipidow, w
szczegbdlnosci stopnia ich nienasycenia, oraz do oceny modyfikacji wybranych sktadnikow
molekularnych, stabiej widocznych w widmach FTIRM.

Zastosowanie obu technik pozwolilo na uzyskanie komplementarnego opisu zmian
biochemicznych zachodzacych w tkance médzgowej, wynikajacych z lokalnego urazu oraz
interwencji dietetycznej, przy jednoczesnym zachowaniu wysokiej czutosci na rézne klasy
drgan molekularnych.

W niniejszej pracy do analizy skladu pierwiastkowego zastosowano dwie techniki
spektroskopii atomowej: TXRF oraz SR-XRF. Obie metody bazuja na tym samym
mechanizmie fizycznym, czyli zjawisku fluorescencji rentgenowskiej, ale r6znig si¢ geometria
pomiaru, wymaganiami aparaturowymi oraz zakresem uzyskiwanej informacji.

Fluorescencja rentgenowska polega na wzbudzeniu atomoéw probki poprzez jonizacje
wewnetrznych powtok elektronowych, najczesciej powtoki K lub L. W wyniku oddziatywania
z promieniowaniem pierwotnym dochodzi do wybicia elektronu z powloki o niskiej energii
wigzania, a powstata luka jest wypelniana przez elektron przechodzacy z powtoki o wyzszej
energii. Procesowi temu towarzyszy emisja fotonu o energii charakterystycznej dla danego
pierwiastka. Rejestrowane linie emisyjne odpowiadajg konkretnym przejsciom elektronowym:
linia Ka zwigzana jest z przej$ciem elektronu z powtoki L na K, linia Kf z przej$ciem z powtoki
M na K, natomiast linie serii L odpowiadajg przej$ciom z powtoki M na L. Analiza energii i
intensywnosci tych linii umozliwia jako$ciowe i ilosciowe oznaczenie pierwiastkow obecnych
w probce [58].

Technika SR-XRF opiera si¢ na wzbudzaniu atomow probki przy uzyciu intensywnej wigzki
promieniowania rentgenowskiego generowanej w Zrodle synchrotronowym. Promieniowanie
to charakteryzuje si¢ nie tylko bardzo wysoka intensywnoscia, lecz takze duzym stopniem
naturalnej kolimacji oraz mozliwo$cia precyzyjnego doboru energii wiazki dzigki zastosowaniu
uktadéw monochromatyzujgcych. Odpowiednia konfiguracja optyczna linii synchrotronowe;,
obejmujagca m.in. monochromatory, kolimatory 1 optyke rentgenowska, pozwala na
prowadzenie pomiardw z rozdzielczoscig przestrzenng si¢gajaca nawet utamkow mikrometra.
Duza intensywno$¢ promieniowania przekltada si¢ na uzyskiwane granice detekcji
pierwiastkOw oraz czas pomiaru, a precyzyjne systemy pozycjonowania probki pozwalaja na
mapowanie sktadu pierwiastkowego w dwdch i trzech wymiarach [59-61]. W niniejszej pracy
technike SR-XRF wykorzystano do dwuwymiarowego mapowania rozktadu pierwiastkow w
obszarze uszkodzenia pierwotnego mozgu. Uzyskane wyniki pordwnano pomi¢dzy osobnikami
obu pfci, w réznych punktach czasowych od wywotania uszkodzenia kory mézgowej oraz w
zalezno$ci od stosowanej diety.

Technika TXRF opiera si¢ na zjawisku catkowitego odbicia promieniowania rentgenowskiego
od gladkiego podtoza przy bardzo matych katach padania. W metodzie wigzka pierwotna
promieniowania X jest kierowana na no$nik probki pod katem mniejszym niz kat krytyczny
Qcrit» ktorego wartos¢ jest $cisle okreslona dla danej energii promieniowania oraz rodzaju
materialu no$nika. Dla katow ¢ < @i Wspotczynnik odbicia osigga warto$¢ bliska jednosci
(R = 1), co oznacza niemal catkowite odbicie wigzki od powierzchni podioza. W tych
warunkach gleboko$¢ penetracji promieniowania X w materiat jest bardzo mata i wynosi
zaledwie kilka nanometrow. Taka geometria pomiaru powoduje, Ze promieniowanie pierwotne
praktycznie nie wnika w podloze, co prowadzi do istotnej redukcji promieniowania
rozproszonego oraz minimalizacji efektow matrycowych. Dodatkowo probka, naniesiona w
postaci cienkiej warstwy lub mikrokropli na reflektor, znajduje si¢ w polu interferencyjnym
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wigzki padajacej 1 odbitej, co skutkuje jej wzmocnieniem sygnatu fluorescencji w pordwnaniu
do tradycyjnych uktadow pomiarowych XRF. W konsekwencji metoda TXRF charakteryzuje
si¢ bardzo niskimi granicami wykrywalnos$ci pierwiastkow, siegajacymi poziomu sladowego
[51,62,63]. Analizy TXRF prowadzi si¢ zazwyczaj dla catkowicie zmineralizowanych probek,
najczesciej trawionych mikrofalowo w kwasie azotowym, co w przypadku niniejszej rozprawy
pozwolilo uzyska¢ globalng informacj¢ o zmianach w homeostazie pierwiastkowej badanych
narzadow [64,65]. Istotng zaleta metody jest rowniez fakt, ze do uzyskania wiarygodnych
wynikow wystarczajg bardzo mate objgtosci probek, ktére po naniesieniu na no$nik wymagaja
jedynie wysuszenia przed pomiarem [65]. Detekcja promieniowania fluorescencyjnego odbywa
si¢ pod katem 90° wzgledem wigzki pierwotnej, co dodatkowo ogranicza rejestracje
promieniowania rozproszonego i minimalizuje tto pomiaru [66].

Metoda TXRF znalazta szerokie zastosowanie w analizie probek $rodowiskowych, w
szczegbdlno$ci w oznaczaniu zanieczyszczen metalami cigzkimi [67]. W ostatnich latach
obserwuje si¢ jednak rosngce zainteresowanie wykorzystaniem TXRF réwniez w badaniach
probek biologicznych, gdzie kluczowe znaczenie maja wysoka czulo$¢, niewielka ilo$¢
materialu oraz mozliwo$¢ ilosciowej analizy wielu pierwiastkow jednoczesnie [65]. W
niniejszej pracy technik¢ TXRF zastosowano do iloSciowego poréwnania stgzen wybranych
pierwiastkbw w probkach narzadow pobranych od osobnikéw obu pici, Zywionych pasza
wysokotluszczowg (dla diety ketogenicznej) oraz standardowa.

Zaroéwno technika SR-XRF, jak i TXRF umozliwiajg iloSciowe oznaczanie pierwiastkow,
jednak w obu przypadkach stosuje si¢ odmienne podejscia kalibracyjne. W metodzie SR-XRF
analiza iloSciowa opiera si¢ na wykorzystaniu odpowiednich materialow referencyjnych, ktére
zawieraja znang mas¢ powierzchniowa danego pierwiastka. Takie podejscie jest szczegdlnie
istotne w pomiarach cienkich warstw oraz podczas mapowania rozktadu pierwiastkow w
cienkich skrawkach tkanki, gdzie rejestrowany sygnat fluorescencji rentgenowskiej jest
proporcjonalny do ilosci pierwiastka przypadajacej na jednostke powierzchni [68]. W technice
TXRF ilosciowa analiza pierwiastkowa realizowana jest natomiast poprzez zastosowanie
standardu wewngetrznego, ktorym jest roztwor pierwiastka nieobecnego naturalnie w badanej
probee. Standard ten dodawany jest do probki w Scisle okreslonej ilosci przed wykonaniem
pomiaru 1 pelni rol¢ odniesienia umozliwiajacego przeliczenie intensywnosci linii
fluorescencyjnych na bezwzgledne stezenia pierwiastkow [69]. Zastosowanie standardu
wewnetrznego pozwala jednoczesnie skompensowaé ewentualne rdéznice wynikajace z
niejednorodno$ci probki, zmiennej grubosci osadu czy fluktuacji intensywno$ci wigzki
pierwotnej, co przektada si¢ na wysoka doktadnos¢ 1 powtarzalnos¢ oznaczen ilosciowych.
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2. Cele i zakres pracy

Nadrzgednym celem niniejszej pracy byto okreslenie wpltywu KD na proces formowania si¢
blizny glejowej w mdzgu poprzez analiz¢ zmian w sktadzie molekularnym tkanki oraz w
zawartosci biologicznie istotnych pierwiastkow. Do realizacji tego celu zastosowano
zaawansowane metody spektroskopowe: FTIRM i RS do charakterystyki zmian molekularnych
oraz SR-XRF 1 TXRF do jakos$ciowej, iloSciowej 1 topograficznej oraz globalnej analizy sktadu
pierwiastkowego.

Szczegotowe cele badawcze

1. Ocena przydatnos$ci i zakresu stosowalno$ci metod FTIRM, RS, SR-XRF oraz TXRF w
analizie probek biologicznych pochodzacych z modeli do§wiadczalnych uszkodzenia mozgu.

2. Okreslenie zmian w dystrybucji biomolekut w tkance mozgowej szczuréw zachodzacych
w odpowiedzi na uraz oraz KD, z uwzglednieniem réznic mi¢dzypltciowych, z wykorzystaniem
FTIRM i RS.

3. Analiza zmian w dystrybucji pierwiastkow istotnych biologicznie w tkance mozgowe;j
szczurdw zachodzacych po urazie i w warunkach KD, z uwzglednieniem plci zwierzat, z
zastosowaniem metody SR-XRF.

4. Ocena zmian w akumulacji pierwiastkow istotnych biologicznie w narzadach
wewngetrznych szczurow (watroba, nerki, sledziona) zachodzacych na skutek KD w zalezno$ci
od plci zwierzat, z wykorzystaniem metody TXRF.

5. Identyfikacja modyfikacji molekularnych i1 pierwiastkowych wprowadzonych przez KD w
procesie formowania blizny glejowej, wskazanie potencjalnego znaczenia biologicznego
obserwowanych zmian i mozliwego efektu klinicznego diety.

Zakres rozprawy doktorskie;j:

1. Przeglad literatury obejmujacy aktualne doniesienia dotyczace mechanizmow
powstawania uszkodzen mozgu, zwierzgcych modeli TBI wykorzystywanych w badaniach
naukowych oraz zastosowania KD w leczeniu schorzen i urazéw neurologicznych.

2. Udzial w eksperymencie in vivo wykonania kontrolowanego uszkodzenia moézgu u
szczurdw obu plci, zywionych dietg standardowg 1 ketogeniczng, w sposdéb umozliwiajacy
analize dynamiki zachodzacych zmian w tkance mézgowej oraz réznic plciowych w procesie
formowania blizny glejowe;.

3. Wykonanie pomiarow metodami FTIRM i1 RS w celu zbadania rozkladu molekut
biologicznych w skrawkach mozgoéw szczurzych, w obszarze pierwotnego uszkodzenia.

4. Analiza wynikéw uzyskanych metoda TXRF majaca na celu ustalenie wptywu KD na
homeostaze pierwiastkdOw w narzadach wewngtrznych szczurdéw (nerki, watroba, sledziona).

5. Udziat w eksperymencie na linii XRF synchrotronu ELETTRA oraz analiza danych z
pomiarow SR-XRF majacych na celu okreslenie zmian w rozktadzie pierwiastkow w rejonie
pierwotnego uszkodzenia mozgu.
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3. Materialy i metody

Eksperymenty niezbedne do realizacji niniejszej rozprawy doktorskiej przeprowadzono w
Pracowni Neuropatologii Eksperymentalnej Instytutu Zoologii i Badan Biomedycznych
Uniwersytetu Jagiellonskiego. Hodowla i uzytkowanie zwierzat laboratoryjnych (szczury
Wistar albino, obie plcie) odbywaty sie zgodnie z pozwoleniem nr 316/2020 wydanym przez 11
Lokalng Komisje¢ Etyczng ds. Doswiadczen na Zwierz¢tach w Krakowie. Wszystkie procedury
eksperymentalne realizowano z zachowaniem zasad dobrostanu zwierzat, zgodnie z
obowigzujacymi przepisami krajowymi oraz mig¢dzynarodowymi standardami etycznymi
dotyczacymi badan na zwierzgtach. Wszelkie procedury przeprowadzane z udzialem zywych
zwierzat 1 preparatyka probek byty mozliwe dzigki wsparciu 1 przy bezposrednim udziale prof.
dr hab. Zuzanny Setkowicz.

Badane probki:

Praca A1 obejmowala analizg skrawkéw mozgu pobranych z rejonu uszkodzenia pierwotnego
od o$miu osobnikdw ptci meskiej, u ktorych uraz moézgu wykonano w 60. dniu zycia. Skrawki
umieszczono na szkietkach MirrIR (Kevley, USA). Material do badan pobrano 30 dni po
zabiegu, co umozliwito ocen¢ zmian w skladzie oraz strukturze molekul biologicznych
charakterystycznych dla w petni rozwinigtej blizny glejowej. Nalezy podkresli¢, ze sasiednie
skrawki tej samej tkanki, umieszczone na folii Ultralene, zostaty wczesniej wykorzystane do
analizy zmian w akumulacji i dystrybucji pierwiastkow zwigzanych z lokalnym uszkodzeniem
mozgu (Chwiej, 2011) [38].

W pracy A2 analizowano narzady wewnetrzne (nerki, watrobe i §ledzion¢) pobrane od 60-
dniowych szczuréw obu plci, ktore przez 33 dni byly karmione dieta ketogeniczng lub
standardowg pasza laboratoryjng. Po mineralizacji probek narzadoéw przeprowadzono analize
ich sktadu pierwiastkowego metoda TXRF w celu oceny wptywu diety wysokottuszczowej na
narzagdowa homeostaze pierwiastkowa.

W ramach prac A3 1 S1 badano skrawki m6zgdéw pobrane w eksperymencie majacym na celu
ocen¢ wpltywu diety ketogenicznej na rozwoj blizny glejowej. Skrawki o grubosci 12 pm
nanoszono na szkietka CaF: (Crytran, Wielka Brytania) 1 analizowano metodami spektroskopii
wibracyjnej (FTIRM 1 RS). Natomiast skrawki o gruboséci 20 um, przeznaczone do analizy
pierwiastkowej metoda SR-XRF, umieszczano na ultracienkiej folii Ultralene pozbawionej
pierwiastkow $ladowych.

Metody badawcze, aparatura i warunki pomiarowe:

W pracach Al, A3 oraz S1, w celu identyfikacji molekul biologicznych, ktorych ilo§¢ i/lub
wlasciwosci strukturalne ulegaja zmianie w wyniku rozwoju blizny glejowej oraz zastosowania
KD, zastosowano dwie komplementarne techniki spektroskopii wibracyjnej: FTIRM oraz RS.
Badania z wykorzystaniem obu metod przeprowadzono w Laboratorium Biospektroskopii
Atomowej 1 Molekularnej na Wydziale Fizyki 1 Informatyki Stosowanej Akademii Gérniczo-
Hutniczej im. Stanistawa Staszica w Krakowie.

Pomiary technika FTIRM realizowano z uzyciem mikroskopu Nicolet iN10 MX (Thermo
Fisher Scientific). Widma absorpcyjne rejestrowano w zakresie liczby falowej 900-4000 cm™
przy rozdzielczosci spektralnej 8 cm™'. Detekcje sygnalu prowadzono za pomocg detektora
MCT-A chtodzonego ciektym azotem, usredniajac 32 skany na kazde widmo.

Badania Ramanowskie wykonano przy uzyciu konfokalnego mikroskopu WITec Alpha 300R,
wyposazonego w lasery o dlugosciach fali 488 1 532 nm, przy czym w niniejszej pracy
wykorzystywano wylacznie lini¢ wzbudzenia 532 nm. Pomiary prowadzono z zastosowaniem
obiektywu 100x o aperturze numerycznej NA=0,9 (Zeiss EC Epiplan-Neofluar), spektrometru
UHTS 300 z siatkg dyfrakcyjng 600 linii/mm oraz wysokosprawnej, chtodzonej
termoelektrycznie kamery CCD. Moc lasera na probce wynosita 10 mW, a czas integracji
pojedynczego widma 2.5 s.
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W pracy A2 do analizy sktadu pierwiastkowego zastosowano spektroskopi¢ TXRF. Probki
przeznaczone do badan przygotowano poprzez mikrofalowa mineralizacj¢ w kwasie azotowym
(V), prowadzaca do catkowitego usunigcia materii organicznej, z wykorzystaniem
mineralizatora SpeedWave4. Analizy przygotowanych mineralizatdw wykonano w
Laboratorium Metod Rentgenowskich Instytutu Fizyki Uniwersytetu Jana Kochanowskiego w
Kielcach, przy uzyciu spektrometru Picofox™ S2 (Bruker). Ilosciowa analiz¢ pierwiastkowa
przeprowadzono metodg wzorca wewngtrznego z wykorzystaniem roztworu galu. W tym celu
do prébek o objetosci 1,5 ml dodano 50 pl roztworu tego pierwiastka o stezeniu 1000 mg/L.
Nastepnie na szkietka kwarcowe nanoszono po 6 ul badanego roztworu w trzech replikatach i
suszono na plycie grzejnej. Pomiary wykonano przy napigciu lampy rentgenowskiej 50 kV i
natgzeniu pradu 0,6 mA, a czas integracji widma wynosit 1000 s.

W pracy S1 do analizy zmian w przestrzennym rozktadzie pierwiastkéw indukowanych urazem
mobzgu oraz zastosowaniem KD wykorzystano technike SR-XRF. Pomiary przeprowadzono na
linii pomiarowej XRF synchrotronu Elettra w Triescie. Linia ta, o dlugosci okoto 23 m,
wykorzystuje jako zrddlo promieniowania rentgenowskiego magnes zakrzywiajacy (ang.
bending magnet). W przeciwienstwie do linii wyposazonych w urzadzenia wstawkowe
(undulatory lub wigglery), promieniowanie na tej linii generowane jest jako efekt uboczny
stabilizacji orbity elektronow.

Znajdujaca si¢ obecnie w przebudowie, linia XRF umozliwiala prowadzenie pomiarow w
szerokim zakresie energii promieniowania, od 0,7 do 14 keV. W ramach badan skrawki mézgu
obejmujace obszar uszkodzenia pierwotnego poddawano dwuwymiarowemu skanowaniu
wiazka promieniowania X o energii 10 keV. Rozmiar plamki padajacej na probke wynosit 200
pm % 200 pm. Podczas pomiaréw probki umieszczano w komorze pomiarowej pracujacej w
warunkach prozni (=107 mbar). Widma fluorescencji rentgenowskiej rejestrowano za pomocg
detektora krzemowego Bruker XFlash SDD, przy czasie integracji pojedynczego widma
wynoszacym 15 s w ramach grantu badawczego nr 20230125 oraz z wykorzystaniem
trzyelementowego detektora krzemowego RaySpec SIRIUS SDD przy czasie integracji
pojedynczego widma wynoszacym 5 s w ramach grantu badawczego nr 20240069. Uzyskane
dane umozliwity analize¢ zmian w dystrybucji fosforu, siarki, potasu, wapnia, zelaza, miedzi
oraz cynku w badanych obszarach tkanki mézgowe;.
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4. Streszczenia artykulow

Al: , The methods of vibrational microspectroscopy reveals long-term biochemical
anomalies within the region of mechanical injury within the rat brain”

TBI stanowi istotny problem spoteczno-ekonomiczny ze wzglegdu na wysokg czgstose
wystepowania oraz dlugofalowe konsekwencje neurologiczne. Jednym z kluczowych
nastepstw TBI jest rozwo6j blizny glejowej, ktorej molekularne podioze pozostaje wcigz nie w
peini poznane. Celem badan przedstawionych w publikacji [A1] byta identyfikacja anomalii w
sktadzie i strukturze molekularnej tkanki moézgowej powstajagcych w wyniku lokalnego
uszkodzenia kory mézgowej i charakterystycznych dla w peini uformowanej blizny glejowe;.

Badania przeprowadzono z wykorzystaniem dobrze scharakteryzowanego i powtarzalnego
modelu TBI, ktorego istotng zaletg jest ograniczenie cierpienia zwierzat, przy jednoczesnym
zachowaniu wysokiej powtarzalnosci uszkodzenia pod wzgledem lokalizacji i objgtosci urazu.
Do analizy zmian biochemicznych zastosowano komplementarne techniki spektroskopii
wibracyjnej: FTIRM oraz RS. Analizie poddano liczne obszary mézgu, w tym kor¢ mézgowa
poltkuli uszkodzonej 1 nieuszkodzonej oraz formacj¢ hipokampa po obu stronach moézgu.

Analiza widm IR umozliwita identyfikacje grup funkcyjnych i klas biomolekut ulegajacych
najwickszym zmianom w obrebie uszkodzenia pierwotnego i uformowanej blizny glejowe;.
Zaobserwowano istotny spadek zawartosci grup fosforanowych zwigzanych z fosfolipidami i
kwasami nukleinowymi, zmniejszenie udziatu tancuchéw alifatycznych pochodzacych gtéwnie
od lipidéw oraz obnizenie zawartosci cholesterolu 1 jego estrow. Jednoczes$nie stwierdzono
wzrost catkowitej zawartos$ci biatek w obszarze blizny glejowej w pordwnaniu z nieuszkodzong
korg. Zaobserwowane zmiany strukturalne obejmowaly, natomiast, zwigkszenie udziatu
struktur B w drugorzedowej strukturze biatek oraz zmniejszenie stopnia rozgaltezienia
tancuchow alifatycznych lipidow.

Analizy poétilosciowe oraz wielowymiarowa analiza statystyczna otrzymanych widm, w tym
analiza gtownych skladowych (ang. principal components analysis, PCA), wykazaly brak
istotnych zmian w sktadzie molekularnym poétkuli mozgu nieobjetej urazem. Na podstawie
danych literaturowych opracowano protokot obrobki widm IR, ktory obejmowat korekcje linii
bazowej, usunigcie zakresu nieanalitycznego, normalizacj¢ wektorowg oraz, na potrzeby
analizy PCA, obliczenie drugiej pochodnej widm absorpcyjnych. Zastosowanie drugiej
pochodnej umozliwito lepsze uwidocznienie i identyfikacj¢ pasm naktadajacych si¢ w widmach
absorpcyjnych.

Spektroskopia Ramana potwierdzita obserwowane przy uzyciu techniki FTIRM zmiany
molekularne oraz umozliwita wizualizacj¢ zmian morfologicznych, w tym lokalnych réznic w
grubo$ci kory mozgowe] w obszarze rozwinigtej blizny glejowej. Zastosowanie analizy
klastrowej pozwolito na wyrazne rozroznienie obszaroOw tkanki o odmiennym sktadzie
molekularnym w obregbie badanego wycinka kory.

Uzyskane wyniki potwierdzaja, ze techniki spektroskopii wibracyjnej, takie jak FTIRM oraz
spektroskopia i obrazowanie Ramanowskie stanowig skuteczne narzedzia do wykrywania
dlugofalowych zmian biochemicznych zachodzacych w moézgu po urazie. Przeprowadzone
badania dostarczaja istotnych informacji na temat molekularnych mechanizmow
towarzyszacych procesowi bliznowacenia glejowego oraz wskazuja grupy biomolekut
najbardziej podatne na zmiany po TBI. Stanowi to istotny punkt wyj$cia do dalszych badan nad
nowymi strategiami terapeutycznymi 1 metodami monitorowania skutkow urazowego
uszkodzenia mozgu.
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A2: ,Ketogenic diet influence on the elemental homeostasis of internal organs is
gender dependent”

KD, charakteryzujaca si¢ niska podaza weglowodanoéw i wysoka zawarto$ciag thuszezow, od
ponad wieku stosowana jest w leczeniu m.in. padaczki, niektérych nowotworéw mozgu oraz
cukrzycy typu 2. Jednoczesnie jej dlugotrwate stosowanie wigze si¢ z ryzykiem wystapienia
licznych skutkéw ubocznych, takich jak niedobory sktadnikow odzywczych, kamica nerkowa
czy zaburzenia hormonalne. W zwigzku z tym istnieje potrzeba zrozumienia mechanizméw
zmian pierwiastkowych zachodzacych w narzadach wewnetrznych (watroba, nerki, $§ledziona)
w odpowiedzi na dlugotrwate stosowanie KD.

Celem niniejszych badan bylto ustalenie wptywu dlugotrwatego stosowania KD na homeostaze
pierwiastkowa narzadow wewnetrznych oraz okreslenie, czy efekty te r6znig si¢ w zalezno$ci
od pici zwierzat.

Badania przeprowadzono na szczurach szczepu Wistar, ktore przez 33 dni otrzymywaty KD
(grupa eksperymentalna) lub standardowa pasze laboratoryjng (grupa kontrolna). W trakcie
eksperymentu monitorowano poziom glukozy i ciat ketonowych we krwi; w grupie KD poziom
ciat ketonowych utrzymywat si¢ powyzej 1 mmol/l, co potwierdzalo utrzymanie stanu ketozy.
W 60. dniu zycia od zwierzat pobrano narzady do dalszych analiz. Stezenia pierwiastkow (P,
S, K, Ca, Fe, Cu, Zn i Se) oznaczono przy uzyciu techniki TXRF, stosujac jako standard
wewngetrzny gal, pierwiastek naturalnie nieobecny w organizmach zywych.

Analiza wynikow wykazata, ze KD wywoluje istotne zmiany w skladzie pierwiastkowym
narzadow, przy czym efekty te byly wyraznie zalezne od pici. W watrobie samcoéw dieta
prowadzita do obnizenia stezen niemal wszystkich analizowanych pierwiastkow (z wyjatkiem
Fe), natomiast u samic zmiany dotyczyly gléwnie pierwiastkow o wyzszych liczbach
atomowych, takich jak Cu, Zn 1 Se. W nerkach samcow KD wiazala si¢ ze wzrostem st¢zen Fe,
Zn i Ca, podczas gdy u samic obserwowano podwyzszone poziomy P i Ca. Najmniej zmian
odnotowano w §ledzionie — u obu pici dieta skutkowata jedynie zwigkszeniem zawartosci Fe 1
S.

Whioski z badan wskazuja, ze dlugotrwate stosowanie restrykcyjnej KD znaczaco wptywa na
homeostaze¢ pierwiastkowa narzgdow wewnetrznych, a reakcja organizmu jest zalezna od pici.
Nie wszystkie obserwowane zmiany mozna wyjasni¢ wytacznie roznicami w sktadzie pokarmu,
co sugeruje istotng role procesOw metabolicznych i regulacji hormonalnej w ksztattowaniu
zmian pierwiastkowych. Zaobserwowany wzrost st¢zenia wapnia 1 fosforu w nerkach
(szczegOlnie u samic) moze by¢ zwigzany z mechanizmem hiperkalciurii sprzyjajacym
powstawaniu kamieni nerkowych. Z kolei stwierdzona u samcoéw zwigkszona akumulacja
zelaza w $ledzionie moze wynika¢ z dzialania hepcydyny blokujacej uwalnianie tego
pierwiastka w odpowiedzi na indukowang dieta anemi¢. W odniesieniu do zmian w watrobie,
obnizony poziom potasu mozna wigza¢ ze zmniejszong dostepnoscig glikogenu, natomiast
spadek stezenia wapnia i fosforu u samcoéw moze wynika¢ z obnizonego poziomu insuliny,
ktory zaburza wchtanianie tych pierwiastkow regulowane przez witamine D.
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A3: ,Vibrational spectroscopy methods reveal biochemical changes associated
with the glial scar formation after traumatic brain injury”

TBI stanowi istotny problem zdrowotny i spoteczny, prowadzac do wtérnych uszkodzen mozgu
1 dlugotrwatych zmian w strukturze oraz funkcji tkanki nerwowej. Zrozumienie mechanizmow
formowania si¢ blizny glejowej po TBI oraz wptywu plci na te procesy jest kluczowe dla
identyfikacji potencjalnych celéow terapeutycznych i opracowania strategii leczenia. Dlatego
celem badan przeprowadzonych w pracy [A3] bylo monitorowanie dynamiki zmian
molekularnych w korze mozgowej szczurow po TBI oraz ocena, czy procesy te przebiegaja
rdéznie u samcow 1 samic.

Eksperyment wykonano wykorzystujac szczurzy model penetrujacego uszkodzenia kory
moézgowej, przeprowadzonego w 30. dniu zycia zwierzat. Punkty czasowe pobierania probek
ustalono na 2., 8., 16. 1 30. dzien po urazie. Analizowano zaréwno fragmenty tkanki w obrebie
miejsca urazu pierwotnego, jak i morfologicznie nienaruszong kor¢ w tej samej potkuli. Do
oceny zmian molekularnych zastosowano komplementarne techniki spektroskopii wibracyjnej:
FTIRM oraz RS.

Uzyskane wyniki wykazaty, ze w obszarze uszkodzenia wystgpujg istotne zmiany w skladzie 1
strukturze molekularnej tkanki w poréwnaniu z otaczajaca korg nie wykazujaca zmian
morfologicznych. Zaobserwowano znaczace obnizenie poziomu zwigzkoéw zawierajacych
grupy fosforanowe oraz cholesterolu i jego estrow, co wskazuje na uszkodzenie blon
komoérkowych 1 zmiany w sktadzie lipidowym w miejscu urazu. Potwierdzono rOwniez zmiany
konformacyjne bialek, a mianowicie wzrost wzglednej zawartosci biatek o strukturze
drugorzedowej B, szczeg6lnie na poczatkowych etapach formowania si¢ blizny, z tendencjg do
normalizacji po 30 dniach od urazu. Obnizona zawarto$¢ nienasyconych lipidow w bliznie,
szczegOlnie u samic, sugeruje subtelne réznice ptciowe w przebiegu proceséw naprawczych.
RS potwierdzita wigksza wrazliwo$¢ samic na pojawienie si¢ uszkodzenia, zwlaszcza w
zakresie parametréw dotyczacych estryfikacji 1 stopnia nienasycenia lipidow.

Whnioski z badan potwierdzaja, ze techniki FTIRM 1 RS s3 skutecznymi narzedziami do
Sledzenia dynamiki zmian molekularnych zachodzacych podczas formowania si¢ blizny
glejowej po TBI. Uraz moézgu prowadzi do utrzymujacych sie¢ zaburzen w skladzie
biomolekularnym tkanki, przy czym zmiany w strukturze biatek ulegaja stopniowe;j
normalizacji. Subtelne roznice migdzy ptciami, w tym obnizony stopien nienasycenia lipidow
u samic, moga stanowi¢ punkt wyjscia do dalszych badan nad mechanizmami regeneracji
moézgu z uwzglednieniem wplywu pfei.

S1: ,Modulatory role of the ketogenic diet in glial scar formation after traumatic
brain injury - FTIR, Raman and X-ray fluorescence microscopy study”

Praca S1 stanowi rozwinigcie badan przedstawionych w pracy A3, rozszerzajac analize
molekularng o wplyw KD na rozwdj blizny glejowej po TBI w zaleznos$ci od plci zwierzat.
Znaczenie tych badan jest istotne klinicznie, gdyz TBI prowadzi do dlugotrwalych zmian w
tkance mozgowej, a dieta i czynniki biologiczne, takie jak pte¢, moga modulowaé procesy
regeneracyjne i formowanie si¢ blizny.

Celem pracy bylo okreslenie, w jaki sposéb KD oraz ple¢ wptywaja na dynamike¢ zmian
molekularnych 1 pierwiastkowych zachodzacych w obrgbie blizny glejowej. Badania
prowadzono wykorzystujac ten sam model uszkodzenia mézgu, co w pracy [A3] oraz techniki
FTIRM i RS do analizy zmian molekularnych, a SR-XRF do oceny rozktadu pierwiastkow w
tkance mozgowej.

Analizy spektroskopowe wykazaty wpltyw diety wysokottuszczowej na sktad biomolekularny
regionOw kory sgsiadujacych z miejscem urazu. Spektroskopia FTIRM ujawnita zmniejszong
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akumulacje zwigzkéw zawierajacych grupy fosforanowe oraz cholesterolu i1 jego estrow w
rejonie uszkodzenia u samic na KD. RS wykazala, natomiast, istotny wptyw KD na
nienaruszong kor¢ mozgowa objawiajacy si¢ podwyzszonym poziomem cytochromu C,
estryfikacji lipidéw i1 amidu III u samic oraz stopnia nienasycenia lipidow u zwierzat obojga
plci. Zaobserwowane u samic zmiany wykazywatly tendencje¢ do normalizacji do 30. dnia po
urazie.

Technika SR-XRF umozliwita $ledzenie zmian pierwiastkowych zachodzacych w trakcie
formowania blizny glejowej. Najbardziej wyrazne zmiany dotyczyly Ca, ktérego stezenie
gwattownie wzrastato juz od drugiego dnia po urazie, a nastgpnie malalo pod koniec
obserwacji. Stezenia Fe i Cu wykazywaly op6zniong dynamike — niskie poziomy na wezesnych
etapach formowania blizny, z istotnym wzrostem od 6smego dnia po TBI, utrzymujacym si¢
do konca eksperymentu.

Analizy wykazaly, ze wszystkie zastosowane techniki — FTIRM, RS i SR-XRF - byly
uzyteczne w badaniu wptywu KD i rozwoju urazu na kompozycj¢ molekularng i pierwiastkowa
tkanki mozgowej. Na podstawie analizowanych parametréw, najwicksza czuto§¢ w ocenie
wptywu KD wykazata RS. Dzigki metodzie RS stwierdzono znacznie wigkszg podatnos¢ samic
na zastosowang diet¢. Technika SR-XRF pozwolita zaobserwowaé¢ dynamik¢ zmian w
rozktadzie pierwiastkow w bliznie, nie wykazata jednak wplywu pici ani diety na te anomalia.
Whioski z pracy S1 potwierdzaja, ze wplyw KD na rozwoj blizny glejowej jest zalezny od plci
i obejmuje zardéwno zmiany molekularne, jak i pierwiastkowe w tkance mozgowej. Dane te
stanowig istotny punkt wyjscia do dalszych badan nad mechanizmami regeneracji mézgu po
urazach z uwzglednieniem wptywu diety i czynnikéw biologicznych.
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5. Dyskusja

Przystepujac do realizacji niniejszej pracy postawiono hipotezg, ze wszelkie stany patologiczne
w organizmie powinny znalez¢ odzwierciedlenie w zaburzeniach skladu molekularnego i
pierwiastkowego tkanek. Identyfikacja kluczowych anomalii, ktére mozna powigzaé z
zaburzeniem fizjologicznej rownowagi, w tym przypadku TBI, pozwala lepiej zrozumiec
patogeneze schorzenia 1 wskaza¢ obszary wymagajace szczegdlnej uwagi w opracowywaniu
nowych strategii terapeutycznych.

Analiza probek biologicznych wiaze si¢ z dwoma gtéwnymi wyzwaniami: ograniczong ilo$cig
materialu do badan oraz duza ztozonos$cia chemiczng matrycy biologicznej, obejmujaca
réznorodne zwiazki organiczne i pierwiastki. W zwigzku z tym stosowanie metod mozliwie
specyficznych i precyzyjnych jest kluczowe w badaniach biomedycznych. Do takich metod
naleza wykorzystane w rozprawie techniki spektroskopii molekularnej i atomowej, ktore
dostarczajg informacji o sktadzie biochemicznym i pierwiastkowym prdobek bez koniecznosci
stosowania dodatkowych znacznikéw czy barwnikow. Wyjatkiem jest tutaj RS, w ktorej dla
bardziej precyzyjnej wizualizacji struktur subkomorkowych stosuje si¢ czasem znaczniki
ramanowskie (ang. Raman tags). Sa one wykorzystywane gtéwnie w badaniach majacych na
celu $ledzenie wybranych zwigzkow w zywych komorkach lub tkankach, pozwalajac oming¢
ograniczenia typowe dla immunohistochemii, takie jak ograniczona liczba kolorow czy wptyw
barwnikéw fluorescencyjnych na aktywnos¢ komorkowa [70,71]. W przypadku metody TXRF,
do ilosciowej analizy pierwiastkowej stosuje si¢ standard wewnetrzny — do probki dodaje si¢
roztwor pierwiastka, ktory naturalnie nie wystepuje w analizowanej probce, co pozwala na
doktadne wyznaczenie st¢zenia pierwiastka badanego [69,72,73]. Pozostate techniki stosowane
w pracy (FTIRM oraz SR-XRF) pozwalaja na analize probki bez jakiejkolwiek wczesniejszej
ingerencji chemicznej, przy wykorzystani jedynie wtasciwosci fizycznych badanego materiatu.

Poza TXRF, wszystkie zastosowane w pracy metody operuja na mapach hiperspektralnych, w
ktorych kazdy piksel (lub voxel) probki odpowiada indywidualnemu lub usrednionemu widmu.
Rekonstrukcja obrazow polega na integracji wybranych fragmentow widma po ich
wczesniejszym wstepnym przetworzeniu, zachowujacym istotng informacje fizykochemiczna.
W przypadku FTIRM przygotowanie widma obejmuje korekcje atmosferyczng (usuwajaca
pasma charakterystyczne dla CO-), korekcje linii bazowej oraz wybor zakresu liczb falowych
do integracji, co pozwala uzyska¢ mape rozktadu wybranych grup funkcyjnych lub biomolekut.
W RS procedura jest analogiczna, z tym ze usuwa si¢ wktad pochodzacy od promieniowania
kosmicznego zamiast CO.. W przypadku SR-XRF konieczna jest kalibracja energetyczna
uzyskanych widm, umozliwiajagca jakosciowa identyfikacje pierwiastkbw w probkach,
opracowanie modeli dopasowania widm badanych prébek 1 materiatow referencyjnych oraz
sporzadzenie krzywej kalibracji czulo$ciowej, pokazujacej zaleznos$¢ czulosci pomiaru od
liczby atomowej pierwiastka. Kroki te sg niezbedne do przeprowadzenia wiarygodnej analizy
ilosciowe;j. Jak wida¢ wszystkie omawiane techniki wymagaja solidnej wiedzy teoretycznej 1
praktycznej dotyczacej specyfiki danej metody, aparatury pomiarowej i uzyskiwanych danych,
aby uzyska¢ wyniki doktadne, powtarzalne i interpretowalne.

Gtéwnym celem badan prowadzonych w ramach niniejszej rozprawy bylo poznanie zmian
biomolekularnych towarzyszacych formowaniu si¢ blizny glejowej w wyniku miejscowego
uszkodzenia kory mézgowej z naruszeniem integralnosci bariery krew-moézg. A w dalszej
kolejnosci, zbadanie wptywu KD oraz ptci zwierzat na anomalia w tkance wywotane TBI.

Do realizacji tych celow zastosowano uzupelniajace si¢ techniki spektroskopii wibracyjne;j:
FTIRM 1 RS. Obie metody zastosowano do analizy doktadnie tych samych prébek dzigki
spojnym protokotom preparatyki skrawkéw mozgu, stosowaniu tych samych no$nikow oraz
nieniszczacemu charakterowi pomiaru. Przydatno$¢ FTIRM i RS zostata wykazana w pracach
Al, A3 1 S1, gdzie zidentyfikowano grupy biomolekul, ktorych rozmieszczenie w korze
moézgowej ulegato istotnym zmianom w odpowiedzi na TBIL.
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Kluczowa role w identyfikacji istotnych z punktu widzenia TBI biomolekul odegrato
mapowanie chemiczne wybranych pasm IR. Umozliwilo ono zaréwno wizualng, jak i
potilosciowa ocen¢ zmian w ich rozmieszczeniu w korze mozgowej zachodzacych podczas
rozwoju blizny glejowej. Badania technikg FTIRM przeprowadzone w pracy Al wykazaly, ze
TBI prowadzi do istotnych zmian w akumulacji i dystrybucji: grup fosforanowych
charakterystycznych dla fosfolipidéw i1 kwaséw nukleinowych (pasma ~1080 cm™ i ~1240
cm™'), cholesterolu i jego estrow (pasma ~1360 cm™ 1 ~1480 cm™), zwigzkéw zawierajacych
grupy karbonylowe (pasmo ~1740 cm™), biatek (pasmo ~1658 cm™) oraz lipidow (pasmo
~2924 cm™). Ponadto, odnotowano modyfikacje w strukturze drugorzedowej biatek (stosunek
absorbancji 1635/1658 cm™) oraz zmiany w stopniu rozgalezienia i nienasycenia tancuchow
kwasow tluszczowych (odpowiednio stosunek intensywnosci pasm 2924/2955 cm™ i pasmo
~3012 cm™).

W obszarze uszkodzenia stwierdzono wzrost poziomu protein oraz wzglednego udziatu biatek
o strukturze drugorzedowej . Taki wynik odzwierciedla procesy fizjologiczne zachodzace w
trakcie rozwoju blizny glejowej, w ktorych wydzielane s3 biatka macierzy
zewnatrzkomorkowej, stanowigce szkielet dla odbudowywanej tkanki, a takze biatka
produkowane przez astrocyty w odpowiedzi na uraz [74]. Nalezy do nich metaloproteinaza
MMP-9, ktéra wykazuje zwiekszong ekspresje po TBI i zawiera w swojej strukturze jony Zn>*
[75]. Wzrost gestosci powierzchniowej cynku w bezposrednim otoczeniu blizny zostal
potwierdzony w badaniach technikg SR-XRF (praca S1).

Zwigkszenie stosunku intensywnos$ci pasm 1635/1658 cm™ koreluje z obecnoscig
proteoglikanu siarczanu chondroityny (CSPG), ktorego cze¢s¢ biatkowa zbudowana jest
gléwnie ze struktur B [76]. CSPG, a w szczegdlnosci proteoglikan NG2, wystgpujacy w
centralnym uktadzie nerwowym, odgrywa istotng role w opoznianiu odrostu wypustek
nerwowych, co wptywa na regeneracj¢ tkanki mézgu i stanowi potencjalny cel terapeutyczny
w kontekscie TBI [77].

FTIRM jest technikg absorpcyjna, w ktorej promieniowanie podczerwone wzbudza drgania
dipolowe w czasteczkach. W biologii jest to metoda pierwszego wyboru do analizy globalnego
sktadu biochemicznego tkanek 1 komorek, pozwalajaca na identyfikacj¢ markerow
chorobowych poprzez analiz¢ zmian w pasmach bialek, lipidow 1 kwasow nukleinowych. Jej
zasada dzialania opiera si¢ na absorpcji fotonéw o energiach odpowiadajacych réznicom
energii migdzy poziomami wibracyjnymi czasteczki. Aby drganie bylo aktywne w
podczerwieni, musi wigzac si¢ ze zmiang momentu dipolowego [48].

Jednym z najbardziej krytycznych probleméw w badanach pojedynczych komorek i tkanek
wykorzystujgcych FTIRM jest zjawisko rezonansowego rozpraszania Mie (ang. resonant Mie
scattering, RMieS). Wynika on z faktu, ze dlugo$¢ fali stosowanego promieniowania z zakresu
sredniej podczerwieni (2,5-25 pm) jest porownywalna z rozmiarami typowych struktur
komoérkowych (jadra, mitochondria, cate komorki: 10-30 um) [78,79]. Zgodnie z teorig Mie,
gdy fala elektromagnetyczna napotyka sferyczng niejednorodno$¢ o rozmiarze zblizonym do
dhugoséci fali, dochodzi do silnego rozpraszania. W spektroskopii absorpcyjnej jest to
szczegblnie skomplikowane przez tzw. anomalng dyspersje. Wspotczynnik zalamania §wiatla
probki biologicznej (n) nie jest staly, lecz zmienia si¢ gwattownie w poblizu pasma absorpcji
zgodnie z relacjami Kramersa-Kroniga. W obszarze silnej absorpcji (np. pasmo Amid 1), cze$¢
rzeczywista wspotczynnika zatamania ulega silnej fluktuacji, co powoduje, ze efektywnos¢
rozpraszania zmienia si¢ drastycznie w obrebie samego pasma absorpcji [79,80]. Aby
ograniczy¢ wptyw zjawiska RMieS na rejestrowane widma IR, z analizy wykluczono obszary
zlokalizowane na skraju skrawkéw moézgu, gdzie efekty rozpraszania sg szczego6lnie nasilone
ze wzgledu na niejednorodnos$ci grubos$ci probki oraz silne gradienty wspotczynnika zatamania
Swiatta. Analizie poddawano wylgcznie regiony centralne, charakteryzujace si¢ rownomierng
grubo$cig skrawkow 1 stabilnym kontaktem z podtozem. W powigkszeniu mikroskopowym
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badana tkanka wykazywata wysoki stopien jednorodno$ci strukturalnej, co w praktyce
sprzyjato ograniczeniu efektow rozpraszania i pozwalato na rejestracje¢ widm o stabilnej linii
bazowej. Takie podejscie, oparte na selekcji jednorodnych obszaréw probki, umozliwito
zminimalizowanie negatywnego wpltywu RMieS na ksztatt pasm absorpcyjnych, cho¢ nie
eliminuje catkowicie tego zjawiska.

Praca w modzie transmisyjno-odbiciowym, gdzie promieniowanie przechodzi przez probke,
odbija si¢ od podtoza i1 wraca do detektora, prowadzi do powstania fali stojacej pola
elektrycznego (ang. electric field standing wave - EFSW) [48,81]. Przy powierzchni idealnego
przewodnika (podtoza), wektor pola elektrycznego fali $wietlnej musi si¢ zerowac (wezet fali).
W odleglosci A/4 od powierzchni powstaje maksimum fali. Prébki biologiczne (skrawki tkanek,
komorki) majg zazwyczaj grubos¢ rzedu kilku-kilkunastu mm, wiec rézne warstwy probki sg
eksponowane na drastycznie rozne natgzenie pola elektrycznego [82]. W konsekwencji
zjawiska EFSW, prawo Beera-Lamberta przestaje obowigzywac i1 absorbancja przestaje by¢
liniowg funkcja grubo$ci probki. Badania na modelach bialkowych wykazaly, ze zmiany
grubosci probki moga generowaé¢ widmowe roznice tudzaco podobne do zmian chemicznych.
Jest to szczegolnie niebezpieczne w diagnostyce nowotwordw, gdzie komorki rakowe czgsto
réznig si¢ morfologia (w tym grubo$cig/objetoscig cytoplazmy) od komorek zdrowych.
Obserwowane réznice w widmach transfleksyjnych moga zatem wynika¢ z czystej fizyki
interferencji (grubo$¢ probki), a nie z rzeczywistych zmian metabolizmu [82]. Zastosowanie
szkielek z CaF., ktore sa transparentne w zakresie promieniowania podczerwonego, jako
no$nikow probek oraz prowadzenie pomiardw w trybie transmisji pozwolilo na
wyeliminowanie wplywu zjawiska EFSW na uzyskiwane wyniki. Nalezy jednak zaznaczy¢, ze
pomiary prowadzone w trybie transmisji, w potaczeniu z wykorzystaniem szkietek CaF, wigza
si¢ z pewnym ograniczeniem metody FTIRM, jakim jest obnizona czulo$§¢ na drgania
wybranych wigzan czasteczek biochemicznych [83].

W FTIRM rozdzielczo$¢ przestrzenna jest ograniczona fundamentalnym limitem dyfrakcyjnym
Abbego. Rozdzielczo$¢ ta jest proporcjonalna do dtugosci fali A i odwrotnie proporcjonalna do
apertury numerycznej (NA) obiektywu. Dla zastosowanego mikroskopu Nicolet iN10MX
(Thermo Fischer Scientific) wyposazonego w obiektyw typu Schwarzschilda teoretyczna
rozdzielczo$¢ przestrzenna jest mozliwa do wyliczenia wg ponizszego wzoru:
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W praktyce oznacza to, ze FTIRM pozwala na badanie pojedynczych komorek ssaczych (ok.
20 pm), ale nie jest w stanie obrazowa¢ organelli komorkowych, co jest mozliwe w mikroskopii
optycznej czy ramanowskiej [80]. Badania prowadzone na potrzeby niniejszej rozprawy z
wykorzystaniem FTIRM nie wymagaly obrazowania pojedynczych komorek ani struktur
subkomoérkowych. W tym przypadku uzyskana efektywna rozdzielczo$¢ przestrzenna na
poziomie 25 um X% 25 um byta wystarczajaca do doktadnego zobrazowania rejonu uszkodzenia
[A3,S1] oraz do zebrania reprezentatywnej kolekcji widm z wybranych warstw komorkowych
formacji hipokampa [A1].

d

Spektroskopia Ramana, cho¢ réwniez jest technikg wibracyjna, opiera si¢ na zupelie innym
mechanizmie fizycznym niz FTIRM. Zjawisko Ramana polega na nieelastycznym rozpraszaniu
fotonéw, modulowanym zmiang polaryzowalnosci chmury elektronowej czasteczki [84].
Rozpraszanie Ramana jest procesem dwufotonowym. Padajacy foton wzbudza czasteczke do
wirtualnego stanu energetycznego (krotkotrwalego stanu posredniego), po czym nastepuje
natychmiastowa emisja fotonu rozproszonego. Réznica energii miedzy fotonem padajacym a
rozproszonym odpowiada kwantowi energii drgan molekularnych (przesuni¢cie Stokesa) [85].
Fundamentalnym wyzwaniem jest skrajnie male prawdopodobienstwo tego procesu. Typowy
przekroj czynny na rozpraszanie Ramana wynosi okoto 10-° cm?/czasteczke. Dla poréwnania,
przekrdj czynny na fluorescencje wynosi okoto 10716 cm?/czasteczke, a na absorpcje IR okoto
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10713-102° cm?/czasteczke. Oznacza to, ze sygnal Ramanowski jest miliardy razy stabszy od
fluorescencji, co definiuje gléwne problemy techniczne metody [86]. W analizie probek
biologicznych, najwigkszym ograniczeniem spektroskopii Ramana jest autofluorescencja.
Tkanki i komorki zawierajg liczne endogenne fluorofory, takie jak flawiny (FAD), NADH,
porfiryny, kolagen, elastyna czy melanina. Fluorescencja jest procesem rezonansowym
(rzeczywiste przejscia elektronowe) o znacznie wigkszym przekroju czynnym w poréwnaniu
do efektu Ramana, nawet §ladowe ilosci fluoroforéw moga wygenerowac szerokopasmowe tto,
ktore catkowicie przestania stabe, ostre pasma ramanowskie [87]. Jedng ze strategii mitygacji
jest fotowybielanie (ang. photobleaching), czyli wstgpne naswietlanie probki laserem przed
wiasciwym pomiarem w celu degradacji fluoroforéw. W trakcie prowadzonych pomiaréw nie
zaobserwowano istotnych efektow widmowych zwigzanych z autofluorescencjg endogennych
fluoroforow. Ograniczenie tego zjawiska mozna przypisa¢ zastosowanej perfuzji sola
fizjologiczng, ktora umozliwia usuni¢cie znacznej cze$ci hemoglobiny z organizmu oraz
redukcje obecnosci innych srodtkankowych fluoroforow, takich jak porfiryny i flawiny.

Woda, bedaca silnym dipolem intensywnie absorbujagcym promieniowanie w zakresie
podczerwieni, charakteryzuje si¢ jednoczes$nie niskg polaryzowalno$cia, co sprawia, ze jest
praktycznie ,,przezroczysta” dla RS. Poniewaz RS wykorzystuje promieniowanie z zakresu
Swiatta widzialnego lub bliskiej podczerwieni, obowigzujacy limit dyfrakcyjny jest rowniez
znacznie korzystniejszy niz w przypadku FTIRM.

Teoretyczna rozdzielczo$¢ boczna dla obrazowania Ramanowskiego wynosi:
A
2 NA

Dla lasera 532 nm i obiektywu o wysokiej aperturze (NA=0,9), rozdzielczos¢ osiaga ok. 300
nm. Pozwala to na obrazowanie subkomorkowe, np. rozréznianie mitochondriow, kropli
lipidowych czy kondensacji chromatyny w jadrze, co jest niemozliwe w klasycznej FTIRM
[86,88].

Istotng warto$ciag dodang badan przeprowadzonych na potrzeby niniejszej rozprawy byta
mozliwos$¢ $ledzenia przemian zachodzacych w rejonie uszkodzonej kory modzgowe;.
Wigkszos¢ dostgpnych w literaturze badan koncentruje si¢ na poczatkowej lub koncowej fazie
TBI, pomijajac zmiany zachodzace w okresach przejSciowych. W niniejszej pracy materiat
biologiczny pobierano w 2., 8., 16. oraz 30. dniu po TBI, co umozliwito analiz¢ zmian
charakterystycznych dla wszystkich trzech faz rozwoju urazu: ostrej (acute), podostrej (sub-
acute) oraz przewlektej (chronic) [89]. Zainicjowanie KD na trzy dni przed wykonaniem
uszkodzenia miato wprowadzi¢ badane zwierzgta w stan ketozy, czyli utrzymujacego si¢
stezenia ketonow we krwi na poziomie co najmniej 1 mmol/l, juz w momencie indukcji
uszkodzenia pierwotnego [A2].

KD znana z zastosowania klinicznego w leczeniu padaczki lekoopornej nie ma okreslonego
mechanizmu dziatania, za to wiadomo o jej plejotropowym dzialaniu na caly organizm. W
pracy [A2] przedstawiono wyniki badan dotyczacych zmian homeostazy pierwiastkowej
watroby, §ledziony 1 nerek po KD, uzyskane metodg TXRF. Najmniej podatnym narzadem na
dziatanie KD okazala si¢ $ledziona, w ktorej stwierdzono jedynie zmiang st¢zenia siarki u samic
oraz zelaza u samcow. Wplyw KD na homeostazg pierwiastkowg watroby 1 nerek mozna byto
czg$ciowo ttumaczy¢ mniejsza podaza fosforu, siarki, wapnia, Zelaza, miedzi i selenu w diecie
wysokottuszczowej. KD w  watrobie wplywata w najwigkszym stopniu na stezenie
pierwiastkow o wyzszych liczbach atomowych, tj. miedzi, cynku i selenu, a obserwowane
zmiany byly bardziej wyrazne u samcoéw. W przypadku nerek zaobserwowano wyrazny wzrost
poziomu wapnia i1 fosforu u samic, co moze sugerowaé, ze dlugotrwale stosowanie
restrykcyjnej, wysokottuszczowej KD u szczuréw zwigksza ryzyko zaburzen mineralnych
sprzyjajacych tworzeniu si¢ kamieni nerkowych i przewlektemu zapaleniu nerek.
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Podsumowujac, w pracy [A2] wykazana zostata uzyteczno$¢ metody TXRF w analizie
pierwiastkowej probek biologicznych. Potwierdzono w niej wplyw restrykcyjnej KD na
homeostaze¢ pierwiastkowg narzadow wewnetrznych oraz koniecznos¢ prowadzenia badan in
vivo na zwierzgtach obu pici, co wida¢ w przypadku réznych poziomdw zaburzen w watrobie i
nerkach u samcow 1 samic.

TXRF jest wariantem spektroskopii XRF, zoptymalizowanym pod katem $§ladowej analizy
pierwiastkowej probek ciektych 1 cienkowarstwowych. Wykorzystuje ona zjawisko
calkowitego odbicia promieniowania rentgenowskiego, co pozwala na drastyczng redukcje tta
rozproszeniowego. Wspotczynnik zatamania dla promieniowania rentgenowskiego w materii
jest nieco mniejszy od jednosci (n=1-— 6§ —if). Oznacza to, ze przy przejsciu z
prozni/powietrza do materii, promieniowanie moze ulec catkowitemu odbiciu zewnetrznemu,
jesli kat padania jest mniejszy od kata krytycznego (¢..). Dla typowych energii
promieniowania wzbudzajacego i podtoza kwarcowego, kat ten jest bardzo maty, rzedu 0.1°
(ok. 1.8 mrad) [90]. W konfiguracji TXRF, wigzka pada na idealnie ptaski reflektor pod katem
mniejszym od @, 1 odbija si¢ w niemal 100%, praktycznie nie wnikajac w podtoze. Dzigki
temu matryca podtoza nie jest wzbudzana, co minimalizuje w widmie tto, ktore w klasycznej
XRF jest gtownym zrodtem szumu. Nad powierzchnig reflektora, w wyniku interferencji wigzki
padajacej i odbitej, powstaje fala stojaca promieniowania rentgenowskiego (ang. X-ray
standing wave, XSW). Pole to charakteryzuje si¢ periodycznym ukladem weztow (minima
natezenia) i strzatek (maksima) rownoleglych do powierzchni. Okres tej fali (XSW) D wynosi:
yl

2o

Dla typowych warunkéw TXRF, okres ten mie$ci si¢ w zakresie 10-100 nm [91]. Intensywnos¢
XSW jest zalezna od wysokosci analizatu nad powierzchnig reflektora, kata padania pierwotnej
wiazki (/p) 1 moze si¢ waha¢ od zera do czterokrotnosci intensywnosci /p. W TXRF problem
moga stanowi¢ ziarnistosci, o $rednicy mniejszej niz D, zdeponowane na powierzchni
reflektora, gdyz moga powodowac¢ fluktuacje intensywnosci fluorescencji. W probkach
homogennych, w ktorych wystepuje wiele minimoéw i maksimow zwigzanych z gruboscia
probki efekt wystapienia ziarnistosci usrednia si¢ 1 nie ma ostatecznie wptywu na koncowy
wynik. [92] Wykorzystanie zjawiska XSW 1 naswietlanie probki pod katem ponizej @it
powoduje $rednio dwukrotny wzrost intensywnosci fluorescencji w poréwnaniu do klasyczne;j
geometrii XRF [72], co pozwala na osiggnigcie limitow detekcji rzedu pg lub pomiar stezen
mniejszych niz ng/g [72]. TXRF nie jest catkowicie wolna od efektow matrycowych, jest to
wlasciwos¢, ktora funkcjonuje jedynie dla idealnie cienkich warstw lub mikro-osadow, gdzie
absorpcja promieniowania w samej probce jest pomijalna. Probki biologiczne (np. krew,
osocze, lizaty komorkowe) zawieraja duza 1lo$¢ matrycy organicznej (biatka, cukry, sole). Po
wysuszeniu kropli na reflektorze, powstaje osad o skonczonej grubos$ci. Jesli masa osadu
przekroczy pewien prog (rzedu mg), pojawiajg si¢ klasyczne efekty matrycowe
(samoabsorpcja) [93]. Dlatego kluczowym elementem metodyki badan z wykorzystaniem
TXRF jest dobor odpowiedniej preparatyki probek, uwzgledniajacej rodzaj 1 pochodzenie
analizowanego materiatu. Jak wskazuje R. Fernandez-Ruiz [94], najskuteczniejsza metoda
ograniczania wplywu materii organicznej i zwigzanych z nig efektow matrycowych jest
mineralizacja mikrofalowa pod ci$nieniem z uzyciem kwasu. Dzigki takiemu podejsciu
mozliwe bylo zminimalizowanie efektow matrycowych w badaniach prowadzonych w
niniejszej pracy, co miato szczegolne znaczenie w analizie lekkich pierwiastkow, takich jak
fosfor, siarka, potas 1 wapn.

Ocena wptywu pici i KD na proces formowania blizny glejowej nie bytaby mozliwa bez
przeprowadzenia analizy probek pobranych w czterech punktach czasowych po urazie. W
pracach [A3] i [S1] do badania dynamiki zmian zachodzacych w gromadzeniu biomolekut w
moézgu po uszkodzeniu wykorzystano FTIRM oraz RS. Wyniki uzyskane za pomocg FTIRM
sugeruja, ze samice moga lepiej tolerowaé pojawienie si¢ i skutki TBI. Wskazywal na to
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wiekszy rozrzut wartosci analizowanych parametréw biochemicznych, szczeg6lnie zwigzanych
z zawarto$cig zwigzkOw zawierajacych grupy fosforanowe (pasma ~1080 cm™ 1 ~1240 cm™)
oraz cholesterolu i jego estrow (~1360 cm™ 1 ~1480 cm™), a takze akumulacja biatek w miejscu
pierwotnego urazu (~1658 cm™) [A3]. Zjawisko to mozna tlhumaczyé wicksza
neuroplastyczno$cig mézgu u samic [95], ktora moze wynikac z wyzszego poziomu estrogenow
aktywujacych szlaki zwigzane z neurotroficznym czynnikiem pochodzenia mézgowego (ang.
brain-derived neurotrophic factor, BDNF), odgrywajacym wazng role w regeneracji neuronow
[96-98].

Zalezny od pici wptyw KD na zmiany zachodzace w modzgu po urazie szczeg6lnie dobrze
uwidocznilty wyniki uzyskane przy uzyciu spektroskopii Ramana. U samic traktowanych KD
stwierdzono podwyzszony poziom cytochromu C/DNA, wzrost intensywnosci pasma amidu III
oraz zwigkszong estryfikacje 1 stopien nienasycenia lipidow w nieuszkodzonej korze
mozgowej. U samcoOw karmionych paszg wysokotluszczowa zaobserwowano w tym obszarze
przede wszystkim wzrost stopnia nienasycenia lipidéw. Zmiana ta wydaje si¢ zgodna z
obserwacjami prowadzonymi u dzieci leczonych KD z powodu padaczki lekoopornej, u ktorych
w surowicy stwierdzano podwyzszone st¢zenie wielonienasyconych kwasow tluszczowych
(ang. polyunsaturated fatty acids, PUFAs) [99]. Dodatkowo, u myszy poddanych TBI
suplementacja PUFAs pozwalata ograniczy¢ deficyty motoryczne i emocjonalne zwigzane z
urazem [100]. W literaturze opisuje si¢ roéwniez rolg¢ PUFAs w regulacji proceséw zapalnych 1
regeneracji tkanek [101].

Wyniki badan przeprowadzonych technikag FTIRM ujawnity natomiast u samic wptyw KD na
zawarto$¢ zwigzkow zawierajacych grupy fosforanowe oraz cholesterolu i jego estrow w
rejonie uszkodzenia w 8. 1 16. dniu po urazie. Moze to sugerowac, ze samice sa bardziej podatne
na dziatanie KD skutkujace molekularnym przemodelowaniem uszkodzonej tkanki kory [S1].

Technika SR-XRF umozliwita szczegdétowe zbadanie przebiegu proceséw zachodzacych w
trakcie formowania si¢ blizny glejowej [S1]. Z jej wykorzystaniem zwizualizowano rozktad
fosforu, siarki, potasu, wapnia, zelaza, miedzi oraz cynku w obszarze pierwotnego uszkodzenia
mozgu w réznych punktach czasowych, z uwzglednieniem plci zwierzat oraz zastosowane]
diety. W rejonie uszkodzenia stwierdzono obnizenie masy powierzchniowej fosforu, co mozna
wigza¢ z degradacja blon biologicznych i DNA w momencie urazu oraz ich stopniowym
zastepowaniem przez sktadniki macierzy zewnatrzkomorkowej, zdominowanej przez bialka.

Proces przebudowy tkanki 1 wzrost poziomu biatek w bliznie glejowej 1 jej okolicy mozna tez
powigzaé z zaobserwowanym wyraznym wzrostem poziomu cynku. Pierwiastek ten wchodzi
w skiad metaloproteinazy macierzy zewnatrzkomorkowej MMP-9 [75] oraz dysmutazy
ponadtlenkowej (SOD1) [102], enzymu odpowiedzialnego za neutralizacj¢ reaktywnych form
tlenu, a tym samym za ograniczanie stanu zapalnego. Liczne doniesienia literaturowe wskazuja,
ze cynk odgrywa istotng role w procesach regeneracyjnych po TBI. U pacjentéw po cigzkim
urazie moézgu suplementacja siarczanem cynku wigzata si¢ z poprawa wynikow w skali
Glasgow po miesigcu terapii, natomiast w modelach zwierzgcych obserwowano korzystny
wplyw na zachowania lgkowe, uczenie przestrzenne oraz pamig¢ [103].

Kluczowych informacji na temat dynamiki proceséw towarzyszacych formowaniu si¢ blizny
glejowej dostarczyly mapy dystrybucji wapnia, Zelaza i miedzi. Sposrdd tych pierwiastkéw
szczegblnie wyrazne zmiany czasowe zaobserwowano dla wapnia, ktérego masa
powierzchniowa w obszarze uszkodzenia osiggala maksimum w 2. dniu po urazie, a nast¢pnie
systematycznie malata. PrzejSciowy wzrost poziomu wapnia mozna wigzac z jego gwattownym
uwolnieniem z retikulum endoplazmatycznego oraz mitochondriow w wyniku uszkodzen
mechanicznych. Zjawisko to inicjuje kaskade wtornych mechanizmow uszkodzen i moze
prowadzi¢ do dtugotrwatych zaburzen homeostazy wapniowej w neuronach [104].

Zmiany poziomu zelaza wykazywaly przebieg odwrotny do obserwowanego dla wapnia. Masa
powierzchniowa zelaza w rejonie uszkodzenia rosta stopniowo wraz z postgpem procesOw
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naprawczych i1 rozwojem blizny glejowej. Podwyzszonego poziomu zelaza nie mozna
ttumaczy¢ wylacznie przerwaniem bariery krew-moézg i naptywem krwi. Jak si¢ okazuje w
przypadku TBI, w ktorych doszto do przerwania bariery-krew mozg obserwuje si¢ zwigkszong
obecno$¢ czynnika wzrostu $rodblonka naczyniowego (VEGF), gléwnego czynnika
promujgcego powstawanie nowych naczyn krwionosnych [105-107]. Podwyzszony poziom
zelaza w 8. 1 16. dniu po TBI mozna, dodatkowo, ttumaczy¢ zwigkszona depozycja zelaza w
oligodendrocytach i komdrkach mikrogleju, ktora osigga najwyzszy poziom miedzy 7. 1 14.
dniem [108].

Pomigdzy 2. a 8. dniem po urazie odnotowano istotny wzrost masy powierzchniowej miedzi w
obszarze uszkodzenia. W kolejnych punktach czasowych poziom tego pierwiastka nie
wykazywal istotnych zmian, a jego najwyzsze zawarto$ci obserwowano w bezposrednim
sasiedztwie uszkodzenia pierwotnego. Zwigkszona akumulacja miedzi w tym obszarze moze
by¢ zwigzana z naplywem ceruloplazminy w nastepstwie przerwania bariery krew-mozg.
Ceruloplazmina pelni funkcje gtownego biatka transportujacego miedz w osoczu i jest zdolna
do wiazania od sze$ciu do o$miu atomow miedzi na jedng czasteczke, ale w warunkach
fizjologicznych przenika barier¢ krew-mdzg w ograniczonym stopniu [109].
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6. Podsumowanie

Niniejsza rozprawa doktorska stanowi studium procesow przebudowy strukturalnej i
kompozycyjnej tkanki nerwowej, indukowanych TBI w modelu KD. Zasadniczym celem pracy
byla wieloparametrowa charakterystyka fizykochemiczna obszaru blizny glejowej oraz
systemowa ocena wplywu KD na homeostazg pierwiastkowg. Do realizacji tego celu
wykorzystano komplementarne podejScie oparte na zaawansowanych metodach
spektroskopowych wykorzystujacych oddzialywanie promieniowania elektromagnetycznego z
materig biologiczng. Zastosowanie spektroskopii oscylacyjnej (FTIRM i RS) pozwolilo na
identyfikacj¢ zmian w zakresie akumulacji i struktury biomolekut w mozgu po TBI. Natomiast
techniki oparte na fluorescencji rentgenowskiej (SR-XRF i TXRF) umozliwity okreslenie
anomalii w rozmieszczeniu wybranych pierwiastkbow w rejonie uszkodzenia oraz ocen¢
wplywu KD na homeostaze pierwiastkowa narzadow wewnetrznych (watroba, nerki,
Sledziona). Tak skonstruowany model badawczy pozwolit na powigzanie subtelnych zmian w
sygnaturach widmowych z biologicznymi zmiennymi, takimi jak pte¢ czy stan metaboliczny
organizmu.

1. Przeglad literatury pozwolit zidentyfikowa¢ kluczowe molekuty, ktérych zmiany moga
odgrywac istotng role w procesie bliznowacenia glejowego oraz wskaza¢ obszary mozgu
najbardziej podatne na lokalne TBI. Na tej podstawie ustalono parametry pomiarOw oraz
metodologi¢ przetwarzania widm, co umozliwito ich dalsza analiz¢. Analiza map
hiperspektralnych pozwolita wyodrebni¢ grupy funkcyjne i zwigzane z nimi molekuty, ktore
wykazywaly najwigksze zmiany w miejscu urazu. Jednocze$nie nie potwierdzono wplywu
lokalnego TBI na sktad molekularny nieuszkodzonej potkuli mézgu oraz regionu hipokampa
[A1].

2. Badania wptywu KD na homeostaz¢ pierwiastkowa watroby, nerek i $ledziony
potwierdzity, ze dieta ta wplywa na gospodarke pierwiastkowa organizmu. Najbardziej
wrazliwym narzadem okazaty si¢ nerki, gdzie zaobserwowano najwigcej zmian. Stwierdzono
rowniez wplyw plci na obserwowane anomalia. U samcOw najwigcej istotnych zmian
pierwiastkowych zanotowano w watrobie, natomiast u samic najwickszg wrazliwo$¢ na
restrykcyjna KD wykazaty nerki. Wyniki uzyskane metoda TXRF wskazuja, Ze jest to technika
pozwalajaca na szybka 1 precyzyjng ocen¢ zaburzen homeostazy pierwiastkowej zachodzacych
w wyniku stosowania restrykcyjnej KD [A2].

3. FTIRM pozwolita na wykrycie subtelnych réznic ptciowych w procesie rozwoju blizny
glejowej. Zidentyfikowano grupy funkcyjne oraz molekuty, ktére najlepiej odzwierciedlaja
réznice w molekularnej kompozycji blizny. Wyniki przeprowadzonych badaf, wspierane
danymi z literatury, sugeruja, ze samice moga lepiej tolerowac lokalne uszkodzenie mézgu
[A3].

4. RS umozliwita wykazanie wplywu KD na kompozycj¢ molekularng kory mézgowej w
warunkach lokalnego uszkodzenia. U zwierzat obu plci zaobserwowano wzrost stopnia
nienasycenia tancuchow alifatycznych, co moze mie¢ charakter korzystny. Analiza pozostatych
parametrow biochemicznych wskazata na wigksza podatnos¢ samic na dziatanie KD [S1].

5. SR-XRF umozliwita monitorowanie postgpu zmian pierwiastkowych zachodzacych na
skutek lokalnego uszkodzeniu kory moézgowej. Analiza rozkltadéow oraz dynamiki zmian
akumulacji wapnia, zelaza i miedzi pozwolita uwidoczni¢ 1 lepiej zrozumieé procesy
zachodzace na kolejnych etapach formowania si¢ blizny glejowej [S1].

6. Zidentyfikowano  oraz = zminimalizowano  wplyw  fizycznych  ograniczen
charakterystycznych dla spektroskopii oscylacyjnej, ktére moglyby prowadzi¢ do
niejednoznacznej interpretacji widm. W pomiarach FTIRM wyeliminowano efekt EFSW oraz
ograniczono wptyw RMieS poprzez zastosowanie transparentnych dla IR podtozy z fluorku
wapnia 1 prowadzenie pomiar6w w trybie transmisyjnym. Ze wzglgdu na ograniczenia
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rozdzielczo$ci przestrzennej narzucone przez limit dyfrakcyjny FTIRM, analiz¢ uzupetniono o
spektroskopi¢ Ramana. W obu technikach zrezygnowano ze stosowania zewngtrznych
znacznikow, opierajac analiz¢ na naturalnym kontrascie biochemicznym tkanek.

7. W technikach wykorzystujacych promieniowanie rentgenowskie kluczowe znaczenie
miato dostosowanie procedur preparatyki probek w celu ograniczenia artefaktow
pomiarowych. W analizach TXRF wplyw matrycy organicznej zredukowano poprzez
zastosowanie mineralizacji mikrofalowej w srodowisku kwasowym, co umozliwito precyzyjne
oznaczanie st¢zen lekkich pierwiastkdw. Natomiast w badaniach SR-XRF ryzyko uszkodzen
radiacyjnych probek, wynikajacych z wysokiej jasnosci wigzki synchrotronowej, ograniczono
dzieki odpowiedniemu suszeniu skrawkow oraz eliminacji efektow radiolizy wody. Dodatkowo
zastosowanie wiasciwej geometrii  detekcji  pozwolito na skuteczng redukcje tla
rozproszeniowego.
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Matusiak Katarzyna + 50
Rauk Zuzanna + + + 51
Rugiel Marzena + 52
Setkowicz Zuzanna + + + + 53
Stawek Anna + 54
Stabrawa Ilona + 55
Szary Karol + 56
Wilk Aleksandra + 57
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Trieste, 23.12.2025

Dr. Giuliana Aquilanti
Elettra Sincrotrone Trieste
SS 14 km 163.5 Basovizza (TS) 34149 Italy

CO-AUTHOR CONFIRMATION

As a co-author of publication entitled: ,,Modulatory role of the ketogenic diet in glial scar
formation after traumatic brain injury - FTIR, Raman and X-ray fluorescence microscopy
study”, which is under review in Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, I declare that my contribution to the creation of the above-mentioned work
included:

e support for data acquisition,
e review of the manuscript.

I declare that a separate part of the above-mentioned work demonstrates the individual
contribution from Kamil Kawon in developing the research concept, conducting the
experimental part as well as analyzing and interpreting the results. I give my permission for the
above-mentioned work to be submitted by Kamil Kawon as part of a doctoral dissertation in
the form of a thematically coherent collection of articles published in scientific journals.

L i ATLJ\AL)

(signature)
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Trieste, 05/12/2025

Dr. Ilaria Carlomango
Elettra Sincrotrone Trieste
SS 14 km 163.5 Basovizza (TS) 34149 Italy

CO-AUTHOR CONFIRMATION

As a co-author of publication entitled: ,,Modulatory role of the ketogenic diet in glial scar
formation after traumatic brain injury - FTIR, Raman and X-ray fluorescence microscopy
study”, which is under review in Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, I declare that my contribution to the creation of the above-mentioned work
included:

e support for data acquisition,
e review of the manuscript.

I declare that a separate part of the above-mentioned work demonstrates the individual
contribution from Kamil Kawon in developing the research concept, conducting the
experimental part as well as analyzing and interpreting the results. I give my permission for the
above-mentioned work to be submitted by Kamil Kawon as part of a doctoral dissertation in
the form of a thematically coherent collection of articles published in scientific journals.

COladle. . CGasa Ly
(signature)
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Krakéw, dn. 08.12.2025

Dr hab. Joanna Chwiej, prof. AGH

Wydziat Fizyki i Informatyki Stosowanej
Akademia Gorniczo-Hutnicza im. Stanistawa Staszica w Krakowie
al. Adama Mickiewicza 30, 30-059 Krakow

OSWIADCZENIE
Jako wspétautor prac pod tytutem:

1. “The methods of vibrational microspectroscopy reveals long-term biochemical
anomalies within the region of mechanical injury within the rat brain”, Spectrochimica
Acta A Mol Biomol Spectrosc 2021

2. “Ketogenic diet influence on the elemental homeostasis of internal organs is gender
dependent”, Scientific Reports 2023

3. “Vibrational spectroscopy methods reveal biochemical changes associated with the glial
scar formation after traumatic brain injury”, Spectrochimica Acta A Mol Biomol
Spectrosc 2026

4. ,Modulatory role of the ketogenic diet in glial scar formation after traumatic brain injury
- FTIR, Raman and X-ray fluorescence microscopy study”, (w recenzji w
Spectrochimica Acta A Mol Biomol Spectrosc)

o$wiadczam, ze m6j wklad w powstanie ww. prac obejmowat:

e udzial w opracowaniu koncepcji i metodologii badan,

e nadzor nad realizacja badan,

o krytyczng recenzj¢ manuskryptow publikacji oraz udziat w przygotowaniu odpowiedzi
na recenzje.

Oswiadczam, ze samodzielna oraz mozliwa do wyodrebnienia czgs¢ ww. prac wykazuje
indywidualny wklad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednocze$nie wyrazam zgodg na przedtozenie ww. prac przez mgr Kamila Kawonia jako cz¢s¢
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykulow opublikowanych w

czasopismach naukowych.
&

5
7 //
Y (///ﬁ
(podpis wspoldutora)
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(miejscowosc, data )
prof. dr hab. Jakub Cieslak

Wydziat Fizyki i Informatyki Stosowanej
Akademia Gérniczo-Hutnicza

im. Stanistawa Staszica w Krakowie

al. Adama Mickiewicza 30, 30-059 Krakow

OSWIADCZENIE

Jako wspdtautor pracy pod tytulem:

,,Modulatory role of the ketogenic diet in glial scar formation after traumatic brain injury -
FTIR, Raman and X-ray fluorescence microscopy study”, (w recenzji)

o$wiadczam, ze mdj wktad w powstanie ww. pracy obejmowal:

e wykonanie eksperymentu w Elettra Sincrotrone w Triescie we Wioszech na linii
pomiarowej XRF/TAEA,
e recenzja manuskryptu.

Os$wiadczam, ze samodzielna oraz mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje
indywidualny wktad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czesci eksperymentalnej, analizie i interpretacji wynikéw ninjejszej pracy.
Jednoczes$nie wyrazam zgode na przedlozenie ww. pracy przez mgr Kamila Kawonia jako
cze$é rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

] /ijfl"" !
....... L ESHA o,

{/ , (podpis wspétautora)
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Hamburg, dnia 08 grudnia 2025
(miejscowosc¢, data )

Dr inz. Mateusz Czyzycki

Wydziat Fizyki i Informatyki Stosowanej
Akademia Gérniczo-Hutnicza

im. Stanistawa Staszica w Krakowie

al. Adama Mickiewicza 30, 30-059 Krakow

Karlsruhe Institute of Technology

Institute for Photon Science and Synchrotron Radiation

KIT Synchrotron Laboratory at PETRA III, DESY in Hamburg
Notkestrasse 85, 22607 Hamburg, Niemcy

OSWIADCZENIE
Jako wspétautor pracy pod tytutem:

,,Modulatory role of the ketogenic diet in glial scar formation after traumatic brain injury -
FTIR, Raman and X-ray fluorescence microscopy study”, (w recenz;ji)

oswiadczam, ze méj wktad w powstanie ww. pracy obejmowat:

e wykonanie eksperymentu w Elettra Sincrotrone w Trie$cie we Wloszech na linii
pomiarowej XRF/IAEA,

e pomoc merytoryczna w analizie uzyskanych wynikow,

e recenzja manuskryptu.

Oswiadczam, ze samodzielna oraz mozliwa do wyodrgbnienia czg¢$¢ ww. pracy wykazuje
indywidualny wktad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikéw niniejszej pracy.
Jednocze$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Kamila Kawonia jako
czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych

w czasopismach naukowych.
/b/é e SIS

podpis wspotautora
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k’\’MW ) |/12’42 : ?02; ..........

(miejscowosc, data )
Dr inz. Agnieszka Drézdz

Wydzial Fizyki i Informatyki Stosowane;j
Akademia Gémiczo-Hutnicza

im. Stanislawa Staszica w Krakowie

al. Adama Mickiewicza 30, 30-059 Krakow

OSWIADCZENIE

Jako wspotautor pracy pod tytutem:

1. “The methods of vibrational microspectroscopy reveals long-term biochemical
anomalies within the region of mechanical injury within the rat brain”, Spectrochimica
Acta A Mol Biomol Spectrosc (2021)

,,Modulatory role of the ketogenic diet in glial scar formation after traumatic brain
injury - FTIR, Raman and X-ray fluorescence microscopy study”, (w recenzji)

o

oswiadczam, ze moj wkiad w powstanie ww. pracy obejmowal:

e wspotudzial w opracowaniu metodologii badan,
e recenzja i redakcja manuskryptu.

Oswiadczam, ze samodzielna oraz mozliwa do wyodrebnienia czgs¢ ww. pracy wykazuje
indywidualny wklad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czesci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Kamila Kawonia jako
czesé rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

(podpis wspotautora)
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Prof dr hab. Krzysztof Janeczko Krakow. 5. 12. 2025.
Instytut Zoologii i Badan Biomedycznych

Uniwersytet Jagiellonski

ul. Gronostajowa 9. 30-387 Krakow

OSWIADCZENIE
Jako wspolautor pracy pod tytulem:

“The methods of vibrational microspectroscopy reveals long-term biochemical anomalies
within the region of mechanical injury within the rat bram”. Spectrochimica Acta A Mol
Biomol Spectrosc (2021)
oswiadczam ze moj wkiad w powstanie ww. pracy obejmowat:

e recenzje i dyskusje manuskryptu.
Oswiadczam zZe samodzielna oraz mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje
indywidualny wklad mgr Kamila Kawonia przy opracowanm koncepcji badan
przeprowadzeniu czesci eksperymentalne). analizie 1 interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Kamila Kawonia jako
czesc rozprawy doktorskiej w formie spojnego tematycznie zbioru artykulow opublikowanych
w czasopismach naukowych.

o] st

(podpis wspolautora)
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Krakéw, 05.12.2025
Mgr Kamil Kawon

Wydziat Fizyki i Informatyki Stosowanej
Akademia Gorniczo-Hutnicza

im. Stanistawa Staszica w Krakowie

al. Adama Mickiewicza 30, 30-059 Krakow

OSWIADCZENIE

Jako wspdtautor prac pod tytulem:

1. “The methods of vibrational microspectroscopy reveals long-term biochemical
anomalies within the region of mechanical injury within the rat brain”, Spectrochimica
Acta A Mol Biomol Spectrosc (2021),

2. “Ketogenic diet influence on the elemental homeostasis of internal organs is gender
dependent”, Scientific Reports (2023),

3. “Vibrational spectroscopy methods reveal biochemical changes associated with the
glial scar formation after traumatic brain injury”, Spectrochimica Acta A Mol Biomol
Spectrosc (2025),

4. .Modulatory role of the ketogenic diet in glial scar formation after traumatic brain
injury - FTIR, Raman and X-ray fluorescence microscopy study”, (w recenzji)

os$wiadczam, ze mdj wklad w powstanie ww. prac obejmowal:

e opracowanie koncepcji i metodologii badan,

e udzial w eksperymencie ze zwierzetami,

e przygotowanie probek,

e wykonanie pomiaréw technikami FTIR, spektroskopia Ramana, SR-XRF,

e analiza i dyskusja wynikow,

e przygotowanie manuskryptow publikacji.
Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia czg$¢ ww. prac wykazuje
moj indywidualny wktad przy opracowywaniu koncepcji badan, przeprowadzeniu czgsci
eksperymentalnej, analizie i interpretacji wynikow niniejszych prac.

(podpis wspotautora)
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........... Kielce, 05.12.2025...........
(miejscowos¢, data )

Dr hab. Aldona Kubala-Kukus, prof. UIK

Instytut Fizyki
Uniwersytet Jana Kochanowskiego w Kielcach
ul. Uniwersytecka 7. 25-435 Kielce

OSWIADCZENIE
Jako wspotautor pracy pod tytutem:

“Ketogenic diet influence on the elemental homeostasis of internal organs is gender dependent™,
Scientific Reports (2023),

oswiadczam, ze mdj wklad w powstanie ww. pracy obejmowatl:
e recenzj¢ i redakcje manuskryptu.

Oswiadczam, ze samodzielna oraz mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wklad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czesci eksperymentalnej. analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Kamila Kawonia jako
czgs¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykulow opublikowanych
w czasopismach naukowych.

(podpis wspotautora)
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(
LA 08, 12, 102

(miejscowos¢, data )
Dr inz. Katarzyna Matusiak

Wydziat Fizyki i Informatyki Stosowanej
Akademia Gorniczo-Hutnicza

im. Stanistawa Staszica w Krakowie

al. Adama Mickiewicza 30, 30-059 Krakow

OSWIADCZENIE

Jako wspoétautor pracy pod tytutem:

“Ketogenic diet influence on the elemental homeostasis of internal organs is gender
dependent”, Scientific Reports (2023),

oswiadczam, ze moj wkiad w powstanie ww. pracy obejmowat:

e przygotowanie materiatu badawczego,
e recenzj¢ i redakcje manuskryptu.

Oswiadczam, ze samodzielna oraz mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje
indywidualny wkiad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czgéci eksperymentalnej, analizie i interpretacji wynikéw niniejszej pracy.
Jednoczesnie wyrazam zgodg na przedtozenie ww. pracy przez mgr Kamila Kawonia jako
czg$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykuléw opublikowanych
w czasopismach naukowych.

(podpis wspotautora)
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Krakéw, 08.12.2025
(miejscowosé, data)

Mgr Zuzanna Rauk

Instytut Zoologii i Badan Biomedycznych
Uniwersytet Jagiellonski
ul. Gronostajowa 9, 30-387 Krakéw

OSWIADCZENIE

Jako wspétautor pracy pod tytutem:

1. “Ketogenic diet influence on the elemental homeostasis of internal organs is gender
dependent”, Scientific Reports (2023)

2. “Vibrational spectroscopy methods reveal biochemical changes associated with the

glial scar formation after traumatic brain injury”, Spectrochimica Acta A Mol Biomol

Spectrosc (2025)

.Modulatory role of the ketogenic diet in glial scar formation after traumatic brain

injury - FTIR, Raman and X-ray fluorescence microscopy study”, (w recenzji)

(98

o$wiadczam, ze mo6j wklad w powstanie ww. prac obejmowat:

e przeprowadzenie czesci eksperymentu obejmujaca pracg przy zwierzetach,
e przygotowanie materiatu badawczego do wykorzystania w badaniach.

O$wiadczam, ze samodzielna oraz mozliwa do wyodrebnienia cz¢s¢ ww. prac wykazuje
indywidualny wklad mgr Kamila Kawonia przy opracowaniu Kkoncepcji badan,
przeprowadzeniu cze$ci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. prac przez mgr Kamila Kawonia jako cz¢$¢
rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykuléw opublikowanych w
czasopismach naukowych.

(podpis wspdtautora)
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Woxdwr M.42.25 ..

(miéiiscmvoéc’, data)
Mgr inz. Marzena Rugiet

Wydzial Fizyki i Informatyki Stosowanej
Akademia Gorniczo-Hutnicza

im. Stanislawa Staszica w Krakowie
al. Adama Mickiewicza 30. 30-059 Krakow

OSWIADCZENIE
Jako wspolautor pracy pod tytutem:

1. “Ketogenic diet influence on the elemental homeostasis of internal organs is gender

dependent”, Scientific Reports (2023),
oswiadczam, ze moj wkiad w powstanie ww. prac obejmowat:

e przygotowanie materiatu badawczego,
e wsparcie w analizie,

e rewizja pierwotnej wersji manuskryptu.

Os$wiadczam, Zze samodzielna oraz mozliwa do wyodrebnienia czg$¢ ww. prac wykazuje
indywidualny wkiad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czesci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedtozenie ww. prac przezmgr Kamila Kawoniajako czg$¢

rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutow opublikowanych w
czasopismach naukowych.

5 o~~~
AR v A

(podi)is wspblautora)
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(miejscowos¢, data )

Prof. dr hab. Zuzanna Setkowicz-Janeczko

Instytut Zoologii i Badan Biomedycznych
Uniwersytet Jagiellonski
ul. Gronostajowa 9, 30-387 Krakow

OSWIADCZENIE
Jako wspétautor pracy pod tytutem:

1. “The methods of vibrational microspectroscopy reveals long-term biochemical
anomalies within the region of mechanical injury within the rat brain”, Spectrochimica
Acta A Mol Biomol Spectrosc (2021)

2. “Ketogenic diet influence on the elemental homeostasis of internal organs is gender
dependent”, Scientific Reports (2023)

3. “Vibrational spectroscopy methods reveal biochemical changes associated with the
glial scar formation after traumatic brain injury”, Spectrochimica Acta A Mol Biomol
Spectrosc (2025)

4. ,,Modulatory role of the ketogenic diet in glial scar formation after traumatic brain
injury - FTIR, Raman and X-ray fluorescence microscopy study”, (w recenz;ji)

o$wiadczam, ze moj wklad w powstanie ww. prac obejmowat:

e przeprowadzenie czgsci eksperymentu obejmujaca prace przy zwierzgtach,
e przygotowanie materiatu badawczego do wykorzystania w badaniach,
e recenzje i dyskusje manuskryptu.

Oséwiadczam, ze samodzielna oraz mozliwa do wyodrebnienia cze§¢ ww. prac wykazuje
indywidualny wklad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czgséci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgodg na przedtozenie ww. prac przez mgr Kamila Kawonia jako czgs¢
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykulow opublikowanych w
czasopismach naukowych.

»;v‘.';ww{‘,ok = ‘\’JJAGC(/UJO

(podpis wspotautora)
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(miejscowos¢, data )
mgr inz. Anna Stawek

Wydziat Fizyki i Informatyki Stosowanej
Akademia Gérniczo-Hutnicza

im. Stanistawa Staszica w Krakowie

al. Adama Mickiewicza 30, 30-059 Krakow

OSWIADCZENIE

Jako wspétautor pracy pod tytutem:

,Modulatory role of the ketogenic diet in glial scar formation after traumatic brain injury -
FTIR, Raman and X-ray fluorescence microscopy study”, (w recenzji)

oswiadczam, ze mdj wkiad w powstanie ww. pracy obejmowat:

e pomoc przy eksperymencie w Elettra Sincrotrone w Triescie we Wtoszech na linii
pomiarowej XRF/IAEA.

Oswiadczam, ze samodzielna oraz mozliwa do wyodrebnienia czgs¢ ww. pracy wykazuje
indywidualny wktad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czg¢sci eksperymentalnej, analizie 1 interpretacji wynikéw niniejszej pracy.
Jednoczesnie wyrazam zgodg na przedtozenie ww. pracy przez mgr Kamila Kawonia jako
cze$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutow opublikowanych
w czasopismach naukowych.

(podpis wspotautora)
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Karlee 084020001

(miejscowosc, data)
Dr Ilona Stabrawa

Instytut Fizyki
Uniwersytet Jana Kochanowskiego w Kielcach
ul. Uniwersytecka 7, 25-435 Kielce

OSWIADCZENIE

Jako wspotautor pracy pod tytutem:

“Ketogenic diet influence on the elemental homeostasis of internal organs is gender dependent”,
Scientific Reports (2023),

oswiadczam, ze moj wkiad w powstanie ww. pracy obejmowat:
e uzyskanie i walidacje otrzymanych wynikoéw pomiarow.

Os$wiadczam, ze samodzielna oraz mozliwa do wyodrebnienia czg$¢ ww. pracy wykazuje
indywidualny wktad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czeséci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednocze$nie wyrazam zgode na przediozenie ww. pracy przez mgr Kamila Kawonia jako
czesé rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutow opublikowanych
w czasopismach naukowych.

(podpis wspélautora)
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Kielce, 08.12.2025
(miejscowos¢, data)

mgr Karol Szary

Instytut Fizyki
Uniwersytet Jana Kochanowskiego w Kielcach
ul. Uniwersytecka 7, 25-435 Kielce

OSWIADCZENIE

Jako wspétautor pracy pod tytutem:

“Ketogenic diet influence on the-elemental homeostasis of internal organs is gender dependent”,
Scientific Reports (2023),

oswiadczam, ze moj wkiad w powstanie ww. pracy obejmowat;
e uzyskanie i walidacje otrzymanych wynikéw pomiarow.

Oswiadczam, ze samodzielna oraz mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje
indywidualny wkiad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czesci eksperymentalnej, analizie i interpretacji wynikéw niniejszej pracy.
Jednoczes$nie wyrazam zgode na przedtozenie ww. pracy przez mgr Kamila Kawonia jako
czes¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych

w czasopismach naukowych.
%u/ ——5’

(podpis wspdlautora)
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Koo 3, 03 1R ) ACA5 ¢

(miejscowos¢, data )
mgr inz. Aleksandra Wilk

Wydzial Fizyki i Informatyki Stosowanej
Akademia Gérniczo-Hutnicza

im. Stanistawa Staszica w Krakowie

al. Adama Mickiewicza 30, 30-059 Krakow

OSWIADCZENIE

Jako wspotautor pracy pod tytutem:

,.Modulatory role of the ketogenic diet in glial scar formation after traumatic brain injury -
FTIR, Raman and X-ray fluorescence microscopy study”, (w recenzji)

o$wiadczam, ze moj wklad w powstanie ww. pracy obejmowat:

e pomoc przy przeprowadzeniu eksperymentu w Elettra Sincrotrone w Triescie we
Wtoszech na linii pomiarowej XRF/IAEA.

Oswiadczam, ze samodzielna oraz mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje
indywidualny wktad mgr Kamila Kawonia przy opracowaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedtozenie ww. pracy przez mgr Kamila Kawonia jako
cz¢$¢ rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

//11/1/(/779 .......

(podpis wspétautora)
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Oryginalne wersje publikacji i manuskryptow stanowigcych
podstawe rozprawy

Al: Kamil Kawon, Zuzanna Setkowicz, Agnieszka Dr6zdz, Krzysztof Janeczko, Joanna
Chwiej, The methods of vibrational microspectroscopy reveals long-term biochemical
anomalies within the region of mechanical injury within the rat brain, Spectrochimica Acta A
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Traumatic brain injury (TBI), meaning functional or structural brain damage which appear as a result of
the application of the external physical force, constitutes the main cause of death and disability of indi-
viduals and a great socioeconomic problem. To search for the new therapeutic strategies for TBI, better
knowledge about posttraumatic pathological changes occurring in the brain is necessary. Therefore in
the present paper the Fourier transform infrared microspectroscopy and Raman microscopy were used
to examine local and remote biochemical changes occurring in the rat brain as a result of focal cortex
injury. The site of the injury and the dorsal part of the hippocampal formation together with the above
situated cortex and white matter were the subject of the study. The topographic and quantitative bio-
chemical analysis followed with the statistical study using principal component analysis showed signif-
icant biomolecular anomalies within the lesion site but not in the area of the dorsal hippocampal
formation and in the above situated white matter and cortex. The observed intralesional anomalies
included significantly decreased accumulation of lipids and their structural changes within the place of
injury. Also the levels of compounds containing phosphate and carbonyl groups were lower within the
lesion site comparing to the surrounding cortex. The opposite relation was, in turn, found for the bands

characteristic to proteins and cholesterol/cholesterol esters.
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1. Introduction

Traumatic brain injury (TBI) is the injury sustained after the
application of the external physical force which causes temporary
or permanent, functional or structural, brain damages [1,2]. TBI
which constitutes the main cause of death and disability of individ-
uals is also a great socioeconomic challenge |3]. Each year around
50 million of new TBI cases occur in the world | 3]. Most of them are
the mild cases which are non-fatal and do not change the life
expectancy. They may, however, lead to the lifelong disabilities [4].

The primary injury in case of TBI is caused directly by the
mechanical force and may involve the skull fracture, contusion,
concussion and laceration [5]. The secondary injury, being the con-
sequence of the primary one, covers all the events and processes
which lead to various cellular, tissular and behavioural pathologies
that may manifest after hours, days or even years from the force
action [6]. A time gap occurring between the primary and sec-
ondary brain injuries and its neuropathological symptoms, push
to look for therapies that used during this period would eliminate
or at least attenuate the negative medical conditions being an out-
come of TBI [1,2,7]

To successfully search for the new therapeutic strategies for TBI
we need to get the better knowledge about posttraumatic patho-
physiology and identify the cellular and molecular targets that
allow to propose successful new treatments. Such studies cannot
be performed on human beings but on the animal models which
mimics some aspects of human TBI and are developed and used
for this purpose. The existing models are divided based on the type
of applied force (controlled cortical impact, fluid percussion,
weight drop, impact acceleration, inertial acceleration, blast injury)
and the presence or absence of craniectomy. They can also be clas-
sified as focal, diffuse and mixed [1,8,9]

In our study we used the rat model of the penetrating brain
injury. It is a type of an open TBI with the smaller degree damage
but with a blood-brain barrier disruption [10,11]. The utilized
approach allowed us to regulate the severity of brain damage as
well as to avoid the countercoup injury and the skull fracture. In
such a model we examined the influence of the mechanical injury
on the brain distribution, accumulation and structure of main bio-
molecules including proteins, lipids, compounds containing phos-
phate and carbonyl groups. It is necessary to mention that it has
never been done before in such experimental regime so far. The
site of the injury and the dorsal part of the hippocampal formation
together with the above situated cortex and white matter were the
subject of the study. For the topographic and semi-quantitative
biochemical analysis we wused Fourier transform infrared
microspectroscopy (FTIR) which was successfully utilized in our
previous research concerning the rat models of seizures [12,13],
the neuroprotection with ketogenic diet [14,15] as well as the bio-
compatibility of iron oxide nanoparticles [ 16]. In the paper we also
carried out advanced statistical evaluation of the spectral data and
we used for this purpose one of the multivariate methods, namely
the principal component analysis (PCA).

2. Materials and methods
2.1. Animals

All procedures using experimental animals were approved by
the Bioethical Commission of Jagiellonian University (agreement
no. 41/2010) and were in accordance with the international stan-
dards. The adult male Wistar rats came from the Institute of Pedi-
atry, Collegium Medicum, Jagiellonian University in Cracow. The
animal experiment was carried out at the Department of Neu-
roanatomy, Institute of Zoology and Biomedical Research (Jagiel-
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lonian University, Cracow). During this period, the rats were bred
under the conditions of controlled temperature (20 + 2 °C) and illu-
mination (12-h light:12-h dark cycle). A solid diet in the form of
Labofeed and water were available for them ad libitum.

2.2. Brain injury

Six rats at the age of thirty days were anesthetized with pento-
barbital (Vetbutal, Biowet, Poland, 30 mg/kg i.p.). Lesion was made
under aseptic conditions in the left cerebral hemisphere. For that
purpose rotating dental drill was used. A drill was inserted down
to the white matter underlying the cerebral cortex trying to avoid
complete perforation of the cerebral hemisphere wall. The depth of
drill penetration was adjusted proportionally to the brain size
using a limiting plastic ring fixed on the drill. The drill diameter
was 1.2 mm. After the procedure, the skin on the rat head was
sutured and the animal was placed back into the cage. This brain
lesion model was used in our previous studies on glial response
to injury [17-19] and on its epileptogenic effects [20].

Brain injury performed in 30-day-old animals did not con-
tribute to their increased mortality, all rats survived the procedure
and reached the age at which the experiment was planned to end
(60th day of postnatal life). Due to the limited number of animals
planned for these preliminary examinations, it was decided to
study a time point 30 days from the injury. This choice was dic-
tated by the fact that after such period of time, as was shown in
our previous research, the scar that appears in the brain is fully
formed.

2.3. Sample preparation

On the day 60 of life the rats received a lethal dose of pentobar-
bital and were perfused transcardially with physiological saline
solution of high analytical purity. The brains were removed from
the skulls, frozen in liquid nitrogen and cut using a cryomicrotome
into 15-pum thick slices. From each brain two specimens were
taken, namely the lesion site and the dorsal part of the hippocam-
pal formation, mounted on MirrIR slides (Kevley Technologies) and
freeze-dried.

2.4. Fourier transform infrared microspectroscopy

The measurements were done at the Department of Medical
Physics and Biophysics using Nicolet iN10 MX (Thermo Fisher Sci-
entific) FTIR microscope. The size of the beam was limited using
the aperture and was equal to 25 pm x 25 pm. Liquid nitrogen
cooled MCT-A detector was used for the study that were carried
out in transflection mode. Typically, 32 scans were accumulated
per spectrum and each spectrum was recorded for the wavenum-
ber range of 900-4000 cm ' with the resolution of 8 cm '. The
samples were subjected to raster scanning with the step size equal
to 25 pm in two dimensions.

2.5. Topographic, quantitative and statistical analysis of data

The topographic biochemical analysis was based on the chemi-
cal mapping of the main absorption bands or their ratios and was
carried out using the OMNIC Picta software (Thermo Scientific, ver-
sion 9.2.0.86). The same software was used for extraction and pre-
processing of the spectra for further quantitative and statistical
analysis. The preprocessing of the spectra involved the atmo-
spheric and the baseline correction as well as vector-
normalization.

To quantitatively present the obtained data, for each experi-
mental animal the mean values of the examined biochemical
parameters (intensities of the absorption bands or the ratios of
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us3

Fig. 1. Examples of chemical mapping on the sections from the three example brains (US 1-3) cut at the level of mechanical injury in the cerebral cortex. The bottom row
shows microscope images of the lesion sites (marked with red arrows) in the analysed, histologically unstained brain sections corresponding to the biochemical maps.

intensities) were determined in the compared areas and cellular
layers. Typically, the average values were calculated based on 20
spectra. To verify if the differences observed between the areas/-
cellular layers are statistically relevant, the median values of
parameters were determined for the whole population and com-
pared using Mann-Whitney U test at the significance level of 5%.
In turn, for the statistical evaluation of the spectral data, the PCA
was utilized. The PCA was done using Origin software on the sec-
ond derivative spectra that were previously subjected to the atmo-
spheric and the baseline correction as well as vector-
normalization.

3. Results
3.1. Biochemical anomalies within the lesion site

The evaluation of the biochemical changes occurring in the
lesion site included the following steps: (1) the topographic analy-
sis of the brain cortex from injured and uninjured hemisphere, (2)
the detailed biochemical analysis of the lesion site, (3) the quanti-
tative evaluation of the differences in the accumulation of biomo-
lecules between the place of injury and the surrounding tissue and
(4) statistical evaluation of the spectral data using PCA.

The topographic biochemical analysis of the cortex (Fig. 1) and
place of injury (Fig. 2) was based on chemical mapping of selected
absorption bands or the band ratios which are characterized in the
Table 1.
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As one can see from the Fig. 1, even excluding the lesion site, the
distribution of examined biomolecules within the cortex is
strongly nonhomogeneous. Those differences are even more pro-
nounced within the place of injury situated in left upper part of
the examined area and concern the distributions of all the exam-
ined absorption bands and the ratios of intensities (Figs. 1 and
2). Significantly decreased intensity of 2955 cm ™' absorption band
and the ratio of 2924 and 2955 cm ' bands, point at the changes in
accumulation and structure of lipids within the place of injury.
Also the levels of compounds containing phosphate (1080 and
1240 cm™') and carbonyl (1740 cm™') groups are lower within
the lesion site comparing to the surrounding cortex. The opposite
relation was, in turn, found for the bands characteristic to proteins
(1658 cm ') and cholesterol/cholesterol esters (1360-1480 cm™!)
which were usually elevated within the injury site.

To quantitatively describe the differences between the inside
and the margin part of the lesion site and the surrounding cortex,
the data on the values of biochemical parameters in these areas
were extracted from the chemical maps of the lesion site. This
was done for each animal separately. First, the mean values of
parameters were calculated for particular rat and then, based on
the obtained data, median, minimal and maximal values as well
as interquartile spans were determined for the whole animal pop-
ulation. The obtained values together with the results of statistical
evaluation of the differences between the compared areas are pre-
sented in the Fig. 3.

As showed in the Fig. 3, the internal part of the lesion site differs
significantly both from the neighbouring margin area and the sur-
rounding cortex. The observed differences concern almost all the
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mechanically induced lesion site. The bottom row includes microscope images showing

the lesion sites in the analysed, histologically unstained brain sections corresponding to the biochemical maps.

Table 1
Examined biochemical parameters [16,21}.

Absorption and Remarks

(ratio of bands)

1080 cm™! distribution of compounds containing phosphate
group(s) including nucleic acids

1240 cm ™! phospholipids, phosphorylated carbohydrates,
differences in the degree of phosphorylation of
carbohydrates and glycoproteins

1360-1480 cm ! distribution of lipids, cholesterol esters and
cholesterol

1635/1658 cm ™' structural changes of proteins

1658 cm ! amide | band, proteins distribution

1740 cm ™! distribution of compounds containing carbonyl group

(s) including phospholipids, cholesterol esters, ketone
bodies

structural changes of saturated lipids

distribution of saturated lipids

2924/2955 cm™!
2955 cm™!

examined biochemical parameters and this confirms previously
described qualitative data obtained from chemical maps. The
results of quantitative analysis allowed us to identify the com-
pounds which level change most severely in the injured tissue.
These are lipids and compounds containing phosphate groups
and the median intensities of their absorption bands (2955 and
1080 cm ') are more than two times lower in the central part of
lesion than in the surrounding brain cortex.

The farther step of the study was advanced statistical analysis of
the spectra taken from the area of injury, its margin and the sur-
rounding brain cortex. The results of PCA carried out on the second
derivative spectra are presented in the Fig. 4C whilst the mean
spectra and their second derivatives obtained for the examined

areas in the Fig. 4A and 4B. Additionally, in the Fig. 1S of Supple-
mentary materials the loading plots for PC1 and PC2 components
are shown. Even coarse analysis of the spectra from the Fig. 4A
clearly indicates that the intensity of the absorption bands charac-
teristic for the main biomolecules differ significantly among the
three examined regions. The spectra from the internal region of
injury are characterized by lower absorption within the wavenum-
ber ranges specific for lipids and phosphate groups. In turn, the
intensity of the protein amide I band is higher for both the inside
and margin part of lesion comparing to the surrounding cortex.

As we can see from PCA plot presented in the Fig. 4C, the spectra
representing the inside part of the injury and the cortex (outside)
are well separated in the space of the first and second principal
components. The spectra measured in margin part of lesion pre-
sent similarities to those taken form the two remaining areas. In
this context it is necessary to mention that the borders between
both the inside and margin part of the lesion as well as the margin
and cortex were established subjectively based on the pictures of
unfixed and unstained tissue and the chemical maps.

For elucidation and confirmation of the obtained results, the
Raman microspectroscopy was used. The lesion sites were raster
scanned in the plane perpendicular to the tissue surface with the
step of 0.33 pm using the WITec Alpha 300R system. Cluster anal-
ysis (CA) performed based on the obtained Raman spectra showed
that glial scar differs significantly from the surrounding cortex and
can be extracted as an individual cluster alongside the clusters
grouping the points from the surrounding tissue, air and glass
(Fig. 5B and 5C). From the Fig. 5, one can see also that the observed
differences probably concern not only the biomolecular composi-
tion of nervous tissue but also its morphology/structure and within
the lesion site the tissue is slightly thinner than in the surrounding
cortex (Fig. 5C and 5D).
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Fig. 4. The average spectra (A) and their second derivatives (B) obtained for the inside and margin part of the injury and the surrounding cortex (outside). The results of PCA

carried out on the second derivative spectra from the three mentioned areas (C).

3.2. Biochemical analysis of hippocampal formation region

The hippocampal formation is a brain region known for its par-
ticular susceptibility to different types of injuries including those
in remote brain areas even of contralateral locations. Therefore,
we investigated if local mechanical injury of the cortex might affect
biochemical composition of the dorsal part of hippocampus, both
ipsi- and contralateral. To do this, for the injured and uninjured
brain hemisphere, the mean absorption spectra and their second
derivatives were calculated in the pyramidal and granular hip-
pocampal layers as well as in the cortical area and underlying
white matter and the obtained data are presented in the Fig. 6A
and B. As one can see from these Figures, none pivotal differences
among investigated cellular layers and regions from injured and
uninjured, contralateral brain hemispheres can be identified. How-
ever, in order to confirm this result, PCA on the second derivative
spectra was performed and the obtained results are presented in
the Fig. 6C. The loading plots for the first two components are,
additionally, shown in the Fig. 2S of Supplementary materials.

As it can be noticed from the Fig. 6C, the probability circles for
the injured and uninjured hemisphere, containing 95% of cases
representing particular group, cover each other in a large part
which points that fardistant regions of the two hemispheres do
not differ significantly. The less degree of covering was observed
for the brain cortex and therefore for this area additional quantita-
tive analysis of biochemical parameters was done and followed
with statistical evaluation of significance of the observed differ-
ences (Fig. 7). Mann-Whitney U test carried out at the 95% confi-
dence level did not show any statistically relevant differences in
the biochemical composition of cortex from injured and uninjured
hemispheres and the same it confirmed the results of PCA.

4. Discussion

The frequent outcome of mechanical injury of the brain is for-
mation of glial scar appearing as a result of multicellular response
of CNS. The pivotal role in the astrogliosis is played by astrocytes,
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Fig. 5. The data were obtained using the confocal WITec Alpha300R Raman microscope equipped with the 532 nm excitation laser module, the 100x air objective (Zeiss EC
Epiplan-Neofluar, NA = 0.9), the UHTS 300 spectrometer (600 gratings/mm) and highly-efficient, thermoelectrically cooled spectroscopy camera. The laser power on the
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removal procedure and background subtraction. (C) The results of CA (Euclidean distance, Ward's method) done on the preprocessed Raman spectra. The numbers 1, 2, 3 and
4 correspond to the areas distinguished on the basis of a cluster analysis done on pre-processed Raman spectra of the depth profile and constitute: 1 - the area of injury
(mostly red), 2 - the surrounding of the lesion (mostly yellow), 3 - sample carrier (mostly grey), 4 - air over the tissue (mostly blue). (D) The results of chemical mapping of the

massif 2800-3000 cm .

however also other cells may take part in the process including
other types of glial cells, neurons and non-neuronal cells derived
from bloodstream (leukocytes and platelets) as well as cells intrin-
sic to the CNS including endothelia, perivascular fibroblasts, peri-
cytes and meningeal cells [22]. Moreover, many nervous cells,
adjacent to the injury area, die via apoptotic or necrotic path.
The remaining nerve cells, if survive after trauma, can form aber-
rant connections generating additional excitation, thereby con-
tribute to epileptogenesis or increase susceptibility to
seizuregenic stimuli [10].

Our results clearly point that the lesion site differs noticeably
from the surrounding cortex area in respect of biochemical compo-
sition and the found biomolecular anomalies can be linked with
reorganisation and structural changes of the tissue occurring dur-
ing the astrogliosis process [22]. The results of topographic and
quantitative biochemical analysis showed increased intensity of
the amide I band (1658 cm™') within the scar appearing after
mechanical brain injury. After mechanical injury multicellular
response is initiated in CNS and the main role in glial scarring is
played by activated astrocytes and leucocytes which are actively
recruited to the place of injury [23]. Therefore, increased intensity
of the 1658 cm ! band within the place of injury may be a result of
matricellular proteins secretion by astrocytes [24] and the pres-
ence of collagens and proteoglycans in the lesion core [24]. Matri-
cellular proteins are not responsible for formation of structural
elements in extracellular matrix (ECM), however they modulate
cellular matrix interactions and cell function [25]. On the other
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hand, our earlier study showed that the tissue surrounding lesion
site is rich in zinc [26] - an element necessary for proper function-
ing of metalloproteinases (MMPs). MMPs are involved in astrocyte
migration to the lesion site whilst the expression of MMP-9 is con-
nected with enhanced expression of chondroitin sulphate proteo-
glycans (CSPGs) [27].

CSPGs, built of protein core and chondroitin sulphate side chain,
play a role in processes such as cell adhesion, receptor binding and
interactions with extracellular matrix constituents [28]. The most
abundant CSPG in CNS is NG2 proteoglycan [28] known for its abil-
ity to inhibit the neurite outgrowth. The protein core of NG2 pro-
teoglycan has the secondary structure of p-sheets [29]. The
observed elevated ratio of absorbance at the wavenumbers of
1635 and 1658 cm ! means the increase of the relative level of
proteins having p-type secondary structure [30] and may be linked
with higher secretion of CSPG to the ECM during the processes of
repair occurring after the mechanical injury [12,30]. A similar phe-
nomenon was observed in humans after TBI, when the number of
amyloid B deposits increased [31].

The healthy cortex tissue is predominantly built from cells
which are surrounded by biological membranes containing phos-
pholipids, cholesterol and anchored proteins. The cell nucleuses
contain chromatin consisting mainly of nucleic acids. The found
decreased level of compounds containing phosphate groups within
the lesion site well corresponds with our previous study pointing
at decreased phosphorus level for this area [26] and confirms the
replacement of the destroyed cells by glial scar which is formed
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from proteins and other substantial components of ECM [32]. Also
diminished level of lipids manifesting in the changes of intensity of
the 2955 cm ! band is probably linked with the destruction of
healthy tissue and especially its cellular constituents [33].

It is known that the hippocampal formation is the structure
especially susceptible to brain damages which may lead to
enhanced neurogenesis in granular cell layer and epilepsy develop-
ment |34,35]. Therefore, besides the region of scar formation, the
influence of mechanical injury on the biochemical composition of
the dorsal part of the hippocampus and the dorsally located white
matter and the cortex were examined. Spectral analysis supported
by PCA did not show any significant differences between the gran-
ular and pyramidal hippocampal layers as well as the areas of
white matter and cortex from injured and uninjured hemispheres.
Further quantitative analysis confirmed these results which are
also in agreement with the behavioural observations in rats after
the injury which did not show any symptoms of spontaneous sei-
zures. Reassuming, the local mechanical brain injury used in our
study did not cause any significant changes in biochemical compo-
sition of the hippocampal formation, probably because the lesions
were examined one month after the injury, while the response of
the hippocampal cells at the molecular level might occur earlier.
Only regular multistage examination of the process of glial scar
formation after the injury can explain this phenomenon.

5. Conclusions

The methods of vibrational spectroscopy such as FTIR micro-
scopy and Raman microspectroscopy are suitable to establish
biomolecular changes appearing in the brain tissue as a result of
TBI. The changes occurring in the aftermath of the glial scarring
include anomalies in the levels and structure of lipids and proteins.
What is more abnormalities in the accumulation of compounds
containing phosphate and carbonyl groups as well as cholesterol
were noticed within the lesion site.
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The ketogenic diet (KD) is a low-carbohydrate and high-fat diet that gains increasing popularity in
the treatment of numerous diseases, including epilepsy, brain cancers, type 2 diabetes and various
metabolic syndromes. Although KD is effective in the treatment of mentioned medical conditions, it
is unfortunately not without side effects. The most frequently occurring undesired outcomes of this
diet are nutrient deficiencies, the formation of kidney stones, loss of bone mineral density, increased
LDL (low-density lipoprotein) cholesterol levels and hormonal disturbances. Both the diet itself and
the mentioned adverse effects can influence the elemental composition and homeostasis of internal
organs. Therefore, the objective of this study was to determine the elemental abnormalities that
appear in the liver, kidney, and spleen of rats subjected to long-term KD treatment. The investigation
was conducted separately on males and females to determine if observed changes in the elemental
composition of organs are gender-dependent. To measure the concentration of P, S, K, Ca, Fe, Cu, Zn
and Se in the tissues the method of the total reflection X-ray fluorescence (TXRF) was utilized. The
obtained results revealed numerous elemental abnormalities in the organs of animals fed a high-fat
diet. Only some of them can be explained by the differences in the composition and intake of the
ketogenic and standard diets. Furthermore, in many cases, the observed anomalies differed between
male and female rats.

The ketogenic diet (KD) is characterized by the complete elimination or the reduction of carbohydrate intake,
and the main source of energy during its use are fats and proteins’. During a normal diet, the glycolysis process
dominates, and the precursor for the production of adenosine triphosphate (ATP) in the body is pyruvate, which
participates in the Krebs cycle. In case of KD, however, the intensity of beta-oxidation of fatty acids in the liver
and the synthesis of ketone bodies (acetoacetate, beta-hydroxybutyrate and acetone) significantly increases’. The
metabolism of ketone bodies is similar to the metabolism of carbohydrates, with the difference that instead of
pyruvate, the precursor for acetyl-CoA, which enter the Krebs cycle, is beta-hydroxybutyrate’.

Although KD has been used for many years as an individual or adjuvant therapy in the treatment of various
diseases, the mechanisms of its curative effect are still not fully understood. For around hundred years KD has
been utilized for the management of refractory seizures. It is mostly used to treat pediatric epilepsies but gives
satisfactory results also in adolescents and adults®°. The postulated mechanism of anticonvulsant effect of KD
consists in the fact that as a low-carbohydrate diet it leads, by reducing the intensity of the glycolysis process, to
a decrease in ATP available in the cytoplasm. The decreased level of ATP in the cytoplasm of nerve cells results
in the opening of ATP-dependent potassium channels, which increases the membrane potential and causes
a reduced response of cells to the stimuli®. In addition, during the use of KD, the concentration of gamma-
aminobutyric acid (GABA), which is an inhibitory neurotransmitter in the central nervous system, increases®.

The preclinical studies based on animal models have also demonstrated anti-angiogenic, anti-invasive, and
pro-apoptotic action of KD in mice with malignant brain cancer’. KD enhanced tumor-reactive immune response
and sensitized tumors to standard of care therapies used for glioblastoma multiforme (GBM)®. Used as adjuvant
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treatment to radiotherapy it led to additional reduction of tumor growth and increased survival of animals with
glioma®. Glioma cells are characterized by increased energy demand'’. It is also postulated that, unlike normal
glial cells and neurons, they are not able to use ketone bodies and survive the metabolic stress caused by glucose
deficiency'. Therefore, KD changing the main source of energy for the metabolism from glucose to ketone bodies
can negatively affect cancer cells, saving normal ones, and thus selectively inhibit tumor growth and improve the
survival of patients suffering from GBM.

Despite the confirmed or expected therapeutic efficiency of KD in case of various diseases, this diet is not
free from undesirable reactions and the most common side effects of KD include nausea, vomiting, headaches
and dizziness, fatigue, insomnia, difficulties in tolerating exercise, and constipation. In turn long-term undesir-
able effects involve fatty liver, protein, vitamin and mineral deficiencies and the appearance of kidney stones'".
Therefore, the aim of this study was to determine the influence of the use of KD on the elemental homeostasis
of organs engaged in fat metabolism and/or those in which disorders associated with long-term exposure to
ketone bodies during KD are observed. The investigation was carried out on rats. The liver, kidneys and spleen
were selected for the study. In the liver, beta-oxidation of fatty acids occurs and ketone bodies are produced, and
long-term use of KD can lead to fatty liver'?. The kidneys are responsible for filtering the blood from harmful
metabolites, and long-term ketosis can result in hypercalciuria, as a result of which kidney stones can accumulate
in the organ'’. Additionally, the effect of KD on the elemental composition of the spleen was studied. Because
of significant gender differences in the range of the overall organism functioning and hormonal balance'* as
well as the regulated by sex hormones lipid and glucose metabolism'®, the study was done, separately, on males
and females.

To examine the elemental abnormalities appearing in the digested samples of rat organs the total reflection
X-ray fluorescence method (TXRF)'® was applied. The mentioned instrumental technique of elemental analysis
is characterized by the possibility of simultaneous analysis of the content of many elements, small amount of
material needed for analysis, short determination time and good detection limit at the ng/g level.

Results

Glucose/ketone bodies concentration in blood of ketogenic and standard diet fed animals

The median blood concentration of glucose in male rats fed with standard laboratory diet was 137 + 29 mg/dl,
and in females 125 & 20 mg/dl. In turn, the concentration of ketone bodies equaled to 0.51 £ 0.33 mmol/l and
0.72 £ 0.43 mmol/l for male and female controls, respectively. In case of KD fed animals the mentioned above
blood parameters were controlled before an experiment (D0) and on the days 3, 5, 11, 19 and 33 of the dietary
treatment (marked as D3, D5, D11, D19 and D33, respectively). The progress of the changes of the glucose and
ketone bodies levels in blood of animals fed with high fat fodder was presented in the Fig. 1.

As shown in Fig. 1, after 3 days of KD use, a significant increase of the ketone bodies concentration and
diminished glucose level in the blood of animals was observed. In the following days of the experiment, the level
of ketone bodies slowly decreased, whilst that of glucose increased. Nevertheless, at the end of the experiment,
animals fed a high-fat diet were still in a state of dietary ketosis, with the blood ketone bodies concentration
higher than1 mmol/1"".

Elemental composition of liver, kidney and spleen of ketogenic and standard diet fed animals
Using the TXRF method, the concentration of P, §, K, Ca, Fe, Cu, Zn and Se in the liver, kidney and spleen of each
examined rat was determined. These data were used to prepare box-whisker plots (Figs. 2, 3 and 4) presenting the
scatter of the results obtained for 4 tested animal populations, namely, for male and female rats on KD (marked
as KM and KF groups, respectively) and for the animals of both sexes on the standard laboratory diet (marked
as NM and NF groups). In addition, in the Figs. 2, 3 and 4, the results of the Mann-Whitney U test showing
statistically significant differences between animals of a given gender on KD and an ordinary laboratory diet
were placed. In turn, in Table S1 of Appendix, the detection limits (LOD) of the measured elements calculated
for 3 studied organs were presented. As one can notice from this Table, the best LOD values were obtained for
kidneys and they were the lowest for Se (0.0373 ug/g) and the highest for P (12.87 ug/g).

As it can be seen in Fig. 2, KD significantly affects the elemental homeostasis of the liver. Apart from Fe, the
level of all the analyzed elements is lower in the organ of KD-fed males than in those fed a standard diet. Inter-
estingly, in case of female rats, a statistically significant decrease of the concentration in this organ was found
only for Cu, Zn and Se. The reduced accumulation of some of the tested elements in the liver can be explained
by their reduced supply in KD (the details in the Fig. S1 of Appendix) and lower fodder weight consumed by rats
on KD compared to those on a standard diet. However, these are not the only sources of elemental abnormali-
ties observed in the liver, which is indicated, for example, by gender differences in the accumulation of P, S, K
and Ca in the organ.

Much greater gender dissimilarities were observed when analyzing the effect of KD on the elemental com-
position of the kidneys. Elevated concentrations of Fe, Zn and Ca were found in males, while in females the
levels of P and Ca increased. Although renal Ca accumulation was higher after KD in both sexes, this effect was
definitely stronger in female rats.

The least number of statistically significant differences in elemental composition, between animals on a
ketogenic and standard diet, were recorded for spleen. After a high-fat diet, male and female rats showed, respec-
tively, increased Fe and S level in the organ.
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Figure 1. Blood concentration of glucose (upper row) and ketone bodies (lower row) in male (blue) and female
rats fed with ketogenic fodder before (D0) and on the days: 3, 5, 11, 19 and 33 of the dietary treatment (D3, D5,
D11, D19 and D33, respectively).
Discussion and conclusions
The purpose of this paper was determination of the element abnormalities that appear in the rat internal organs
as a result of the treatment with KD. We examined, also, how animal gender influences observed modifications of
the element homeostasis. The liver, kidney and spleen were selected for the study, and for the elemental analysis
of the digested tissues TXRF method was applied. With the use of it, the concentrations of P, S, K, Ca, Fe, Cu,
Zn and Se were determined in the liquid organ samples.

The obtained results showed a large number of elemental abnormalities in the organs taken from animals fed
with the high fat fodder. In some cases, the found anomalies were different for male and female rats. Analysis of
liver samples showed lower concentration of all elements, except Fe, for male rats fed with the ketogenic fodder.
In case of females, the effect was observed only for higher-Z elements, namely, for Cu, Zn and Se. Comparing
the content of the examined elements in ketogenic and standard diet (Fig. S1 of the Appendix), one can see that
the concentration of most of them (besides K and Zn) in the high fat diet is much lower than in the normal
one. This factor, together with the fact that the mass of the fodder consumed by animals is also lower in case of
high fat diet, could to some degree explain observed disorder of element homeostasis of the liver. However, dif-
ferent pattern of elemental abnormalities found between male and female rats, normal liver Fe level despite of
diminished content of the element in ketogenic fodder, the lack of abnormalities in the range of low-Z elements
for female rats, suggest that the diminished level of measured elements in the fodder is not the only reason of
the found liver anomalies.

The observed lower concentration of P and Ca in the liver of male rats on KD may be connected with the
decreased insulin level during the intake of poor in sugars chow'®. The insulin influences the level of D vitamin,
which plays an important role in the process of absorption of P and Ca from the intestines'’. The disturbed
absorption and content of these elements in blood may result in their diminished liver concentration. After the
treatment of male rats with KD, the decreased K content in the liver was, also, found. Such a result may be an
effect of diminished availability of glycogen® in liver and muscles®'. K is an important cofactor for glycogen
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Figure 2. Box-and-whiskers plots presenting the ranges of element concentrations [pg/g] in livers taken from
male (blue) and female (red) rats fed with ketogenic (groups KM and KF) and standard diets (groups NM

and NF). Median (line), interquartile range (box) and minimal-maximal values (whiskers) are marked. The
statistically significant differences determined with Mann-Whitney U test (p-value <0.05) between KD treated
animals and controls of given gender are signed with #.
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Figure 3. Box-and-whiskers plots presenting the ranges of element concentrations [pg/g] in kidneys taken from
male (blue) and female (red) rats fed with ketogenic (groups KM and KF) and standard diets (groups NM and
NF). The statistically significant differences determined with Mann-Whitney U test (p-value <0.05) between KD
treated animals and controls of given gender are signed with #.

phosphorylase, an enzyme participating in the glycogenolysis process™. Its reduced level may be, therefore, con-
nected with the limited requirement for the enzyme when low levels of glycogen are observed?.
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Figure 4. Box-and-whiskers plots presenting the ranges of element concentrations [ug/g] in spleens taken from
male (blue) and female (red) rats fed with ketogenic (groups KM and KF) and standard diets (groups NM and
NF). The statistically significant differences determined with Mann-Whitney U test (p-value <0.05) between KD
treated animals and controls of given gender are signed with #.
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The diminished level of Cu, Zn and Se within the liver was found in animals of both genders that were fed
with KD. For Cu and Se, the effect may be explained, among others, by the decreased content of these elements
in the high fat diet and lower ketogenic fodder intake in comparison with the standard one. The lower levels of
trace elements in serum of adults after the long-term treatment with KD were observed previously** and the
found effect depended on the used diet formula®.

KD used to treat refractory seizures in children was leading to the appearance of kidney stones'**. Kidney
stones are mostly formed from uric acid. However, there are also some that contain minerals such as struvite,
apatite and brushite, as well as those that are made of calcium phosphate mono- or dihydrates?”** and calcium
salt of oxalic acid”. The elevated risk of kidney stones formation during KD, together with their typical elemental
composition, seem to elucidate the observed increases of P and Ca concentration in kidneys of female rats. An
explanation for the elevated Ca levels found in animals of both genders may be also the occurrence of hypercal-
ciuria as a side effect of KD treatment'?,

Male rats presented higher concentration of Zn in kidneys. Together with Cu, the mentioned element is a
part of Cu,Zn-superoxide dismutase®® belonging to a family of enzymes that catalyze the dismutation of the
superoxide radicals®’. Increased level of the enzyme in kidneys of animals fed with KD might be a result of the
inflammation processes occurring in the organ and connected with them reactive oxygen species release™. In
such a case, increased kidney Zn accumulation should correlate with the elevated Cu concentration within the
organ. Such correlation was, however, not found.

Watanabe et al.** observed that the use of KD may result in the chronic kidney disease. In patients suffering
from kidney diseases, renal tubules are exposed to a high concentration of Fe owing to increased glomerular
filtration of iron and iron-containing proteins. What is more, the levels of intracellular iron may increase when
glomerular and renal tubular cells are injured*'. The mentioned phenomena connected with the chronic kidney
disease may be, therefore, the source of increased concentration of Fe in kidneys of male rats fed with KD.

The elevated Fe concentration in the spleen of male rats might be a result of increased red blood cells pro-
duction. However, according to Nazarewicz et al.** the use of KD treatment does not have a positive effect on
the blood parameters including red blood cells and hemoglobin level. The systemic iron-regulatory hormone is
hepatic peptide hepcidin®. The hepcidin synthesis is transcriptionally regulated by extracellular and intracellular
iron concentrations, and its increased concentration in plasma is observed in iron-restrictive anemias includ-
ing those connected with inflammation, chronic kidney disease and some cancers®. Arsyad et al.** showed that
long-term treatment of rats with KD may lead to anemia. During anemia hepcidin, being the negative regulator
of hemopoiesis®, blocks the release of Fe from spleen macrophages®.

Most of the literature data show that KD treatment globally diminishes the level of the oxidative stress in the
body***. This does not exclude, however, the possibility of its local occurrence in the answer to, for example,
the high-fat diet induced cellular damage and/or inflammation process, especially in liver*>*’. Globally reduced
level of the oxidative stress limits the need to produce glutathione by the spleen*’. In turn, the diminished glu-
tathione level, being the major reservoir of non-protein reduced sulfur, may be the source of the decreased level
of this element observed in the spleen for female rats. Se is an element necessary for the proper functioning of
glutathione peroxidase enzymes. Therefore, decreased accumulation of Se within spleen observed for animals
fed with high fat diet, may also be result of the positive effect of KD on the level of oxidative stress*>. However,
it should be noted that the high-fat feed used in the experiment was characterized by a very low content of this
element, what may also be the source of found abnormalities.

Summarizing, the treatment with KD may significantly influence the elemental homeostasis of internal organs.
Only some of the observed elemental anomalies may be explained by differences in the composition and intake
of the high fat fodder, and at least some of them seem to be gender dependent.

Materials and methods

Animals

All methods are reported in the paper in accordance with ARRIVE guidelines (https://arriveguidelines.org). The
animals used in this study were Wistar rats originating from the husbandry of the Department of Experimental
Neuropathology of the Institute of Zoology and Biomedical Research, Jagiellonian University in Krakow. All
animal studies were conducted in accord with the international standards and under approval of the 2nd Local
Institutional Animal Care and Use Committee in Krakow. They were done under agreement no. 316/2020. Twelve
male and twelve female rats were included in the study. On the day 27th of postnatal development, animals of
both genders were divided into 2 equal subgroups which from that time, for the next 33 days, were fed either
with the ketogenic or standard laboratory fodder. Once a week, the rats were weighed. In KD fed animals the
state of dietary ketosis was controlled and for this purpose the levels of ketone bodies and glucose in their blood
were measured at the beginning of the experiment (D0) and on the chosen days of the dietary treatment (D3,
D5, D11, D19 and D33).

On the day 60th of life, the rats received a lethal dose of pentobarbital and then were perfused transcardially
with physiological saline solution of high analytical purity. The organs (liver, kidney and spleen) taken from
animals were immediately frozen in liquid nitrogen and till the digestion procedure kept in the temperature not
higher than - 20 °C.

Ketogenic and standard laboratory diet

The ketogenic diet (EF R/M with 80% Fat—ketogenic), enriched in fat, was purchased from ssniff*, whilst normal
laboratory diet (Labofeed H Standard) from Morawski company. For the ketogenic diet, 94% of metabolizable
energy (ME) came from fats and the remaining 6% from proteins and carbohydrates. On the other hand, in case
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of the standard diet, 60% of ME was provided in the form of carbohydrates, 30% as proteins and the remaining
10% as fats. The animals had the access to food and water ad libido but the daily intake of the chow was controlled.

Sample preparation

The element analysis using the TXRF method was performed for liquid organ samples. To obtain them, each
collected organ, in a separate Teflon vessel (DAP100), was subjected to the microwave assisted acid digestion.
The mineralization procedure was done in the 65% nitric acid of high purity (Suprapur, Merck) with the use
of Speed Wave 4 system (Berghof). The typical volume of acid used for digestion was 2.5 ml per 1 g of tissue.
The obtained liquid organ samples were poured into sterile eppendorf tubes and were kept under refrigeration
conditions until the measurements were taken.

To estimate the elemental composition of ketogenic and standard diet with TXRF method, the liquid samples
of the fodders were prepared. First, 100 g of each diet was initially homogenized, and then 6 samples with the
mass of 200 mg were taken and subjected to microwave assisted digestion in 5 ml of the 65% nitric acid. For each
of 6 samples of particular fodder, the mineralization procedure was done in a separate Teflon vessel.

TXRF measurements

The quantitative elemental analysis was based on the internal standard method and gallium (Ga) was used for this
purpose. 50 ul of 1000 mg/l Ga solution (Gallium ICP standard in HNO; 2-3% 1000 mg/l Ga Certipur®, Merck)
was added to the 1.5 ml of the tissue digest and mixed thoroughly. 6 pl of such solution was taken and spotted
on the clean quartz glass carrier which was then dried on a heating plate. For each organ sample 3 independent
replicates were made.

The measurements were carried out in the Laboratory of X-ray Methods of the Centre for Research and
Analysis at the Jan Kochanowski University. S2 PICOFOX TXRF spectrometer (Bruker Nano) equipped with
the Mo-anode X-ray tube was used for the study. The tube voltage was 50 kV, whilst its current 0.6 mA. The
acquisition time of spectrum was 1000 s. The obtained spectral data were analysed using Picofox Spectra 7
(Bruker Nano) software.

Quantitative element analysis
The concentration of each element i in the digest sample was determined based on the formula (1):

G- N;
S NS i

where:

Ci—concentration of the element i in the digest sample [11g/g], C;s—concentration of the added internal
standard (Ga) in the digest sample [ug/g], Nj—number of counts in fluorescence line for the element i in the
spectrum of the digest sample [cts], Njs—number of counts in fluorescence line for Ga in the spectrum of the
digest sample [cts], S;—relative sensitivity for the element i.

The relative sensitivity coefficients of the elements, defined as the ratio of the sensitivity of a given element to
the sensitivity of the internal standard, were determined based on calibration measurements of standard solu-
tions using the formula (2):

e/ < NS
r_Si_C _GCis-N; )
= =L =
b Sis ‘é% is - Ci

where:

Si—relative sensitivity for the element i, S;j—sensitivity for the element i, S;s—sensitivity for the internal stand-
ard (Ga), C;—known concentration of the element i in the standard solution 11g/g], Cjs— concentration of Ga in
the standard solution [11g/g], N;—number of counts in fluorescence line for the element i in the spectrum of the
standard solution, Njs—number of counts in fluorescence line for Ga in the spectrum of the standard solution.

The element concentration calculated from Eq. (1) corresponds to the volume obtained after IS addition
equaled to 1.55 ml (1.5 ml of the tissue digest and 50 pul of Ga solution). To determine element concentration in
the tissue digest, it is necessary to take into account the mentioned dilution as follows (3):

1.55
C;i = F e (3
where:
Cf—element concentration in the tissue digest [1g/g], C—element concentration in sample diluted to 1.55 ml
by addition of 50 pl of IS to 1.5 ml of the tissue digest ;2g/g], 22— dilution coefficient.
In turn, the element concentration in the wet mass of the organ was calculated from the Eq. (4):

ct=ctk @)

where:

C¢—element concentration in the wet mass of the organ [..g/g], Cé—element concentration in the tissue
digest [1g/g], k—conversion factor [a.u.]

The conversion factor k for each organ sample was calculated according to the formula (5):
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ke=—r— (5)

where:
my—weight of the organ o [g], m,—weight of the nitric acid used for the organ o digestion process [g].
Before quantitative comparisons of elemental data, the detection limits (LOD) of elements under interest
were determined for examined organs. First, LOD; values were calculated according to the formula (6) for each
of 216 individual TXRF spectra (24 rats x 3 organs x 3 replicates) recorded during the experiment:

3 Cis o/ NGG
LOD; = === G (6)

where:

LOD;—detection limit of element i obtained for individual TXRF spectrum [ug/ g], Ci—concentration of the
element i in the digest sample determined with TXREF [1g/g], Ni—net peak area of the K, line of the element i
for the spectrum of the digest sample [cts], Npg—area of the background under the K, line of the element i for
the spectrum of the digest sample [cts].

Then, the LOD; values from the spectra measured for the samples of particular organs were averaged. The
calculated means and standard deviations were presented in the Table S1 of Appendix.

Statistical analysis

To verify statistical significance of the differences in elemental concentrations observed between ketogenic and
standard laboratory diet fed rat organs, Mann-Whitney U test was utilized. The choice of this non-parametric
alternative of Student’s f test was a result of the low size of examined animal groups that did not allow for verifica-
tion of the normality of the distributions of the data. The elemental differences were examined at the significance
level of 0.05 and Statistica 13.3 software (TIBCO Software Inc.) was used for statistical evaluations.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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Appendix

Table S1. The averaged values of detection limits (LOD) together with their standard deviations [ug/g] for
measured elements and examined organs.

P S K Ca Fe Cu Zn Se
Liver LOD | 12.87 5.50 1.774 0.344 0.120 | 0.0628 | 0.0579 | 0.0373
SD 0.77 0.35 0.094 0.029 0.011 | 0.0044 | 0.0040 | 0.0027
. LOD | 16.11 6.86 218 0.378 | 0.1051 | 0.0670 | 0.0604 | 0.0376
B 0.62 0.26 0.11 0.017 | 0.0043 | 0.0025 | 0.0022 | 0.0015
l LOD | 20.15 8.54 3.03 0.541 0.180 | 0.0907 | 0.0835 | 0.0525
Spleen 0.94 0.36 0.14 0.033 0.016 | 0.0061 | 0.0048 | 0.0049
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Figure S1. The comparison of the elemental composition of ketogenic and standard diet. Box-and-whiskers
plots present the ranges of element concentrations [pg/g] obtained based on the TXRF measurements of 6
samples (200 mg) taken from initially homogenized fodder. Median, interquartile range and minimal-
maximal values are marked as a line, a box and whiskers, respectively. The statistically significant
differences determined with Mann-Whitney U test (p-value<0.05) between ketogenic and normal fodder are

signed with #.
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biomolecule accumulation and
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o Subtle sex-dependent biochemical dif-
ferences were observed post injury.
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Traumatic brain injury (TBI) is a serious clinical and social problem. Millions of TBI cases, that require hospi-
talization and consequently burden social security systems, are reported each year. Analysis of the time course of
changes that occur in the brain after primary injury may help indicate therapeutic goals and treatment directions
that will minimize severe secondary effects of TBI. Existing animal models si ing the devel of TBI in
human are divided into two main groups, namely into diffuse and local models. Diffuse injury models are ideal
for studying concussions and long-term effects of TBI, as they replicate global changes occurring in brain. Local
injury models excel in examining focal brain damage and testing region-specific therapies, they also offer greater
control and reproducibility. In our study local induction of TBI enabled better control of the extent of the damage
and thus reduced the number of animals needed for the experiment.

As part of the work, Fourier transform infrared microspectroscopy and complementary Raman microscopy
were used to track the time course of biochemical changes that occur in the rat cerebral cortex as a result of its
local mechanical damage. Comparative studies, carried out for the injury site and microscopically unaffected
area of the cerebral cortex, indicated some lies in the acc ion and structure of organic compounds,
including a reduction of the level of cholesterol/cholesterol esters (approx. 30 % in first two examined periods
after TBI) and the compounds containing phosphate groups (approx. 25 %), as well as the conformational
changes of proteins and lipids in the injury site comparing to unchanged cortex tissue. The comparison of the
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glial scar development in male and female rats showed only a very subtle differences between sexes. Among them
it is necessary to mention the diminished unsaturation degree of lipids within the scar in case of female rats that

was not found in males.

The obtained results substantiated that vibrational microspectroscopy methods represent powerful, non-
destructive tool of high-resolution biomolecular analysis of brain tissue. These techniques enable the identifi-
cation of biochemical alterations linked to glial scarring following TBI, allow for the monitoring of the dynamics

of this process, and provide i

goa

q

5!

into the sex-dep e of the recorded anomalies. This knowledge could

prove instrumental in identifying potential diagnostic and prognostic biomarkers of TBI, as well as in the
development of new therapeutic strategies for managing this condition.

1. Introduction

Brain injuries, including traumatic brain injury (TBI), are a serious
clinical problem worldwide. There are 64-74 million cases worldwide of
brain damage leading to hospitalization annually [1], which prompts
the increased efforts in the range of the search for potential therapeutic
targets and windows as well as new therapies of TBI and/or new ap-
plications of the therapies that have shown positive impact on other
brain diseases.

In the diagnostics of TBI, cerebrospinal fluid markers such as S100b,
GFAP, pNF—H, and NSE are employed to evaluate the risk and severity
of complications [2-4]. The basic tool in the assessment of the clinical
condition after TBI is the use of the Glasgow coma scale (GCS), which
has advantages such as high sensitivity and negative predictive value
(NPV) for a GCS < 12, but in the pre-hospital assessment may lead to
excessively frequent referral for triage, because only about 1/3 of pa-
tients with this result have moderate to severe TBI [5]. Computed to-
mography (CT) and magnetic resonance imaging (MRI) are utilized to
determine the extent of hematoma, brain edema, and cranial damage
resulting from the injury [2]. CT and MRI are limited in detecting subtle
post-traumatic changes in the brain and, therefore, diffusion tensor
imaging (DTI) is used [2,6,7]. It facilitates the assessment of white
matter diffusivity by measuring fractional anisotropy, thereby enabling
a more precise visualization of axonal damage crucial for understanding
cognitive impairments in TBI patients [7,8].

Animal models of TBI are crucial for studying the mechanisms of
brain injury, its progression, and potential therapeutic interventions.
Several animal models are commonly used in the research, each serving
a different purpose based on the type, severity, and region of injury
being investigated. They include: an impact injury, a controlled cortical
injury, a rotational and a fluid percussion injury models [9-12]. The
impact injury model involves using a device that causes a controlled
blow to the animal head. This impact may be caused by a freely falling
weight [9]. The controlled cortical injury (CCI) model involves per-
forming damage to the cerebral cortex that is precise in terms of size and
depth [9]. This model allows for maintaining the repeatability of the
performed damage and moderating its severity. The rotational model,
developed by Namjoshi [10], reproduces head injuries that often result
from car accidents and other situations during which, as a result of
impact, the head experiences sudden rotation or displacement [11]. In
this model, the animal is placed in a device that applies controlled
rotational forces to its head. A fluid percussion injury (FPI) model uses
the impact of fluid with an appropriately set force on the exposed dura
mater [12], resulting in displacement and deformation of the brain tis-
sue. The severity of damage depends here on the depth, velocity, or
strength of the pulse.

In this study a rat model of the penetrating cortical injury was
applied. This model, successfully utilized in our earlier investigation on
the glial response to the injury [13-15] and on its epileptogenic effects
[16,17], is characterized by a small degree brain damage but with a
blood-brain barrier disruption.

Following traumatic brain injury, astrocytes rapidly become reac-
tive, initiating a process of astrogliosis that propagates from the lesion
core to remote brain regions and ultimately culminates in the formation
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of a glial scar [18]. Glial scarring exhibits a dual role: during the acute
phase, it mitigates secondary neuroinflammation and provides neuro-
protection, while in the chronic phase, it hinders axonal regeneration
and functional recovery [19]. The underlying process results from
complex interactions among astrocytes, microglia, and other cellular
elements, leading to substantial molecular and morphological alter-
ations in brain tissue [19]. Despite extensive research, significant gaps
persist in understanding the precise mechanisms that govern the balance
between the protective and deleterious effects of the scar, as well as in
identifying optimal therapeutic strategies to modulate this response.

As it was shown, brain damage is characterized by specific dynamics
of changes. Therefore, it is important that treatment is implemented
early enough or at the right moment, which will minimize the long-term
consequences of the primary damage [20-22]. So-called therapeutic
window also occur in brain injuries classified as TBI [23,24]. Trying to
identify this period in the model of penetrating cortical injury, we
analyzed the dynamics of biomolecular changes that occur in the region
of primary brain damage. This was done by including in the study the
rats after 2, 8, 16 and 30 days from the primary injury that was induced
on the 30th day of animal life.

The results of the research carried out so far on the influence of sex
on the effects of TBI are inconsistent. Studies conducted on animal
models indicate better prognosis for female animals [25,26]. On the
other hand, clinical data indicate that comparable brain damage in
humans leads to more severe consequences in women than in men
[25,27]. Therefore, in this study we verified the influence of sex on the
course of biomolecular anomalies resulting from the penetrating cortical
damage.

To identify TBIl-induced biomolecular anomalies in brain tissue,
vibrational microspectroscopy techniques, namely Fourier transform
infrared microspectroscopy (FTIRM) and Raman microscopy, were
employed. Although the tissue preparation required in these techniques,
such as freezing and sectioning, introduces inherently invasive steps, the
spectroscopic analyses themselves are entirely non-destructive and
label-free. This allows, not only, repeated measurements of the same
sample without fixation, staining or using the markers, unlike immu-
nohistochemistry or histology, but also its subsequent investigation
using additional experimental techniques [28-31]. Raman and infrared
(IR) spectroscopies provide complementary vibrational information due
to their different selection rules. IR spectroscopy is sensitive to changes
in dipole moment, while Raman responds to changes in molecular
polarizability, allowing them to detect different molecular vibrations.
This complementarity enables comprehensive molecular characteriza-
tion, particularly valuable in complex biological samples where water
interference limits IR analysis but not Raman spectroscopy [32,33].
Complementarity and usefulness of both methods was proven in
biomedical research i.e. in cancer malignancy research [34].

In the context of the use of the vibrational techniques in the study of
TBI, Rakib et al. [35] indicate that FTIRM has higher sensitivity in
detecting cellular-level anomalies resulting from mild TBI, compared to
MRI or CT, which do not reach this level of spatial resolution. Another
example of the use of FTIRM to explore TBI was the study of Ustaoglu
et al. [36]. The researchers examined molecular changes occurring in
brain 24 h and one month after the injury. In both studies, a change in
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the lipid-to-protein ratio was observed as a result of TBI together with
the increased indicators of beta-sheet content in protein secondary
structures [35,36].

2. Methodology
2.1. Animals and samples preparation

All methods are described in the paper according to the ARRIVE
guidelines (https://arriveguidelines.org). Breeding of Wistar rats was
performed in the Laboratory of Experimental Neuropathology (Institute
of Zoology and Biomedical Research, Jagiellonian University in Kra-
kow). The procedures using animals were done in accordance with the
international standards and under the agreement no. 316/2020 of the
Second Local Institutional Animal Care and Use Committee in Krakow.
During whole life the rats were maintained under conditions simulating
a day-night cycle, with 12 h of light and 12 h of darkness, and the
ambient temperature was 22 + 2 °C. The animals had unrestricted but
controlled access to fodder and water.

The injury was done in the left cerebral hemisphere on the 30th day
of animal life as described in details in our previous works on glial
response to injury, its epileptogenic effects and others [13-17]. Under
aseptic conditions, a rotating dental drill (1.2 mm diameter) was
inserted into the left cerebral hemisphere and the drill was made down
to the white matter. Drill depth, adjusted to brain size, was limited by a
plastic ring to avoid full wall perforation. After this procedure the rats
received standard post-operative care. They were housed individually in
cages and for the first 7 days (in case of NM2 and NF2 groups for the 2
days), their condition, cage behavior, food and water intake, hygiene
activities were checked 3 times a day. Body weight of animals was also
monitored.

The study was conducted on both female and male rats. In both cases
four groups of animals differing with the time passing between the
injury and brain collection were examined. The samples were taken 2, 8,
16, and 30 days post-injury. Each rat group consisted of 6 individuals,
resulting in a total of 48 animals used for the study (2 sexes x 4 time
points x 6 individuals).

On the 2nd, 8th, 16th and 30th day post-injury (in case of groups
NM2-NF2, NM8-NF8, NM16-NF16 and NM30-NF30, respectively) the
animals were euthanized with 60 % Morbital® and perfused with
physiological saline. The average body masses of animals from partic-
ular populations on the day of sample collection were shown in Table S1
of Supplementary materials. After removing from the skull, the brains
were flash-frozen in liquid N2 and till the sectioning with cryomicrotome
kept in around —20 °C. 12 pm thick slices that included the injury site
were placed on the CaF, windows (Crystran®), dried and measured with
Fourier transform infrared and Raman microscopy. Due to the limited
size of the scar and the need to prepare samples on other carriers for
complementary analytical methods, we could collect only one brain
section from each animal containing the site of injury for measurements
using a given instrumental method.

2.2. Fourier transform infrared microspectroscopy (FTIRM)

The measurements using FTIRM were done in the Laboratory of
Atomic and Molecular Biospectroscopy (Faculty of Physics and Applied
Computer Science, AGH University of Krakow) using Nicolet iN10 MX
(Thermo Fisher Scientific) IR microscope. IR beam was reduced with the
aperture to the size of 25 pm x 25 pm. The absorption spectra were
recorded in transmission mode with the liquid N2 cooled MCT-A de-
tector averaging 32 scans per spectrum. The wavenumber range was
900-4000 cm !, and the spectral resolution was set to 8 em L. The
samples were raster scanned in two directions with the step equaled to
the beam size.
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2.3. Analysis of the distribution and accumulation of biomolecules

OMNIC Picta software (Thermo Scientific, version 9.2.0.86) was
used both for the chemical mapping of the absorption bands (the ratios
of the absorption bands) and the extraction and preprocessing of the
spectra dedicated for further semi-quantitative and statistical analysis.
Before semi-quantitative analysis the IR spectra were subjected to the
atmospheric and baseline correction [15,37,38].

The quantitative comparisons were performed for the area of injury
and microscopically unaffected area of the cerebral cortex, and the
mentioned areas were identified based on the tissue morphological
images. For each of the examined animals 30 spectra from the
mentioned areas were collected and averaged. The intensities of exam-
ined absorption bands or their ratios were determined using OriginPro
software by calculating the integrated area of a given band after prior
background subtraction. In order to find if the differences between the
two examined areas are statistically relevant, the medians of the pa-
rameters were calculated for particular rat populations and compared
using U test (confidence level of 95 %).

2.4. Raman spectroscopy

Raman measurements were also performed in the Laboratory of
Atomic and Molecular Biospectroscopy using the confocal WiTec
Alpha300R Raman microscope. The microscope is equipped with 532
nm and 488 nm laser modules but only the 532 nm laser was used in this
study. A 100 x air objective with a numerical aperture of 0.9 (Zeiss EC
Epiplan-Neofluar), the UHTS 300 spectrometer with 600 gratings/mm,
and a highly efficient, thermoelectrically cooled spectroscopic camera
were used for measurements [15]. The spectra were recorded for the
wavenumber range of 400-3200 cm ! with the spectral resolution of 4
cm L. The laser power on the sample was set to 10 mW, and the inte-
gration time was equal to 2.5 s. The scanned area of the injury site and
the cortex was at least 200 pm x 200 pm in size. To obtain good quality
Raman spectra, binning of the signal from four neighboring pixels was
applied. The spectra obtained in this way were subjected to cosmic ray
removal using WiTec ProjectFive 5.3 software, followed by baseline
correction and vector normalization in OriginPro software.

3. Results

3.1. Topographic and semi-quantitative differences between the area of
injury and unaffected area of the cerebral cortex

The subject of investigations using FTIR and Raman microscopy were
brain slices that included the place, where the primary damage was
induced. In the Fig. S1 of the Appendix one can see the microscopic
pictures of selected sections together with the marked areas that were
subjected to the raster scanning procedure with an IR beam. As a result
of this process for each point of the measured area absorption spectrum
was recorded. The origin (assignment of the bonds to the vibration
frequency) of the IR and Raman bands recorded in this study was
described in Table S2 of the Supplementary materials. In turn their as-
sociation with the examined biochemical parameters was shown in
Table S3.

The topographic biomolecular analysis was based on two-
dimensional visualization of the intensities of IR bands (spectral
ranges) or the ratios of their intensities. In most cases, the band intensity
was calculated as the area under the curve (AUC) after prior baseline
subtraction. However, an exception was made for the 1635/1658 em !
parameter, which was used to monitor conformational changes of pro-
teins. In this case, the ratio was calculated based on the absorbance
values at two specific wavenumbers (1635 and 1658 cm 1), following
baseline correction. Absorbance at 1635 cm ! is mainly associated with
the presence of p-sheets in the protein secondary structure, while
absorbance at 1658 cm ! is primarily indicative of a-helices [35,39,40].
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Fig. 1. The results of the chemical mapping of the bands at 1080 and 1240 cm ' obtained for the region of primary injury after 2, 8, 16 and 30 days from its
induction. In part (A) the microscopic views of the scanned tissue areas were presented, scale bar in the left down corner of the picture indicates 600 pm. The
chemical maps for the three selected male rats, representing each of analyzed time points, were shown in part (B), whilst analogical data for females were presented
in part (D). The box-and-whisker plots demonstrating the scatter of the biochemical parameters values (integrated areas of 1080 and 1240 cm ! bands) in area of
injury (i) and in unaffected cerebral cortex (c) of male and female rats were, respectively, presented in parts (C) and (E). Statistically relevant differences (U test, 5 %
significance level) between the area of injury and cortex for examined stages of glial scar development were marked with #.

Therefore, the ratio of IR absorption at 1635 and 1658 cm ! provides
insight into the relative proportion of p-sheet to a-helix structures within
the protein secondary structure.

The bands at the wavenumber of 1080 and 1240 cm ! were used to
image the distributions of compounds containing phosphate groups,
whilst those at 1380 and 1460 cm ! to determine the levels of choles-
terol and/or its esters. To examine the localization of compounds con-
taining carbonyl groups the band at 1740 cm ' was utilized. Proteins
and the changes of their relative secondary structure were visualized
using the intensity of amide I band and the ratio of absorbance at 1635
and 1658 cm ™ L. In turn, to determine the distributions of lipids, unsat-
urated lipids and structural changes of these compounds, the intensities
of bands at 2924 and 3012 cm ! as well as the ratio of intensities of lipid
bands at 2924 and 2955 cm ! were applied. In the Figs. 1-4, the results
of topographic analysis, performed for the site of primary injury, are
shown. To present the evolution of biochemical changes occurring
during glial scar formation the data obtained for animals at 2nd, 6th,
16th and 30th day from the injury are compared. In parts A of these
Figures the microscopic views of the scanned areas were presented. In
parts B and D, the chemical maps recorded for male and female rats are
shown, respectively. In turn, in parts C and E (for males and females,
respectively) the scatter of the values of examined biochemical param-
eters recorded for the area of injury and microscopically unaffected
cerebral cortex was compared for four examined time points.

The topographic analysis of the data shown in parts B and D of the
Fig. 1, similarly as the results of semi-quantitative and statistical analysis
shown in parts C and E, pointed at the significantly diminished content
of compounds with the phosphate groups within the area of injury. Most
of the found differences were statistically significant and the exception
to this rule, observed for female rats 30 days after primary injury,
resulted probably from the quite large dispersion of the results that was
observed for this population. As one can see in the Fig. 2, also the level of
cholesterol/cholesterol esters and compounds with the carbonyl groups
were diminished within the area of injury. The effect was especially
pronounced for the band at 1740 cm ™!, which median intensity was at
least 2 times smaller within the scar comparing to the unaffected cere-
bral cortex. In the site of injury diminished accumulation of proteins and
lipids (Figs. 3 and 4) was also observed. The level of unsaturated lipids
monitored through the median intensity of the band at 3012 cm ™' was
2-4 times lower within the place of injury than in the surrounding tissue.
Structural changes of proteins, namely the elevated relative content of
proteins with the B structure, were the most pronounced for the early
stage/stages of the glial scar formation. For the fully formed scar the
ratio of the absorbance at 1635 and 1658 cm ™~ did not differ between
the area of injury and unaffected cortex for female rats, whilst for males
the observed differences were smaller than for earlier time points.
Although, the chemical maps presenting the ratio of intensity of bands at
2924 and 2955 cm ! showed slightly diminished level of this parameter
within the scar, the subsequent semi-quantitative and statistical anal-
ysis, with the one exception, did not confirm the statistical significance
of the differences in the structure of lipids between the injury site and
the microscopically unaffected area of the cortex.

3.2. The progress of biomolecular anomalies during glial scar formation
To track the dynamics of biomolecular changes occurring within the

area of injury during glial scar formation, the statistical relevance of the
differences in the biochemical parameters between the neighboring time
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points was checked and the obtained findings are shown schematically
in the Fig. 5 for both male and female rats. Statistically relevant in-
creases of the values of biochemical parameters occurring in particular
time period were marked with green rising arrows, whilst the decreases
with red falling arrows. As starting values of the levels of examined
parameters the values obtained for the unaffected brain cortex were
taken.

The analysis of changes occurring during the first period of obser-
vation, meaning those directly caused by the mechanical injury, pointed
at a number of anomalies both in male and female rats. The level of all
tested biomolecules was reduced as a result of the primary injury. In
addition to changes in the accumulation of the examined compounds,
immediately after the damage, a very large increase in the relative
accumulation of proteins with a p structure compared to those with an
a-helix conformation was also observed. However, between the 2nd and
8th day after the injury in male rats, and between the 2nd and 16th day
in females, the ratio of the absorbance at 1635 and 1658 cm ! decreased
and in case of females reached the level characteristic for the sur-
rounding cerebral cortex. An increase in the content of some of the
tested biomolecules within the site of injury was observed only in the
last analyzed time interval. Between the 16th and 30th day after the
primary damage, for male rats a growth in the intensity of bands at 1080
and 1360 cm ™! within the scar was found. While in females, an increase
in the content of unsaturated fats was observed.

3.3. Spectral analysis of IR and Raman data

To find the spectral signatures characteristic for the area of injury
and verify the results of the analysis of the distribution and accumula-
tion of biomolecules, the average IR and Raman spectra were calculated
for the area of injury and microscopically unaffected cerebral cortex.
This was done independently for all the examined time points as well as
male and female rats. The mean IR spectra are shown in parts A of Figs. 6
and 7, whilst mean Raman spectra in parts B of these Figures.

The analysis of the IR spectra shown in part A of Figs. 6 and 7,
confirmed the previously presented results of chemical mapping and
semi-quantitative biochemical evaluations. The intensity of all IR bands
in the spectra of the area of injury is lower than the one in the spectra of
the unaffected cerebral cortex. The bands at 1740 and 3012 cm ),
characterized by low intensity in the case of unchanged tissue, are much
smaller or even invisible for the injury site.

Also the average Raman spectra (part B of Figs. 6 and 7) obtained for
the lesion and the unaffected cortex show significant differences. For the
area of injury, abnormalities in the course of the Raman spectrum are
observed for the wavenumber ranges of 1500-1800 and 2800-3020
cm L. The differences in the progress of the spectrum for the range of
1500-1600 cm ! indicate at the anomalies in proteins conformation and
confirm the conclusions done previously based on FTIRM data. Addi-
tionally, noticeable for the area of injury is the decreased Raman in-
tensity at 750 em L

The anomalies in the Raman spectra of the area of injury seem to
evolve during the glial scar formation. In order to better visualize this, in
the Fig. 8 the changes in the shape of the IR (part A) and Raman spectra
(part B) occurring together with the time passing from the primary
injury were presented. This was done independently for male and female
rats.

As one can see in Fig. 8A, the changes in the shape of IR spectra
caused by the primary injury are subtle and manifest mainly as a
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Fig. 2. The results of the chemical mapping of the bands at 1360, 1480 and 1740 cm ' for the region of primary injury after 2, 8, 16 and 30 days from its induction.
In part (A) the microscopic views of the scanned tissue areas were presented, scale bar in the left down corner of the picture indicates 600 pm. The chemical maps for
the three selected male rats, representing each of analyzed time points, were shown in part (B), whilst analogical data for females were p d in part (D). The box-
and-whisker plots demonstrating the scatter of the biochemical parameters values (integrated areas of the examined bands) in area of injury (i) and in unaffected
cerebral cortex (¢) of male and female rats were, respectively, presented in parts (C) and (E). Statistically relevant differences (U test, 5 % significance level) between
the area of injury and cortex for examined stages of glial scar development were marked with #.
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Fig. 5. The dynamics of biomolecular changes (statistically significant differences in the level of examined biochemical parameters between the neighboring time
points) occurring in the area of injury during the glial scar formation in male rats. Statistically significant increases found for the studied periods were marked as the
green rising arrows, whilst decreases as red falling arrows. The black horizontal arrow means the lack of the statistically relevant differences between the neighboring
time points. The verification of the statistical relevance of the observed differences was based on the U test (5 % significance level). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

diminished intensity of the bands at 1740 and 3012 cm . Intensity of
these bands, however, seem to increase together with the scar formation,
what may point at a gradual regeneration of the cerebral cortex. The
comparison of the results obtained for male and female rats may indicate
higher populational variability in the case of females that manifests by
higher standard deviation values in case of average IR spectra.

The analysis of the Raman spectra presented in Fig. 8B indicates that
the intensities of the bands at 750 and 1586 cm ! decrease not only as a
consequence of the primary injury but also throughout the progression
of glial scar formation. Furthermore, a comparison of the spectra ob-
tained from the intact cortical regions of male and female rats reveals
distinct differences in the spectral profile within the 1500-1700 ¢cm ™
range. In male rats, the intensities of the bands at 1586 em ! (amide II)
[41] and 1661 cm ! (amide I) [42] are comparable, whereas in females,
the intensity of the 1586 cm ! band is markedly reduced. In both sexes,
glial scar development leads to a significant decrease in the 1586 cm !
band relative to the 1661 cm’ one. Notably, in the case of a fully formed
glial scar, the Raman spectral profiles do not exhibit significant sex-
dependent differences.

Besides the qualitative comparisons of the Raman spectra, a set of
biochemical parameters was also determined based on the experimental
data. The ratios of the following Raman bands were calculated: 750
cm'/1447 em ', 1586 cm'/1447 em !, 1743 cm /2853 cm ! and
3010 cm~!/2853 cm !, and afterwards presented in the Figs. 6C and 7C
(for males and females, respectively) in the form of box-and-whisker
plots showing the populational scatter of the examined parameters in
the area of injury and cerebral cortex for four examined time points.

The ratio of Raman bands at 750 cm ' and 1447 cm ! informs about
the abundance of cytochrome C [43] and, the same, is an indicator of the
survived or undamaged cells in the examined tissue areas. The analysis
of the data presented in the Figs. 6C and 7C shows that, both for male
and female rats, the level of this ratio is significantly lower within the
scar comparing to the unaffected cortex. Similar result was obtained for
the ratio of Raman bands at 1586 cm ™' and 1447 cm ! that is used as an
indicator of the amide II distribution and the changes in the secondary
structure of proteins [41]. Although not always significantly, the values
of this parameter are lower for the injury site comparing to the
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microscopically unchanged brain tissue.

The ratio of Raman signal at 1743 cm ! and 2853 cm ™! is a measure
of the level of lipid esterification [44]. For female rats one can see that its
value tends to decrease for the area of injury. However the observed
differences are not statistically significant. In males, statistically rele-
vant decrease of the level of lipid esterification was found 2 days after
primary damage. Afterwards, the parameter increased for the area of
injury reaching the value characteristic for the unaffected tissue.

The ratio of Raman bands at 3010 cm ! and 2853 cm ! is used as a
measure of lipids unsaturation degree [45]. Our results show that its
level is relevantly lower in the glial scar but only in case of female rats 2,
6 and 16 days from the injury. For the fully formed scar the ratio of 3010
cm1/2853 cm ! does not differ between the injury site and unchanged
cortex even for females.

4. Discussion

The TBI model used in this study leads to the damage of the skull,
meninges and cerebral cortex [13-17]. Such a serious violation of the
integrity of brain tissue must be reflected in the glial scarring processes
that follow the injury. Brain damage involves two main stages. The first
stage is the primary injury, which is related to the occurrence of forces or
events that cause damage to the organ [46,47]. The second stage, which
is much longer and more complicated and is a consequence of the pri-
mary damage, includes a number of processes occurring at the cellular,
tissue and behavioral levels [48,49]. Thanks to the use of four time
points after the injury induction in our study (2, 8, 16 and 30 days), we
were able to observe the dynamics of formation and the morphological
and biochemical changes characteristic for the forming glial scar.

Investigation carried out using FTIRM indicated, among others, a
significant decrease, or even disappearance, in the spectra from the
damaged area the band at 3012 cm ' characteristic for unsaturated
bonds in aliphatic chains of lipids. The observed changes in the accu-
mulation of unsaturated fatty acids are most likely due to the damage to
the cell membranes of neurons and glial cells, which contain large
amounts of phospholipids [50,51]. The reduced content of these com-
pounds may, in turn, lead to the disruption of signaling pathways in
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Fig. 6. The average IR (A) and Raman (B) spectra obtained for the area of injury and unaffected cortex after 2, 8, 16 and 30 days from its induction in male rats. The
inset in the upper right corner shows a magnified fragment of the spectrum obtained in the high wavenumber region. (C) The box-and-whisker plots demonstrating
the scatter of the biochemical parameters values in the area of injury (i) and in microscopically unchanged cortex (c) of male rats. Statistically relevant differences (U
test, 5 % significance level) between the injury site and cortex for examined stages of glial scar development were marked with #.

cells, because they act as receptor activators and/or may constitute a
matrix for other fatty acid-based transmitters [52-55].

The results obtained with both techniques of vibrational spectros-
copy showed the presence of significant changes in proteins conforma-
tion in the area of injury. The anomalies, which were manifested by an
elevated ratio of absorbance at 1635 and 1658 cm ! in the case of
FTIRM and diminished ratio of bands at 1586 and 1447 cm ! in the case
of Raman microscopy, indicate a significant increase of the relative
content of proteins with the p structure in the glial scar area. The
greatest conformational changes of proteins are visible immediately
after the injury and at the early stages of the scar formation. On the 30th
day from the primary damage, the relative content of proteins with the
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B-structure within area of injury is already at a level characteristic for
the unchanged cerebral cortex. The increased content of proteins with
the p-sheet secondary structure at the early stages of the scar formation
may point at an increased expression of chondroitin sulphate pro-
teoglycans (CSPGs). CSPGs, containing a protein core of f-type sec-
ondary structure [56,57], constitute attachment points for extracellular
matrix proteins [58,59]. It has been shown that the damage to the
central nervous system causes the appearance of CSPGs-rich glial scars
formed by the reactive astrocytes. What is more, the accumulation of
CSPGs in the region of injury is considered to be one of the main causes
of failure in axonal regeneration [60-64]. On the other hand, TBI may
also lead to the deposition of f-amyloid in the brain [65,66], which may
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Fig. 7. The age IR (A) and R (B) spectra obtained for the area of injury and unaffected cortex after 2, 8, 16 and 30 days from its induction in female rats.

The inset in the upper right corner shows a magnified fragment of the spectrum obtained in the high wavenumber region. (C) The box-and-whisker plots demon-
strating the scatter of the biochemical parameters values in the area of injury (i) and in microscopically unchanged cortex (c) of female rats. Statistically relevant
differences (U test, 5 % significance level) between the injury site and cortex for examined stages of glial scar development were marked with #.

be a marker of axonal damages occurring within it [67].

Our findings also indicate that mechanical injury to the cerebral
cortex results in a local decrease of the level of phosphate-containing
compounds, such as nucleic acids and phospholipids. This was re-
flected in a significant reduction (by at least 25 %) in the intensity of
absorption bands at 1080 and 1240 cm ! for the injury site. These re-
sults were corroborated by Raman spectroscopy, which showed a
reduction of approximately 30 % in the relative intensity of the band at
750 cm ! in this area. The mentioned band is related to the presence of
cytochrome C and/or DNA [68,69], and its occurrence in the spectrum
indicates the presence of living cells within the tissue. The diminished
accumulation of compounds with the phosphate groups found in the scar

region is also in agreement with the data obtained previously by Chwiej
et al. [70], which shown a decrease in phosphorus content at the area of
injury.

The diminished intensity of the IR band at 1658 cm ! band observed
for the area of injury may result from both the reduced content of pro-
teins in this area and the smaller thickness of the examined tissue. Rakib
et al. [39] observed diminished accumulation of proteins in the
damaged tissue, using for this purpose the impact TBI model based on
the Marmarou method [71]. In turn, the results of our previous study,
conducted using Raman microspectroscopy for a fully formed glial scar
[15], point at a smaller tissue thickness in the area of injury.

The TBI model with the damage of the blood-brain barrier (BBB),
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that was used in our investigation, causes irreversible damage of a huge
number of cells, which are largely composed of cell membranes con-
taining phospholipids. The mentioned process leads to a reduction in the
content of phospholipids in tissue, which is manifested by a reduced
intensity of lipid bands at 2924 and 3012 cm ! within the area of injury.
Most likely, the same phenomenon leads also to the diminished accu-
mulation of cholesterol and cholesterol esters in the scar area, which
translates into the diminished intensity of IR bands at 1360 and 1480
cm ! (by approximately 30 % in first two periods after TBI) in this re-
gion comparing to the unaffected cortex.

According to the literature greater neuroplasticity causes a milder
course of the events occurring as a result of primary injury [25] as well
as better prognosis in case of the brain damage in females. Neuro-
plasticity is modulated, among others, by estrogens, which activate
pathways related to brain-derived neurotrophic factor (BDNF), which is
crucial for neuronal regeneration [72-74]. Our results, however, did not
show relevant differences between male and female rats in the course of
biochemical abnormalities occurring as a result of mechanical cortical
injury. For females, higher spread of calculated biochemical parameters
both for the area of injury and microscopically unaffected cortex and the
temporary decrease in the level of unsaturation of lipids within the area
of injury was only found.

When comparing our study to similar research in the field of TBI,
particular attention should be given to the type of animal model used.
Most studies employ diffuse injury models, usually induced by a falling
weight in accordance with the Marmarou method [71]. Despite the
differences in the injury models applied, the results of our study are
consistent with those reported by Rakib et al. [35], and Ustaoglu et al.
[36]. In all three studies, similar anomalies in the IR spectra of the
injured area were found, including a noticeable decrease in the intensity
of bands at 3012 cm™?, 1740 ecm ', and 2924 cm ™. Moreover, these
changes showed a slight trend toward recovery during the scar forma-
tion. Compared to the study by Ustaoglu et al., we examined larger
number of time points and used Raman microscopy as a complementary
technique to FTIRM. This enabled us to gain deeper insight into the
behavior of cerebral tissue in response to the localized TBI and verify the
observed changes in the key molecular parameters.

The data obtained in the work concerning biochemical anomalies
that occur in the brain as a result of its mechanical damage and how they
change over time from the initial damage allow us to enter the next stage
of the research. Their aim will be, among others, to assess what modi-
fications in this area are introduced in animals by the ketogenic diet and
how this translates into the neuroprotective effect of such dietary ther-
apy in TBI.

5. Limitations of the study

In this study, we compared the injured region of the cerebral cortex
to a distant, microscopically unaffected area within the same brain slice.
While this approach provides insight into local biochemical alterations
associated with the injury, it does not represent a true uninjured bio-
logical control. The surrounding cortex was used as an internal reference
point, rather than as an independent control region. As such, this com-
parison does not fully account for the systemic effects of TBI, which may
influence the biochemistry of seemingly unaffected areas. Future studies
should incorporate a separate, non-injured control group to enable a
more comprehensive evaluation of both local and systemic conse-
quences of TBI.

6. Conclusions

The data obtained in this work indicate that the methods of vibra-
tional microscopy may serve as a source of valuable information on
biomolecular changes of the cerebral cortex occurring both as a result of
its primary mechanical damage and the process of formation of a glial
scar. Abnormalities in both the level and structure of biologically
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important molecules in the nervous tissue appeared immediately after
the damage and were mostly maintained till the last day of observation.
The exception here were the changes in the secondary structure of
proteins. The relative content of proteins with a p-conformation, that
increased significantly directly after the brain damage, reached finally
the level characteristic for the unaffected cerebral cortex in both male
and female rats. Animal sex did not influence spectacularly the process
of glial scar formation. The subtle differences between males and fe-
males included higher spread of measured biochemical parameters for
both injury site and unchanged cortex area and diminished unsaturation
level of lipids within scar in case of female rats. Summarizing, this study
enhances our understanding of post-injury biochemical changes in the
cortex and provides a foundation for future research into TBI therapeutic
strategies.
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Figure S1. The microscopic views of selected brain slices taken from the area of injury with
marked areas subjected to raster scanning with the infrared beam. Pictures obtained for
male rats are presented in part A whilst for females in part B of the Figure S1.
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Table S1. The average body masses of animals from particular populations on the day of
sample collection.

Group Body mass [g] SD [g]
NM2 111.2 6.2
NM8 142.6 15.9

NM16 190.2 152

NM30 260.6 18.3
NF2 102.5 2.3
NF8 133.2 9.7
NF16 153.1 5.9
NF30 190.3 19.5

Table S2. Assignment of frequencies recorded in FTIR and Raman spectra to the
corresponding vibrations of bonds/functional groups of compounds present in the
studied tissues [1-8].

Frequency [cm™] | Assignment

FTIRM

~1080 PO, symmetric stretching

~1240 PO, asymmetric stretching

~1360 CH, symmetric bending

~1480 CHj, (cyclic) scissoring

~1635 C=0 stretching, C-N stretching, N-H
bending

~1658 C=0 stretching, C-N stretching, N-H
bending

~1740 C=0 stretching

~2924 CH, asymmetric stretching

~2955 CHs; asymmetric stretching

~3012 =C-H stretching

Raman

~750 C-C and C-N in macrocyclic porphyrin
structure

~1447 C-H bendingin lipids and proteins

~1586 C=C and C=N stretching in aromatic rings

~1743 C=0 stretching

~2853 CH, stretching

~3010 =C-H stretching
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Table S3. Examined IR and
parameters [1-7].

Raman bands and their assignment to biochemical

IR absorption band/ratio of
absorption bands

Assignment to biochemical parameter

1080 cm™and 1240 cm™

distribution of compounds containing phosphate
group(s) including nucleic acids, phospholipids,
phosphorylated carbohydrates, differences in the
degree of phosphorylation of carbohydrates and
glycoproteins

1360 cm™

distribution of lipids, cholesterol and its esters

1480 cm™!

distribution of lipids, cholesterol and its esters

1635 cm™/1658 cm™!

conformational changes of proteins, the relative level of
proteins with B-sheet to a-helix in secondary structure

1658 cm™ amide | band, protein distribution
1740 cm™ distribution of compounds containing carbonyl group(s)
2924 cm™’ distribution of lipids

2924 cm™/2955 cm™’

the degree of branching and structural changes of lipids

2800-3000 cm™/1658 cm™

distribution of lipids in relation to proteins

3012cm”’

distribution of unsaturated lipids

Ratio of Raman bands

Assignment to biochemical parameter

750 cm™/1447 cm™

distribution of cytochrome C in relation to aliphatic
chainsin lipids and proteins

1586 cm™/1447 cm™!

amide |l band in relation to aliphatic chains in lipids and
proteins

1743 cm™/2853 cm”’

level of lipids esterification

3010 cm/2853 cm™’

unsaturation level of lipids
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Figure S2. The exemplary IR spectrum after background subtraction and vector
normalization. Shaded regions inform about the spectral ranges taken for integration of
examined bands. The spectrum in the range from 3100 to 2600 cm™ was enlarged 2 times
in order to better visualize the 3012 cm™ band.
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Figure S3. The exemplary Raman spectrum after background subtraction. Shaded regions
inform about the spectral ranges taken for integration of examined bands. The spectrum
in the fingerprint region (1900-600 cm™) was enlarged 2.5 times for better visualization of
low intensity bands.
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Traumatic brain injuries (TBI) represent a significant clinical challenge, causing not only
direct damage to neural tissue but also triggering secondary pathophysiological
processes, including glial scar formation. While the glial scar serves a protective role, it
simultaneously generates profound biochemical and elemental disturbances that may
contribute to secondary neurodegeneration and the development of epilepsy. In recent
years, the ketogenic diet (KD), recognized for its anticonvulsant properties, has
emerged as a potential therapeutic strategy for TBI. However, despite growing interest,
its impact on glial scar formation and biomolecular remodeling in the injured brain
remains poorly understood. A better understanding of these mechanisms is essential
for developing personalized dietary interventions for TBI treatment.

To assess the modulatory effects of KD on glial scar development, male and female
Wistar rats maintained on ketogenic or standard diets were subjected to controlled
cortical injury. Brain samples collected at 2-, 8-, 16-, and 30-days post-injury were
analyzed using Fourier transform infrared (FTIR) microspectroscopy, Raman
microscopy, and synchrotron radiation-based X-ray fluorescence (SRXRF) microscopy.
FTIR and Raman spectroscopy enabled topographic and semi-quantitative
assessment of biomolecules accumulation and structure at the lesion site and adjacent
cortex, while SRXRF provided detailed elemental mapping of P, S, K, Ca, Fe, Cu, and
Zn within the developing glial scar.

Topographic chemical maps obtained with FTIR microspectroscopy consistently
revealed reduced biomolecule levels at the lesion site, largely independent of diet.
Semi-quantitative biomolecular analyses, however, demonstrated some sex- and time-
dependent effects of KD. Raman spectroscopy further highlighted cortical
modifications, showing increased lipid unsaturation in males on KD. In females treated
with high-fat fodder, elevated levels of lipid esterification, cytochrome, and amide 11l
and/or deoxyhemoglobin was additionally observed. SRXRF imaging revealed dynamic
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elemental changes, including transient Ca release, delayed Fe accumulation, and
progressive Cu increase during scar formation, without a pronounced effect of KD. Al
findings together suggest that KD may modulate biomolecular responses to TBl in a
sex-dependent manner, with females displaying greater susceptibility to the observed
changes.
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ABSTRACT

Traumatic brain injuries (TBI) represent a significant clinical challenge, causing not only
direct damage to neural tissue but also triggering secondary pathophysiological
processes, including glial scar formation. While the glial scar serves a protective role,
it simultaneously generates profound biochemical and elemental disturbances that
may contribute to secondary neurodegeneration and the development of epilepsy. In
recent years, the ketogenic diet (KD), recognized for its anticonvulsant properties, has
emerged as a potential therapeutic strategy for TBl. However, despite growing interest,
its impact on glial scar formation and biomolecular remodeling in the injured brain
remains poorly understood. A better understanding of these mechanisms is essential
for developing personalized dietary interventions for TBI treatment.

To assess the modulatory effects of KD on glial scar development, male and female
Wistar rats maintained on ketogenic or standard diets were subjected to controlled
cortical injury. Brain samples collected at 2-, 8-, 16-, and 30-days post-injury were
analyzed using Fourier transform infrared (FTIR) microspectroscopy, Raman
microscopy, and synchrotron radiation-based X-ray fluorescence (SRXRF)
microscopy. FTIR and Raman spectroscopy enabled topographic and semi-
quantitative assessment of biomolecules accumulation and structure at the lesion site
and adjacent cortex, while SRXRF provided detailed elemental mapping of P, S, K, Ca,
Fe, Cu, and Zn within the developing glial scar.

Topographic chemical maps obtained with FTIR microspectroscopy consistently
revealed reduced biomolecule levels at the lesion site, largely independent of diet.
Semi-quantitative biomolecular analyses, however, demonstrated some sex- and time-
dependent effects of KD. Raman spectroscopy further highlighted cortical
modifications, showing increased lipid unsaturation in males on KD. In females treated
with high-fat fodder, elevated levels of lipid esterification, cytochrome, and amide IlI
and/or deoxyhemoglobin was additionally observed. SRXRF imaging revealed
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dynamic elemental changes, including transient Ca release, delayed Fe accumulation,
and progressive Cu increase during scar formation, without a pronounced effect of KD.
All findings together suggest that KD may modulate biomolecular responses to TBI in
a sex-dependent manner, with females displaying greater susceptibility to the observed
changes.

INTRODUCTION

Epilepsy is a significant clinical and economic challenge, affecting approximately 70 million
people annually [1], with around 30% of patients diagnosed as resistant to currently available
epilepsy treatments [2,3]. This condition can result from brain damage, which includes strokes
[4] and injuries caused by external forces, commonly referred to in the literature as traumatic
brain injury (TBI) [5,6]. The treatment of drug-resistant epilepsy focuses on using various
combinations of antiepileptic drugs in search of the most effective regimen [7]. If drug
combinations prove ineffective, surgical intervention may be considered, during which brain
areas responsible for triggering epileptic seizures are removed [8].

One of the therapeutic approaches that has shown positive effects in the treatment of drug-
resistant epilepsy is the use of the ketogenic diet (KD) [9]. Its therapeutic effect in managing
seizures is based on several mechanisms [10]. Ketone bodies competitively block the vesicular
glutamate transporter (VGLUT2), reducing the transport of glutamate into synaptic vesicles
[11]. The oxidation of ketone bodies in mitochondria increases the levels of acetyl-CoA, which
indirectly leads to reduced oxaloacetate levels and thus decreases the conversion of glutamate
to aspartate (an excitatory neurotransmitter), while simultaneously providing more glutamate
for the production of GABA (an inhibitory neurotransmitter) [12]. Ketosis, which occurs due to
reduced glycolysis as a result of the diet, leads to the opening of ATP-sensitive potassium
channels, causing hyperpolarization and decreased neuronal excitability [13]. KD also
enhances astrocyte metabolism, which increases adenosine levels. Elevated extracellular
adenosine, acting through adenosine A1 receptors, may exert an anticonvulsant effect [14].

Despite its beneficial effects in epilepsy, KD may unfortunately also have negative impact on
the organism. In the study by Mayengbama et al. [15], it was shown that KD affects the mass
and volume of the rodent brain. Similar findings were reported by Desli et al. [16], who indicated
developmental disturbances, such as reduced body weight and slowed growth, as well as other
side effects, including nausea, vomiting, diarrhea, urinary tract stones, and osteoporosis. Our
previous studies [17] demonstrated that KD disrupts also the elemental homeostasis of internal
organs, and the identified elemental anomalies suggest that it may induce kidney stone
formation and cause chronic nephritis as well as inflammatory changes in other organs.

The aim of the present study is to determine whether, and if so, how KD modifies the process
of glial scar formation resulting from controlled TBI to the left hemisphere, accompanied by
disruption of the blood-brain barrier [18—20]. To this end, two complementary spectroscopic
and molecular imaging techniques were used, namely Fourier transform infrared (FTIR)
microspectroscopy and Raman microscopy, as well as X-ray fluorescence microscopy. The
first two techniques were employed to assess changes in the accumulation and structure of
biomolecules within the developing glial scar, while the latter was used for topographical and
quantitative evaluation of elemental changes occurring in the region of the primary injury.

METHODOLOGY

Animals

This study adhered to the ARRIVE guidelines (https://arrivequidelines.org). Its subject were
Wistar rats obtained from the breeding facility of the Laboratory of Experimental
Neuropathology at the Institute of Zoology and Biomedical Research, Jagiellonian University
in Krakow, Poland. All experiments, approved by the 2nd Local Institutional Animal Care and
Use Committee in Krakow (approval no. 316/2020), were conducted in compliance with
international standards. Throughout the study, the rats were housed at a controlled
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temperature (20 = 2 °C) under a 12-hour light/12-hour dark cycle, with the free access to fodder
and water [17]. The detailed characterization of the examined animal groups is placed in Table
Ts

Brain Injury

The brain injury model used in this study has previously been employed in our research on
glial response to injury and its epileptogenic effects [18-20]. A lesion in the left cerebral
hemisphere was induced in rats on the postnatal day 30 under anesthesia with inhaled
isoflurane mixed with oxygen (Isoflurin, 2-4%) and in sterile conditions. The procedure was
performed using a stereotactic apparatus and a rotating dental drill with a diameter of 1.2 mm.
Drill with depth limiter was applied to prevent complete perforation of the skull and to preserve
the integrity of the white matter underlying the cerebral cortex. After the surgery, the incision
was sutured, and the rat was returned to its home cage.

Ketogenic diet

On the postnatal day 27, animals from groups KM2-KM30 and KF2-KF30 (see also Table 1)
were placed on KD to ensure they would be in a state of ketosis at the time of injury. They
remained on this diet until the end of their participation in the experiment. Blood glucose and
ketone body levels were monitored throughout the study, as detailed in Kawon et al. [17].

The ketogenic diet (EF R/M with 80% fat - ketogenic), characterized by a high fat content, was
obtained from ssniff®, while the standard laboratory diet (Labofeed H Standard) was supplied
by the Morawski company. In the ketogenic fodder, 94% of the metabolizable energy (ME) was
derived from fats, with the remaining 6% coming from proteins and carbohydrates. In contrast,
the standard diet provided 60% of ME from carbohydrates, 30% from proteins, and 10% from
fats. The animals had free access to food and water, although their daily fodder intake was
monitored.

Sample Preparation

2, 8, 16, and 30 days after the injury, depending on the experimental group (for details see
Table 1), the animals were euthanized using 60% Morbital® and perfused with physiological
saline. The brains were then removed from skulls, flash-frozen in liquid nitrogen, and stored in
a freezer at approximately —20 °C until sectioning with a cryomicrotome. Two neighboring
12 um thick slices containing the injury site were mounted on a CaF[] window (Crystran®) and
Ultralene® foil and dried. The specimens placed on the CaF[l substrates were analyzed by
FTIR and Raman microscopy, whilst those on Ultralene® foil by synchrotron radiation-based
X-ray fluorescence (SRXRF).

Table 1. Specification of the studied animal groups

Group | Sex Diet Time* | Number of animals
NM2 male | standard 2 6
NM3 male | standard 8
NM16 | male | standard 16
NM30 | male | standard 30
KM2 male | ketogenic 2
KM8 male | ketogenic 8
KM16 | male | ketogenic 16
KM30 | male | ketogenic 30
NF2 | female | standard 2
NF8 | female | standard 8

DO |H (OO |O|O
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NF16 | female | standard 16
NF30 | female | standard 30
KF2 | female | ketogenic 2
KF8 | female | ketogenic 8
KF16 | female | ketogenic 16

KF30 | female | ketogenic 30 6
* time counted from the injury until perfusion and brain sample collection.

DO O

Fourier transform infrared microspectroscopy (FTIRM)

Experiments using FTIR and Raman microscopy were carried out at the Laboratory of Atomic
and Molecular Biospectroscopy, Faculty of Physics and Applied Computer Science, AGH
University of Krakow, Poland. For infrared spectroscopy and imaging, a Nicolet iN10 MX
microscope (Thermo Fisher Scientific) was used, and measurements were performed in
transmission mode. Using an aperture, the beam was confined to an area of 25 ym x 25 ym.
Absorption spectra were recorded with a liquid nitrogen-cooled MCT-A detector. Typically, 32
scans were accumulated per spectrum, recorded over a wavenumber range of 900-4000 cm™
at a resolution of 8 cm™. For the evaluation of distribution of biomolecules, the samples were
raster-scanned in two dimensions with a step size of 25 um.

Topographic and semi-quantitative biochemical analysis based on FTIRM

Topographic biochemical analysis was based on chemical mapping of key absorption bands
or the ratios of their intensities for the site of primary injury. Chemical imaging was performed
using OMNIC Picta software (Thermo Scientific, version 9.2.0.86), which was also used for
spectral extraction and preprocessing prior to semi-quantitative and statistical analysis.
Preprocessing steps included atmospheric and baseline correction of the spectra. In part A of
the Figure S1 of Supplementary materials, one can see the typical IR spectrum recorded for
morphologically unchanged cerebral cortex with marked the absorption bands used in the
present study.

For semi-quantitative biochemical analysis, based on microscopic images of the scanned
areas (Figure 1) two regions were identified in each brain slice: the injury site and the
surrounding cerebral cortex. From each region, 30 spectra were collected per sample and
averaged. As a result, six mean spectra (one per animal) were obtained for each experimental
group. The semi-quantitative analysis involved calculating the area under the curve (AUC)
using OriginPro software. To determine whether differences between the analyzed regions
were statistically significant, median values of the examined biochemical parameters were
compared using the Mann—Whitney U test at a significance level of 5%.
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Figure 1. Optical microscope images of the scanned areas of the cerebral cortex for selected animals
from experimental groups examined. A and B — males on standard and ketogenic diet, respectively; C
and D — females on standard and ketogenic diet, respectively.

Raman spectroscopy
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Raman measurements were performed in our home institute by a confocal WITec Alpha300R
microscope equipped with a 532 nm laser module, a 100x air objective (Zeiss EC Epiplan-
Neofluar, NA=0.9), an UHTS 300 spectrometer (600 gratings/mm), and a high-efficiency,
thermoelectrically cooled spectroscopic camera. The laser power on the sample was set to
10 mW, and an integration time of 2.5 s was used. The areas of at least 200 um x 200 yum were
raster scanned with the laser beam. To obtain high-quality Raman spectra, a binning function
combining the data from four neighboring points was applied. Such acquired spectra were
subjected to preprocessing which included cosmic rays removal, baseline correction, and
vector normalization.

Synchrotron radiation-based X-ray fluorescence (SRXRF)

SRXRF measurements were performed at the XRF beamline of the Elettra synchrotron in
Trieste, Italy [21]. The experimental setup included an advanced end-station dedicated to X-
ray spectroscopy, equipped and developed by the International Atomic Energy Agency [22,23].
Brain slices were raster-scanned using a 10 keV X-ray beam shaped to 200 umx200 um. The
measurements were conducted under vacuum conditions (1077 mbar) at room temperature. X-
ray fluorescence spectra were recorded using a Bruker XFlash SDD detector (measurements
relative to proposal 20230125) and using RaySpec 3-elements SIRIUS SDD detector
(measurements relative to proposal 20240069), with a typical acquisition time of 15sand 5 s
per pixel, respectively. Spectral data were analyzed using the PyMca software package to
extract net peak areas corresponding to the K-a lines of selected elements, including P, S, K,
Ca, Fe, Cu, and Zn. Information on the beam position on the sample, net peak areas for
individual pixels, and elemental sensitivities - calculated based on measurements of certified
reference materials - were used to generate elemental distribution maps of the imaged brain
sections [24].

RESULTS

Influence of KD on the distribution of biomolecules within the glial scar and its
surrounding

As a result of raster scanning of brain sections with the IR beam, hyperspectral maps were
obtained (Figures 2-5). They covered the entire area of the primary lesion and the cerebral
cortex in its immediate vicinity. The topographic analysis performed included all the most
important groups of compounds present in the nervous tissue. The distributions of compounds
containing phosphate groups (characteristic absorption bands at wave numbers 1080 and
1240 cm™) [25,26], cholesterol and its esters (bands at 1360 and 1480 cm™) [26] and
compounds containing carbonyl groups 1740 cm™ [25] were examined. The accumulation and
changes in the structure of proteins were analyzed by using, respectively, the band at the
wavenumber of 1658 cm™ [25] and the absorbance ratio at 1635 and 1658 cm™ [27]. Changes
in fats and unsaturated fats accumulation, and lipid structure were studied based on the bands
at 2924 and 3012 cm™" [28], and the ratio of the bands at 2924 and 2955 cm™ [26], respectively.
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Figure 2. Chemical maps, scaled in arbitrary units, showing the distribution of band intensities at 1080
and 1240 cm™ in the region of primary injury, 2, 8, 16, and 30 days after its induction. Panels (A) and
(B) present results for male rats on a standard (NM) and ketogenic diet (KM), respectively, while panels
(C) and (D) show the corresponding results for female rats on a standard (NF) and ketogenic diet (KF).
The digit following the underscore identifies a specific animal within the group.
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Analysis of the chemical maps shown in Figure 2 indicates a significant reduction in the level
of phosphate-containing compounds within the area of the primary injury and the forming glial
scar. This is most likely associated with changes in the molecular composition of the scar
region, where a decrease in nucleic acids and phospholipids, the key components of cell
membranes, occurs. A qualitative comparison of the maps obtained from animals on a
ketogenic versus standard laboratory diet does not allow for definitive conclusions regarding
the impact of the high-fat diet on these effects.

Cholesterol and/or its esters, as well as compounds containing carbonyl groups, also exhibit
lower levels within the area of the glial scar (Figure 3). Moreover, the decrease in the content
of these compounds appears to be independent on the time elapsed since the injury, the sex
of the animals, and the type of diet administered. Their low levels at the injury site may likewise
result from the damage to cell membranes rich in cholesterol and cholesterol esters or from
alterations in the biomolecular composition of the damaged neural tissue, including a reduction
in the level of sugars, fatty acids, and intermediate metabolites (e.g. acetyl-CoA and pyruvate),
whose molecules contain carbonyl groups. Since KD leads to the replacement of glycolysis-
derived metabolites with ketone bodies, it is surprising that the intensity of the band at 1740
cm™ does not differ within the site of injury between the animals fed the high-fat diet and those
on the standard diet (Figure 3). This may be because within the scar the compounds other
than ketone bodies containing carbonyl groups may have a dominant influence on IR
absorption in this wavenumber range.
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Figure 3. Chemical maps, scaled in arbitrary units, showing the distribution of band intensities at 1360,
1480 and 1740 cm 7" in the region of primary injury, 2, 8, 16, and 30 days after its induction. Panels (A)
and (B) present results for male rats on a standard (NM) and ketogenic diet (KM), respectively, while
panels (C) and (D) show the corresponding results for female rats on a standard (NF) and ketogenic
diet (KF). The digit following the underscore identifies a specific animal within the group.
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Figure 4. Chemical maps, scaled in arbitrary units, showing the distribution of amide | band intensity
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) of lipid massif 2800—3000 cm™ for the area of primary injury, 2, 8, 16, and 30 days after its induction.
Panels (A) and (B) present results for male rats on a standard (NM) and ketogenic diet (KM),
respectively, while panels (C) and (D) show the corresponding results for female rats on a standard (NF)
and ketogenic diet (KF). The digit following the underscore identifies a specific animal within the group.

As shown in Figure 4, the relative level of proteins with 3-sheet secondary structure within the
glial scar is not constant over time and depends on the type of diet administered to the animals.
The absorbance ratio at 1635 and 1658 cm™ is the highest in the injury area two days after
induction and remains consistently lower throughout the examined tissue region in animals fed
with KD.
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Figure 5. Chemical maps, scaled in arbitrary units, showing the distribution of lipid band intensities at
2924 and 3012 cm™, as well as the intensity ratio of the 2924 and 2955 cm™ bands for the area of
primary injury, 2, 8, 16, and 30 days after its induction. Panels (A) and (B) present results for male rats
on a standard (NM) and ketogenic diet (KM), respectively, while panels (C) and (D) show the
corresponding results for female rats on a standard (NF) and ketogenic diet (KF). The digit following the
underscore identifies a specific animal within the group.

The analysis of the maps presented in Figure 5 clearly indicates that local brain injury leads to
a significant decrease in lipid levels, including unsaturated lipids (band at 3012 cm™), as well
as structural alterations in fats. Changes in lipid accumulation and structure originate from
damage to cell membranes and organelle membranes caused by local TBI.
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Semi-quantitative differences in biomolecules accumulation within the area of
injury between ketogenic and standard diet fed rats
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Figure 6. Average IR spectra (solid line) with standard deviation (shade) for the injury site after
background subtraction. For better visualization the 2600-3200 cm-! region was multiplicated by the
factor of 2. An indication (dash line) of the main bands used for semi-quantitative analysis. Animals fed
a standard diet are colored green, and animals fed a ketogenic diet are colored orange.

Semi-quantitative analysis was performed separately for the site of injury (Figures 7 and 9)
and the surrounding cerebral cortex (Figures 8 and 10). Its aim was to verify whether the state
of ketosis, induced before the injury, caused modifications in the biomolecular composition of
these regions.
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Figure 7. Box-and-whisker plots showing the distribution of the analyzed biochemical parameters at the
injury site in male rats fed a standard (NM, green boxes) or ketogenic (KM, orange boxes) diet.
Statistically significant differences between the groups (Mann-Whitney U test, 95% confidence level) at
particular stages of glial scar development are marked with #.
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Figure 8. Box-and-whisker plots showing the distribution of the analyzed biochemical parameters for the
area of cortex in male rats fed a standard (NM, green boxes) or ketogenic (KM, orange boxes) diet.
Statistically significant differences between the groups (Mann-Whitney U test, 95% confidence level) at
particular stages of glial scar development are marked with #.

13

117



2.8+

E ?1.6-
-i 2.6 &
. g 2.4 g o
I standard diet 822/ 3
I ketogenic diet E 20 e 121
o o
#
in- 1.8 <
T min max 2 & I 1.0+ #
— median line g 1.6+ :5 #
O 14 o508
= =
<12 <oe
NF2 WF2 NFB WFB \FAG A6 30 y¢30 TNFZ KFZ WFB KB WFAG w6 (730 w30
121 _ 40 -
E 3 E
s 5,091 S5
-g 1.0 -g 'g
@ 981 © 0.4
-3 Q2 a2
"= 0.8 e 0.7 e
: "
o o 0.6+ o
@ # =] # <
0.6 < ~
- ” T 051 o2
k] 1 S i
) O 0.4- 3}
S 0.4+ =] 501
< <is <
NFZ KF2 NF8 WFB WFAG wri6 Fa0 30 TONFZ KF2 NFB KFB FAB (16 ¢ 30 (¢30 NFZ F2 NP8 WF8 P16 yrt® 30 w30
0 0.9-
0.340 T2 g
- L) E
8 E 03354 i L
E:osao g S Eorl
£ 8% Sz Sg
Q ~ 0325 ‘TE 204 < 803.
2 'g o -
J §o0320 o 18- ° T
% v 9 " 2 §os ? i
2 303154 =16 Sg
©
& %0310 = + 8 :: * § 0.4-
0.3051 2 ke 2031
WF2 KF2 nFB KFB wFAB «F16 ¢30 30 NF2 KF2 nFB gFB wFAB «r16 W¢30 30 S NFZ WF2 NP8 FB WFAB (16 W30 30
0.05-
-;-9< » 26 ';
. T~ 5
Sl < 0,04
2 w D24, 2
E] O - &
a7 O E 2 0.03
- 2 0 <
£ 64 # < w 22 £
2 5 & © 0.02-
~ o~
N L 520 =
@ 5 s T 1=
~ T C - % 001
u— x o -
S 4 I 18- 2
S @ S 000
<3 ™ ik o
NFZ KFZ nFB gFB wFAB «F16 W§30 20 TONFZ KFZ WFB WFB nFAG (16 30 a0 NFZ KF2Z nFB KFB WFAG «F16 W30 30
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Figure 10. Box-and-whisker plots showing the distribution of the analyzed biochemical parameters for
the area of unchanged cortex in female rats fed a standard (NF, green boxes) or ketogenic (KF, orange
boxes) diet. Statistically significant differences between the groups (Mann-Whitney U test, 95%
confidence level) at particular stages of glial scar development are marked with #.

The analysis of box-and-whisker plots obtained for male rats and presented in Figures 7 and
8 indicates that the application of KD after TBI introduces some temporary changes in the
biomolecular composition of the injury site. The observed modifications involve the diminished
levels of proteins, lipids, cholesterol and/or its esters, and compounds containing phosphate
groups on the second day after damage induction. A similar, although statistically insignificant,
effect was noted in the scar area on day 8 post-injury. In turn, in the cortex area (Figure 8), an
increase in the band ratio at 2924 and 2955 cm™ was observed in males fed KD, which may
indicate changes in lipid structure.

In female rats, a different response pattern is observed. The use of KD results in a statistically
significant decrease in the levels of most biomolecules within the injury area on days 8 and 16
post-injury (Figure 9). Very similar effects, although not always statistically significant, were
also observed in the cortex adjacent to the injury site (Figure 10).
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Complementary analysis of KD induced biochemical modifications with Raman
microscopy
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Figure 11. Average Raman spectra (solid line) after background subtraction and vector normalization
together with their standard deviation (shaded area) for the injury site and cortex of male rats. For better
visualization, the 600-1900 cm™ region was multiplied by a factor of 2. Dashed lines indicate the bands
used for semi-quantitative analysis. Animals fed a standard diet are marked in green, and those on a
ketogenic diet in orange.
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Figure 12. Average Raman spectra (solid line) after background subtraction and vector normalization
together with their standard deviation (shaded area) for the injury site and cortex of female rats. For
better visualization, the 600-1900 cm™ region was multiplied by a factor of 2. Dashed lines indicate the
bands used for semi-quantitative analysis. Animals fed a normal diet are marked in green, and those on
a ketogenic diet in orange.

Raman microscopy was used in this study to assess biomolecular changes that were difficult
or impossible to evaluate using FTIRM. This technique, complementary to IR
microspectroscopy, was employed to examine the effect of KD on lipid unsaturation (band ratio
3010/2853 cm™), the levels of: cytochrome (band ratio 750/1447 cm™"), amide Il and/or deoxy-
Hb (1586/1447 cm™), and lipid esterification (band ratio 1743/2853 cm™) [29-33]. The
distribution of these parameters within the injury site and surrounding cerebral cortex in males
fed a ketogenic or standard laboratory diet is shown in Figure 13. Corresponding data for
females are presented in Figure 14.
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Figure 13. Box-and-whisker plots showing the spread of the biochemical parameters determined with Raman microscopy for the injury area and the cortex of
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injury

e
@
8

standard diet T min-max
[ ketogenic diet == median line

18

07
Py ] Bozs Boss
~ e 3 =
€025 § s # s
-8 w 806 w 2 4w 80850
© o - O - 020 D
o~ o o O E 045
5 Eoz S§ S§ S5
< < K05 < e < ¢ 040
- -3 w 1015 « B
53 ) S ® S @
o =015 5 o N o N 035
=1 = Boa =T =T
a9 c T £ T €010 é T €030
= S 0.10 L (46, € ®
3 2, < So2s
r~ = Too0s 8
= et 020
0.05
NF2 KF2 NF8 KF8 NF16 KF16 NF30 KF30 NF2 KF2 NF8 KF8 NF16 KF16 NF30 KF30 NF2 KF2 NF8 KF8 NF16 KF16 NF30 KF30 NF2 KF2 NF8 KF8 NF16 KF16 NF30 KF30
045 # #
# L2 09 2 0% » 075 #
3 k-] ° # k-]
Boao € c €
2o. # £ 0.30 " 070
- 8 « 8 - 3 - 8 #
5 2 S o 08 S - S < oes
© 035 QE O Eo025 o E™
S E + 55 56 ER
< 2 <07 < 2 < ¢ 0.60
s 3o %3 5 D020 5 8
o~ = o & o N0s5s
T = = =
£o06 Boas
& Sozs e é e & B & Gos é
-3 © =3
2 o
I3 2 < 0.10 % é % S 045 E
So20 <05 = 3
0.05 o.

NF2 KF2 NF8 KF8 NF16 KF16 NF30 KF30

NF2 KF2 NF8 KF8 NF16 KF16 NF30 KF30

NF2 KF2 NF8 KF8 NF16 KF16 NF30 KF30

NF2 KF2 NF8 KF8 NF16 KF16 NF30 KF30

Figure 14. Box-and-whisker plots showing the spread of the biochemical parameters determined with Raman microscopy for the injury area and the cortex of
female rats fed a standard (NF, green boxes) or ketogenic (KF, orange boxes) diet. Statistically significant differences between the animals on standard and
ketogenic fodder (Mann-Whitney U test, 95% confidence level) at particular stages of glial scar development are marked with #.
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As shown in Figure 14, statistically significant differences in the values of the analyzed Raman
band ratios were observed primarily in the cerebral cortex of female subjects. The effect of KD
was manifested there by elevated values of each of the analyzed biochemical parameters.
Moreover, as time passed after the injury, the differences between animals fed the high fat diet
and those on the standard diet gradually diminished, and by day 30 post-injury, they were no
longer statistically significant. An exception to this was the ratio of Raman bands at 750 and
1447 cm™, reflecting the level of cytochrome, which remained significantly higher in the cortex
of females fed the high fat fodder even on the 30th day after the primary injury.

The effect of KD on the male cerebral cortex was less pronounced (Figure 13). In male rats
fed the high fat diet, the most notable change was an increase in the degree of lipid
unsaturation, which was manifested by an elevated ratio of Raman signal intensities at 3010
and 2853 cm™.

As shown in Figures 13 and 14, KD also induces certain biomolecular modifications in the area
of the glial scar formed after injury. In females fed a high-fat diet, an increase was observed in
the ratio of Raman bands at 1743 and 2853 cm™, indicating a higher level of lipid esterification
in this region. In males, the effect of KD was observed only on day 30 after the primary injury,
when animals fed the high fat fodder showed an increase in the relative level of cytochrome
(750/1447 cm™ ratio) as well as an increase in the intensity of the amide Ill band and/or the
presence of deoxyhemoglobin (1586/1447 cm™ ratio).

The influence of KD on the distribution and accumulation of selected elements
within the glial scar and its surrounding

For topographic elemental analysis of the injury site, synchrotron-based X-ray fluorescence
microscopy was used. The studies conducted with this technique aimed to investigate the
dynamics of elemental changes associated with glial scar formation, as well as the
modifications induced by KD administered to the animals. The results of elemental mapping
performed on brain samples collected from rats representing each of the experimental groups
are presented in Figure 15.
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slices taken from rats of all the examined experimental groups. A and B — males on standard and
ketogenic diet, respectively; C and D — females on standard and ketogenic diet, respectively. Color
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scales below the maps, unified for a particular element, represent the areal density of elements in
Mg/cm?,

As shown in Figure 15, low atomic number elements such as P, S, and K exhibit a high degree
of similarity in their distribution within the area of the glial scar and its immediate surroundings.
Their levels in the injury site are clearly lower than in the surrounding cerebral cortex.
Moreover, this pattern is maintained throughout the entire observation period. In contrast, the
situation is different for Fe, Cu, and Zn. The distribution of these elements in the examined
area clearly depends on the time elapsed since the primary injury. On the second day post-
injury, the tissue surface showing elevated calcium levels is extensive, but it gradually
decreases as the glial scar forms in the cerebral cortex. A distinctly elevated level of iron,
observed on the eighth day after TBI, persists until the end of the observation period. Similarly
to iron, copper levels in the analyzed area significantly increase on the eighth day post-injury
and remain elevated until day thirty. Moreover, elevated copper concentrations are found in
the region directly surrounding the scar, which also corresponds to the area with increased
areal density of iron.

The analysis of elemental distribution maps shown in Figure 15 does not allow us for drawing
definitive conclusions regarding the influence of sex and the applied diet on the course of post-
TBI elemental abnormalities.

DISCUSSION AND CONCLUSIONS

Research on the use of KD for treating TBI has been ongoing for many years. Rat models are
most commonly employed in these studies due to their developmental profile and ketone
metabolism under starvation conditions, which closely resemble those of humans among
mammals [34,35]. According to McDougall et al., the beneficial effects of KD in TBI may stem
from several mechanisms, including improved mitochondrial metabolic efficiency, decreased
levels of reactive oxygen species (ROS) and oxidative damage, and enhanced activity of
respiratory complex Il [36]. Supporting these findings, Thau-Zuchman et al. [37] demonstrated
that a specially formulated KD reduced the volume of brain injury induced by controlled cortical
impact (CCI) in mice. However, their analysis was limited to 70 days post-injury, leaving the
temporal dynamics of recovery between injury onset and endpoint unexplored. Additionally,
Deng-Bryant et al. [38] highlighted that young rats exhibit greater resilience to brain injury and
display more efficient adaptation to ketone metabolism, which contributes to improved
neurochemical and metabolic regeneration. What is more Rauk et al. [39] indicate strong sex
dependency in process of glial scar development. Together, these studies underscore the
potential of KD to modulate injury outcomes and promote recovery and underline the necessity
of testing both sexes, although further research is needed to clarify the underlying mechanisms
and temporal progression of their effects.

Accordingly, our study focuses on evaluating the effects of KD on glial scar formation after TBI,
considering sex differences and the temporal dynamics of biomolecular changes. The use of
the CCl model and the analysis of scar development over consecutive days post-injury allows
us for a detailed assessment of molecular and elemental processes that determine the course
of brain regeneration. This approach enables the study of both short- and long-term effects of
KD and provides a better understanding of sex-dependent differences in the response to brain
injury.

The chemical maps obtained in this study did not demonstrate any significant influence of the
administered diet on the spatial distribution of biomolecules within the injury site or its
immediate surroundings. Topographic analysis revealed that the levels of the analyzed classes
of compounds were consistently lower in the injured area compared to the adjacent cortical
tissue. This observation aligns with findings from our previous publication, in which we
investigated the time-dependent development of the glial scar in relation to the sex of the
animals [40].
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The results of the more detailed semi-quantitative analysis of FTIRM data indicated sex-
dependent responses of rats to the application of KD following TBI. In male rats, KD induced
only minor changes in the biomolecular composition of the cortex surrounding the injury site.
An increase in the band ratio at 2924 and 2955 cm™ observed on day 2 post-injury may
suggest alterations in lipid structure within this region. On the same day, the influence of KD
was also evident in the region of injury, where most analyzed biomolecular levels were lower
in KD-fed males compared to those on a standard diet. In females, KD led to more pronounced
and generally statistically significant changes in the injury area. On days 8 and 16 post-injury,
a significant decrease in the levels of most biomolecules was observed both within the injury
site and, to a lesser extent, in its immediate vicinity in female rats on KD. This may indicate a
greater sensitivity of the female brain to the effects of KD in the context of biomolecular
remodeling following TBI.

Complementary measurements performed using Raman microscopy provided additional
information on the influence of KD on the level and/or structure of biomolecules in the lesion
area. Differences in the accumulation and properties of the analyzed groups of compounds
were observed primarily in the cerebral cortex surrounding the scar. These differences were
noted in both male and female subjects. In males, an increased degree of lipid unsaturation
was observed in this region, while in females, an elevation was noted in all the analyzed
biochemical parameters, i.e., levels of lipid unsaturation and esterification, cytochrome, and
amide Il and/or deoxyhemoglobin.

The intensity ratio of the bands at 750 and 1447 cm™, which reflects the relative cytochrome
content [29], provides insights into mitochondrial activity, where cytochrome c is a key
component of the respiratory chain. According to Greco et al. [41], ketone bodies enhance
energy metabolism following TBl and, due to their antioxidant properties, mitigate
mitochondrial dysfunction under oxidative stress conditions. Changes in the intensity ratio of
the bands at 1586 and 1447 cm™ may also be attributed to the antioxidant effects of KD,
including the protection of thiol groups in cysteine residues from oxidation [42,43].

In both female and male subjects fed a high-fat diet, Raman spectroscopy revealed in the
cerebral cortex surrounding the injury site an increased ratio of band intensities at 3010 and
2853 cm™, which is a measure of the degree of unsaturation of aliphatic fatty acid chains. A
similar effect of KD was observed in children suffering from drug-resistant epilepsy [44], in
whom elevated levels of polyunsaturated fatty acids (PUFAs) were found in the serum.
Moreover, studies conducted by Nathan et al. [45] indicate that the addition of PUFAs to the
ketogenic diet formulation improves seizure control.

Topographic elemental analysis performed using X-ray fluorescence microscopy revealed
several abnormalities in both the levels and spatial distribution of the examined elements. The
concentrations of low atomic number elements such as P, S and K were significantly reduced
at the injury site compared to the surrounding tissue. In contrast, Ca showed a markedly
different pattern as its areal density peaked at the site of the forming glial scar on the second
day post-injury and subsequently declined over time. This transient increase in Ca levels is
likely associated with its release from intracellular stores, primarily the endoplasmic reticulum
and mitochondria, as a result of mechanical damage. The elevation of extracellular Ca%*
concentration initiates a cascade of events that contribute to secondary injury mechanisms,
independent of the initial mechanical insult [46]. Our findings are consistent with those reported
by Sun et al., who observed elevated intracellular Ca?* levels in isolated neurons on days 1
and 7 post-injury, followed by stabilization by day 30 [47]. According to the authors, the
observed dysregulation may result from long-term impairments in calcium buffering capacity
or alterations in the mechanisms of Ca?* sequestration and release [47].

Our findings revealed that Fe levels in brain tissue undergo significant alterations during glial
scar formation. These anomalies cannot be fully explained solely by blood influx resulting from
blood-brain barrier (BBB) disruption. Secondary processes, such as angiogenesis occurring
within the damaged area, are likely to play an important role. In BBB-penetrating brain injuries,

22

125



elevated expression of vascular endothelial growth factor (VEGF), a key promoter of
neovascularization, has been documented [48-50]. According to the results reported by Cheng
et al. [51], post-traumatic Fe accumulation in the brain exhibits both temporal and cell-type
specificity. Within the first three days following injury, ferroptosis of cortical neurons in the
vicinity of the lesion is observed. In later stages, increased Fe deposition is primarily attributed
to oligodendrocytes and microglial cells, with peak levels reported on days 7 and 14 post-TBI
[51]. This mechanism may explain the elevated Fe levels observed in our study on days 8 and
16 post-injury.

The progressive accumulation of Cu in the immediate vicinity of the developing glial scar
following TBI may indicate the involvement of delayed mechanisms of brain damage [52,53].
This increase in Cu concentration may be associated with the influx of ceruloplasmin, which is
a protein with antioxidant properties that contains 6-8 Cu atoms per molecule. Under normal
physiological conditions ceruloplasmin crosses BBB with low efficiency. However, the injury
model used in this study, which involves BBB disruption, likely facilitates its entry into brain
tissue [54]. Cu accumulation in the lesion area may enhance oxidative stress by promoting
free radical formation, ultimately contributing to neuronal dysfunction [53,55]. On the other
hand, copper—zinc superoxide dismutase (Cu/Zn SOD), which plays a role in scavenging ROS,
may partially explain the slight but noticeable increase in Zn levels observed in the region
adjacent to the glial scar [56]. It is important to note, however, that disturbances in Zn
homeostasis may impair protein degradation pathways, potentially leading to neuronal injury
[57]. Moreover, disruptions in elemental balance within the brain can have serious
consequences, including the development of post-traumatic epilepsy [58]. Sande et al. [59]
highlight the role that Fe, Cu, and Zn may play in the progression of seizures. Fe released from
hemoglobin can accumulate and generate ROS and reactive nitrogen species (RNS).
Excessive levels of Cu in the brain may disrupt neuronal signaling by blocking GABAergic
pathways and AMPA receptors. In turn Zn, when present at elevated concentrations, exhibits
neurotoxic effects.

In summary, our study indicates that KD exerts a subtle yet measurable impact on glial scar
formation following brain injury. Although the spatial distribution of biomolecules within the
lesion remained largely unchanged, semi-quantitative biochemical analysis using FTIRM
revealed sex- and time-dependent modifications in the accumulation and structure of
biomolecules within the injury site and its vicinity induced by KD. Raman microscopy
demonstrated further alterations in the surrounding cortex: increased lipid unsaturation in
males, and elevated levels of lipid unsaturation and esterification, cytochrome, and amide I
and/or deoxyhemoglobin in females. X-ray fluorescence imaging revealed dynamic changes
in elemental content associated with glial scar development, including early Ca release,
delayed Fe accumulation, and a gradual increase in Cu concentration. These changes were
largely independent of diet type.

Collectively, the findings suggest that KD may influence brain tissue remodeling after injury
more prominently in females than in males. This underscores the importance of considering
both sex and the timing of dietary intervention when assessing its therapeutic potential in TBI.
Future research should focus on mechanistic links between KD, metal homeostasis, and
biomolecular remodeling, as well as on evaluating the extent to which the observed
phenomena translate into functional outcomes and potential clinical strategies.
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Table S1. Assignment of frequencies recorded in FTIR and Raman spectra to the corresponding vibrations
of bonds/functional groups of compounds present in the studied tissues [1-12].

Frequency [cm™] | Assignment
FTIRM
~1080 PO, symmetric stretching
~1240 PO, asymmetric stretching
~1360 CH, symmetric bending
~1480 CHj: (cyclic) scissoring
~1635 C=0 stretching, C-N stretching, N-H bending
~1658 C=0 stretching, C-N stretching, N-H bending
~1740 C=0 stretching
~2924 CH, asymmetric stretching
~2955 CH; asymmetric stretching
~3012 =C-H stretching
Raman
~750 C-C and C-Nin macrocyclic porphyrin structure
~1447 C-H bending in lipids and proteins
~1586 C=C and C=N stretching in aromatic rings
~1743 C=0 stretching
~2853 CH. stretchinng
~3010 =C-H stretching

Table S2. Examined IR and Raman bands and their assignment to biochemical parameters [1-7,9-12].

IR absorption band/ratio
of absorption bands/ratio
of absorbance

Assignment to biochemical parameter

1080 cm™and 1240 cm™’

distribution of compounds containing phosphate group(s)
including nucleic acids, phospholipids, phosphorylated
carbohydrates, differences in the degree of phosphorylation of
carbohydrates and glycoproteins

1360 cm™’

distribution of lipids, cholesterol and its esters

1480 cm”’

distribution of lipids, cholesterol and its esters

1635cm™/1658 cm™

conformational changes of proteins, the relative level of proteins
with B-sheet to a-helix in secondary structure

1658 cm’ amide | band, protein distribution
1740 cm” distribution of compounds containing carbonyl group(s)
2924 cm™ distribution of lipids

2924 cm™/2955 cm™’

the degree of branching and structural changes of lipids

2800-3000 cm™/1658 cm™

distribution of lipids in relation to proteins

3012 cm’’

distribution of unsaturated lipids

Ratio of Raman bands

Assignment to biochemical parameter

750 cm™/1447 cm™

distribution of cytochrome C in relation to aliphatic chains in
lipids and proteins

1586 cm™/1447 cm™

amide lll band inrelation to aliphatic chainsin lipids and proteins

1743 cm™/2853 cm™

level of lipids esterification

3010 cm™/2853 cm™’

unsaturation level of lipids
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Table S3. Weight of animals taking part in the experiment. The day of weighing corresponds to the day of
the end of the animals' participation in the experiment.

Rat body mass = SD [g]
NM2 111.21 6.18
NM8 142.61 15.96
® NM16 190.23 15.15
% NM30 260.60 18.33
£ NF2 102.49 2.27
2 NF8 133.17 9.66
w NF16 153.10 5.85
a NF30 190.26 19.53
[=]
& KM2 98.79 7.99
» KM8 117.19 15.24
2 KM16 124.95 5.78
-g KM30 161.45 15.47
g,:, KF2 91.82 13.36
E KF8 100.82 13.37
KF16 112.45 9.98
KF30 147.72 12.39
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Figure S1. Exemplary summary FTIR and Raman spectrum after background substruction and vector
normalization. Shaded regions informs about spectral range taken for spectrum integration of selected
bands. For the FTIR spectrum range from 3100 cm™ to 2600 cm™ was enlarged 2 times. The Raman spectrum
in the fingerprint region (1900-600 cm™) was enlarged 2.5 times for better visualization of selected bands in
this region.
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Figure S2. Distributions of P, S, K, Ca, Fe, Cu and Zn in the area of injury for the representative brain slices
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taken from rats of all examined experimental groups. Colour scales below the maps, unified for particular

element, represent the element mass depositin pg/cm2.
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