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STRESZCZENIE

W ostatnich latach nastgpit dynamiczny rozwoj badan nad starzeniem si¢ organizmow
oraz rosnace zainteresowanie zwigzkami bioaktywnymi i nanomateriatami w kontekscie
mechanizmoéw regulujacych dlugowieczno$¢. Szczegdlng rolg przypisuje si¢ sirtuinom,
enzymom zaangazowanym w regulacje proceséw metabolicznych, odpowiedzi na stres
oraz utrzymanie homeostazy komoérkowej. Pomimo licznych badan prowadzonych na
modelach ssaczych i innych wybranych organizmach modelowych, wiedza dotyczaca
funkcjonowania sirtuin u owadow pozostaje ograniczona. Ponadto, interakcje pomig¢dzy
zwigzkami takimi jak resweratrol (RV), ktory jest uznawany za modulator aktywnos$ci
sirtuin, a nanomaterialami, w tym nanodiamentami (NDs), sa nadal stabo poznane,
szczegolnie w konteks$cie ich wplywu na procesy starzenia.

Pierwszy etap niniejszej pracy obejmowat analiz¢ przegladowa literatury, ktorej
celem bylo usystematyzowanie wiedzy dotyczacej roli sirtuin w regulacji procesow
starzenia oraz podsumowanie informacji w temacie potencjalnych mechanizméw ich
modulacji przez zwigzki bioaktywne. Zidentyfikowano istotne luki badawcze, réwniez
w odniesieniu do organizméw innych niz klasyczne modele laboratoryjne, w tym
owadow. Wyniki przegladu wuzasadnily podjecie badan eksperymentalnych
ukierunkowanych na oceng wptywu RV, NDs oraz kompleksu na aktywno$¢ sirtuin oraz
parametry zwigzane z dlugowieczno$cia u modelowego organizmu - Acheta domesticus.

Etap II obejmowal badania wstgpne, ktorych celem byta ocena zaleznoSci
pomigdzy aktywnoscig sirtuin a selekcja pod katem dtugowiecznosci oraz odpowiedzig
organizmu na ich potencjalne modulatory w postaci RV oraz NDs u A. domesticus.
Uzyskane wyniki wykazatly, ze linia selekcjonowana pod katem dlugowiecznosci (D)
wykazywata istotnie wyzsza aktywnos$¢ sirtuin w poréwnaniu do linii dzikiej (H), co
wskazato na przypuszczalne powigzanie tych enzymoéw z procesami regulujgcymi
przezywalno$¢ u badanych owadoéw. Wskazano rowniez, ze owady selekcjonowane pod
katem dlugowiecznos$ci (D) wskazuja odmienng odpowiedz na modulatory wzgledem
linii dzikiej (H). Jednocze$nie potwierdzono, ze zar6wno resweratrol, jak 1 nanodiamenty
moga wplywaé na procesy zwigzane z przezywalnoscig 1 regulacja enzymatyczna,
obejmujacy sirtuiny (SIRT1, SIRT6) oraz enzymy oksydacyjne (SOD, katalaza), jednak
ich dziatanie ma charakter ztoZony.

Etap III obejmowat analize wptywu RV oraz NDs podawanych oddzielnie na
przezywalnos$¢, aktywnos$¢ sirtuin, stres oksydacyjny oraz uszkodzenia DNA. RV i NDs

11
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wykazywaty gtownie krotkotrwate, zalezne od kontekstu dziatanie, bez trwatego wptywu
na proces starzenia. W linii H, NDs zwigkszaty mediang dlugosci zycia, a RV wplywat
gtownie na maksymalng dlugos¢ zycia osobnikow, natomiast w linii D nie obserwowano
istotnych zmian w zakresie tych parametrow, co wskazuje na wigksza stabilnos¢ tej linii
owadow. W zakresie stresu oksydacyjnego 1 aktywnosci sirtuin nie stwierdzono spdjnych
trendow, a obserwowane zmiany byly przejSciowe 1 zalezne od stadium rozwojowego.
Aktywno$¢ SIRT1 i1 SIRT6 nie ulegata trwatej] modulacji, przy czym SIRT6 nasilata
aktywno$¢ wraz z wiekiem, niezaleznie od zastosowanych czynnikéw. Wplyw na
uszkodzenia DNA byt niespojny, a w niektérych przypadkach RV zwigkszal poziom
markeréw uszkodzen, co sugeruje jego dwojakie dziatanie. Ogolnie odpowiedz
organizmu byta silnie zalezna od linii i etapu rozwoju.

Etap IV obejmowal ocen¢ wplywu jednoczesnego podawania RV i NDs
(RV+NDs). Wyniki wskazaly na brak jednoznacznego efektu wydluzenia zycia, gdyz
w linii H nie obserwowano zmian, a w linii D jedynie tendencj¢ do wzrostu dtugosci
maksymalnej. Parametry stresu oksydacyjnego pozostawaly stabilne i wykazywaty
jedynie przejSciowe zmiany po zastosowaniu kompleksu (RV+NDs). Najwyrazniejszy
efekt dotyczyt wzrostu catkowitej aktywnosci sirtuin w linii D, bez trwatych zmian
w SIRT1 1 SIRT6. Markery uszkodzen DNA ulegaly przejsciowemu zwigkszeniu
(zwlaszcza w linii H), co wskazywato na aktywacje mechanizmow naprawczych, a nie
kumulacj¢ uszkodzen.

Uzyskane wyniki pozwalajg stwierdzi¢, ze zar6wno RV, jak 1 NDs, jak rowniez
kompleks, moga modulowa¢ procesy zwigzane ze starzeniem, jednak mechanizmy tych
oddziatywan sa ztozone i zalezne od wielu czynnikow biologicznych i srodowiskowych.
Praca podkresla istotng role dalszych badan nad bezpieczenstwem stosowania
nanomateriatow oraz ich interakcji ze zwigzkami bioaktywnymi, a takze wskazuje na
potrzebe rozszerzenia badan na roznorodne modele biologiczne. Acheta domesticus jako
organizm o krotkim cyklu zyciowym 1 dostepnych liniach selekcyjnych, stanowi
warto$ciowy model do dalszych badan mechanizmow starzenia oraz oceny efektow

dziatania nowych czynnikow biologicznie aktywnych.

12



ROZPRAWA DOKTORSKA | Patrycja Zietara-Krzyk

ABSTRACT

In recent years, there has been a dynamic development of research on organismal ageing,
as well as a growing interest in bioactive compounds and nanomaterials in the context of
mechanisms regulating longevity. Importance is attributed to sirtuins, enzymes involved
in the regulation of metabolic processes, stress response, and the maintenance of cellular
homeostasis. Despite numerous studies conducted on mammalian models and other
selected model organisms, knowledge regarding the functioning of sirtuins in insects
remains limited. Moreover, interactions between compounds such as resveratrol (RV),
which is recognized as a modulator of sirtuin activity, and nanomaterials, including
nanodiamonds (NDs), are still poorly understood, particularly in the context of their
impact on ageing processes.

The first stage of this work included a literature review aimed at systematizing
knowledge on the role of sirtuins in the regulation of ageing processes and summarizing
information on the potential mechanisms of their modulation by bioactive compounds.
Significant research gaps were identified, also regarding organisms other than classical
laboratory models, including insects. The results of the review justified undertaking
experimental studies focused on evaluating the effects of RV, NDs, and their combination
on sirtuin activity and parameters related to longevity in a model organism - Acheta
domesticus.

Stage II included preliminary studies, the aim of which was to assess the
relationship between sirtuin activity, selection for longevity, and the organism’s response
to their potential modulators in the form of RV and NDs in A. domesticus. The obtained
results showed that the longevity-selected strain (D) exhibited significantly higher sirtuin
activity compared to the wild-type strain (H), which indicated a possible association of
these enzymes with processes regulating survival in the studied insects. It was also
indicated that insects selected for longevity (D strain) show a different response to
modulators compared to the wild-type strain (H). At the same time, it was confirmed that
both resveratrol and nanodiamonds may affect processes related to survival and
enzymatic regulation, including sirtuins (SIRT1, SIRT6) and oxidative enzymes (SOD,
catalase); however, their action is complex.

Stage III included the analysis of the effects of RV and NDs administered
separately on survival, sirtuin activity, oxidative stress, and DNA damage. RV and NDs

showed mainly short-term, context-dependent effects, without a sustained impact on the
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ageing process. In the H strain, NDs increased the median lifespan, while RV mainly
affected the maximum lifespan of individuals, whereas in the D strain no significant
changes were observed in these parameters, which indicates greater stability of this strain.
In the case of oxidative stress and sirtuin activity, no consistent trends were found, and
the observed changes were transient and dependent on the developmental stage. The
activity of SIRT1 and SIRT6 was not subject to sustained modulation, while SIRT6
increased its activity with age, independently of the applied factors. The effect on DNA
damage was inconsistent, and in some cases, RV increased the level of damage markers,
which suggests its dual action. Overall, the organism’s response was strongly dependent
on the strain and developmental stage.

Stage IV included the assessment of the effects of simultaneous administration of
RV and NDs (RV+NDs). The results indicated a lack of a clear life-extending effect, as
no changes were observed in the H strain, and in the D strain only a tendency towards an
increase in maximum lifespan was observed. Oxidative stress parameters remained stable
and showed only transient changes after the application of the combination (RV+NDs).
The most pronounced effect concerned an increase in total sirtuin activity in the D strain,
without sustained changes in SIRT1 and SIRT6. DNA damage markers showed transient
increases (especially in the H strain), which indicated activation of repair mechanisms
rather than accumulation of damage.

The obtained results allow the conclusion that both RV and NDs, as well as their
combination, may modulate processes related to ageing; however, the mechanisms of
these interactions are complex and dependent on many biological and environmental
factors. The work highlights the important role of further research on the safety of
nanomaterials and their interactions with bioactive compounds and also indicates the need
to extend research to diverse biological models. Acheta domesticus, as an organism with
a short life cycle and available selected strains, constitutes a valuable model for further
studies on ageing mechanisms and the evaluation of the effects of new biologically active

factors.
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WPROWADZENIE

Dhugowiecznos$¢ od dekad stanowi podmiot intrygujacych i fundamentalnych dylematow
1 pytan ludzkosci. Poszukiwanie sposobdéw zachowania miodosci oraz wydtuzenia zycia
towarzyszy czlowiekowi od wiekow, rozpoczynajac od mitologicznych koncepcji eliksiru
mtodosci, po wspotczesne, wysoko wyspecjalizowane badania molekularne. Zagadnienie
ma z pewnoscig charakter wyraznie interdyscyplinarny, taczac refleksje filozoficzng nad
naturg przemijania z rygorem metodologicznym nauk eksperymentalnych (Mahdihassan,
1976; Nicoletti i in., 2025). Niemniej jednak dynamiczny postep medycyny, biologii
molekularnej oraz biotechnologii sprawil, ze zagadnienie ,,wydtuzania zycia” przestato
by¢ jedynie obszarem spekulacji czy teoretycznych rozwazan. Statlo si¢ obszarem
systematycznych badan i empirycznie weryfikowalnych analiz. W zwigzku z tym
wspotczesna nauka koncentruje si¢ nie tylko na opisie fenomenu ,starzenia”, lecz
podejmuje proby rozszyfrowania mechanizmow molekuralnych i komérkowych lezacych
u jego podstaw, dazac do zrozumienia procesOw regulujacych tempo i jako$¢ starzenia
organizmu (Lopuszanska-Dawid i in., 2021; Pasupuleti, 2024; Vincent, 2009).
Zainteresowanie dlugowieczno$cia wzmacniaja obserwacje demograficzne
i epidemiologiczne. Szczegdlne miejsce zajmuja populacje okreSlane mianem
»Niebieskich sfer” (ang. Blue Zones), zidentyfikowane m.in. w regionach takich jak
Okinawa (Japonia), Sardynia (Wtochy), Ikaria (Grecja) czy Nicoya (Kostaryka). Obszary
te charakteryzuje ponadprzecig¢tny odsetek osoéb dozywajacych wieku stu lat oraz
relatywnie niska zapadalno$¢ na choroby cywilizacyjne w postaci chordb uktadu
sercowo-naczyniowego, zaburzen metabolicznych czy chordéb neurodegeneracyjnych.
Obserwacje te sugeruja, ze na dlugo$¢ zycia wpltywa zlozona interakcja czynnikdéw
genetycznych, srodowiskowych 1 stylu zycia (Candal-Pedreira i in., 2025; Pieroni 1 in.,
2023; Poulain 1 in., 2021; Settembrino, 2025). Szeroko pojeta ,,dlugowiecznos¢” nie
wydaje si¢ zatem efektem pojedynczego czynnika lub ,eliksiru”, lecz konsekwencja
wielopoziomowych proceséw biologicznych i metabolicznych. W zwigzku z tym
powstato dotychczas wiele koncepcji wyjasniajacych proces starzenia, rozpoczynajac od
teorii akumulacji uszkodzen molekularnych, poprzez koncepcje stresu oksydacyjnego, az
do podejscia podkreslajacego znaczenie regulacji metabolicznej 1 sygnalizacji
komorkowej (Gladyshev i in., 2021; Keller i in., 2021; Liguori i in., 2018; Long i in.,
2014; Maldonado 1 in., 2023; Wordsworth 1 in., 2022). Niezaleznie od poznanych

elementéw sktadowych proceséw starzenia, kluczowe pytania pozostaja otwarte: czy
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potencjat dlugowiecznosci jest zapisany przede wszystkim w naszym kodzie
genetycznym, czy tez w modulowanych mechanizmach komorkowych zaleznych od
diety i srodowiska?

W ostatnich latach uwage poswigca si¢ sirtuinom uczestniczagcym m.in w regulacji
metabolizmu, procesach naprawczych DNA oraz modulacji proceséw zapalnych.
Wykazano, ze ich aktywno$¢ moze by¢ modulowana przez czynniki $rodowiskowe,
w tym sktadniki diety, co czyni je potencjalnymi ogniwami tgczacymi styl zycia
z regulacjg procesow starzenia. Ich aktywno$¢ moze by¢ regulowana zaréwno na
poziomie dostepnosci kofaktora NAD+, jak rowniez poprzez dzialanie zwigzkow
bioaktywnych (Dali-Youcef i1 in.,, 2007; Zigtara i in., 2022). Wsrdéd czynnikow
zwigkszajacych ich aktywno$¢ wskazuje si¢ na resweratrol (RV), ktory ze wzgledu na
swoje wlasciwosci  przeciwutleniajace oraz zdolno§¢ modulowania szlakéw
metabolicznych, jest szeroko badany w konteks$cie procesow starzenia i dtugowiecznosci.
Jednocze$nie zwraca si¢ uwage na ograniczenia zwigzane z jego niskg biodostepnoscia
oraz krotkim czasem utrzymywania si¢ w organizmie, co moze istotnie wptywaé na
efektywnos¢ jego dziatania (Kope¢ i in., 2011; Vesely 1 in., 2021; Walle, 2011; Zigtara
iin., 2022). W odpowiedzi na te ograniczenia rozwijane sg strategie wykorzystujace
nanomaterialty jako no$niki zwigzkow bioaktywnych. Ws$réd nich mozemy
wyszczegolni¢ nanodiamenty (NDs), charakteryzujace si¢ wysoka biokompatybilnoscia,
stabilno$cia chemiczng oraz zdolno$cig do adsorpcji 1 transportu czasteczek biologicznie
aktywnych. Ich potencjal jako systemow dostarczania substancji czynnych, w tym
zwigzkow zwigkszajacych aktywnos¢ sirtuin, otwiera nowe mozliwosci modulowania
procesoOw komorkowych zwigzanych ze starzeniem (Pedroso-Santana i in., 2018; J.-X.
Qiniin., 2021; Xu & Chow, 2023).

W powyzszym kontek$cie analiza mechanizméw prowadzacych do
dtugowieczno$ci poprzez ocen¢ wptywu RV 1 NDs na aktywno$¢ sirtuin u Acheta
domesticus moze wskaza¢ kierunki dalszych badan nad modulowaniem dtugosci zycia.
Badania prowadzone w obrgbie jednego gatunku maja szczegodlne znaczenie, poniewaz
w przeciwienstwie do populacji ludzkich, wykorzystanie modeli zwierzecych opartych
na S$ci$le zdefiniowanych liniach hodowlanych pozwala na ograniczenie zmiennosci
biologicznej. W zwigzku z tym analiza dwéch kontrolowanych linii jednego gatunku
A. domesticus, roznigcych si¢ historia zycia, umozliwia szybsza 1 precyzyjna

identyfikacj¢ zalezno$ci molekularnych niz poréwnania prowadzone migdzy
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zrdznicowanymi populacjami ludzkimi, co czyni ten model szczegdlnie uzytecznym

w badaniach nad molekularnymi podstawami dlugowiecznosci czy tez starzenia.

Przedmiot badan
Sirtuiny jako enzymy dlugowiecznosci

Sirtuiny stanowig wysoce konserwowang ewolucyjnie rodzing bialek enzymatycznych,
ktore odgrywaja kluczowa role w regulacji procesOw zwigzanych ze starzeniem
organizmow. Ze wzgledu na ich zdolno$¢ do modulowania szlakéw metabolicznych,
odpowiedzi na stres komdérkowy oraz utrzymania integralno$ci genomu, okreslane sg one
czesto mianem ,,enzymow dtugowiecznosci” (Park i in., 2013; Taborsky i in., 2022; Y.
Wang i in., 2019). Zwiazek sirtuin z procesami starzenia jest dodatkowo wspierany przez
fakt, ze ich aktywno$¢ moze ulega¢ obnizeniu wraz z wiekiem, co sugeruje ich udziat
w mechanizmach degeneracyjnych organizmu (Grootaert & Bennett, 2022; Taborsky
iin., 2022). Jednocze$nie badania wskazuja, ze sirtuiny moga stanowi¢ jeden

z brakujacych elementéw w zrozumieniu biologii dlugowiecznosci (Zigtara 1 in., 2022).

Charakterystyka molekularna i funkcjonalna sirtuin

Sirtuiny naleza do klasy III deacetylaz histonowych (HDAC) zaleznych od NAD+, co
oznacza, ze ich aktywnos$¢ jest bezposrednio powigzana ze stanem energetycznym
komorki. Domena katalityczna sirtuin  zbudowana jest $rednio z 258 reszt
aminokwasowych; najkrotsza nalezy do SIRT6 (239 aa), natomiast najdtuzsza do SIRT2
(275 aa) (Zigtara 1 in., 2022). U ssakow zidentyfikowano siedem homologow (SIRT1-
SIRT7), ktore roznig si¢ lokalizacja komorkowa oraz funkcja biologiczng (Tabela 1).
Poszczegdlne izoformy sirtuin wykazuja réwniez odmienne powinowactwo do
substratow oraz réznice w aktywno$ci enzymatycznej, co dodatkowo roznicuje ich
funkcje biologiczne. Co istotne, sirtuiny uczestniczg w mechanizmach ochronnych,
ograniczajagc uszkodzenia DNA, procesy zapalne oraz powstawanie nowotworow

(Anderson & Maes, 2021; Dali-Youcef'i in., 2007; Giblin & Lombard, 2016).
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Tabela 1. Charakterystyka sirtuin (SIRT1-SIRT7). Na podstawie: (Zigtara i in., 2022)

Sirtuina Gléwna lokalizacja

Kluczowe funkcje biologiczne

SIRT1  Jadro komorkowe Regulacja transkrypcji, deacetylacja histonéw
(takze cytoplazma) 1 bialek niehistonowych; kontrola metabolizmu,
stresu oksydacyjnego i1 zapalenia; dziatanie
antyapoptotyczne; interakcja z pS3 1 FOXO.
SIRT2  Gléwnie Regulacja cyklu komoérkowego, deacetylacja a-
cytoplazma (moze  tubuliny; udziat w odpowiedzi na stres oksydacyjny
migrowac) (FOXO, Nrf2); funkcje epigenetyczne.

SIRT3  Mitochondria (takze Regulacja metabolizmu mitochondrialnego,

jadro/cytoplazma) redukcja ROS, ochrona uktadu sercowo-
naczyniowego; wptyw na termogeneze
1 homeostaze energetyczng.

SIRT4  Mitochondria Regulacja metabolizmu (m.in. insuliny 1 kwasoéw
thuszczowych), kontrola cyklu komérkowego,
udziat w homeostazie ATP.

SIRTS  Mitochondria Regulacja cyklu Krebsa i metabolizmu lipidow;
zdolno$¢ do usuwania grup malonylowych
1 sukcynylowych; wptyw na oddychanie
mitochondrialne.

SIRT6  Jadro (takze Stabilizacja genomu, naprawa DNA, regulacja

cytoplazma) metabolizmu glukozy 1 lipidow; silny zwigzek
Z procesem starzenia.
SIRT7  Jaderko Regulacja transkrypcji rDNA, biogeneza

rybosomow, odpowiedz na stres; wptyw na

proliferacje komorek.

Aktywnos¢ enzymatyczna i regulacja

Aktywno$¢ poszczegolnych izoform sirtuin jest modulowana przez interakcje z biatkami

regulatorowymi oraz lokalizacje subkomorkowa (Zigtara 1 in., 2022). Sirtuiny katalizujg

reakcje¢ deacetylacji reszt lizynowych w biatkach substratowych (Sanders 1 in., 2010).

Proces ten rozpoczyna si¢ od zwigzania acetylowanej lizyny oraz NAD* w centrum

aktywnym enzymu, co prowadzi do powstania kompleksu trojsktadnikowego. Nastepnie
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dochodzi do rozerwania wigzania N-glikozydowego w czasteczce NAD™' i uwolnienia
nikotynamidu (NAM), czemu towarzyszy utworzenie reaktywnego kompleksu
posredniego. W kolejnych etapach nastepuje przegrupowanie strukturalne prowadzace do
powstania bicyklicznego kompleksu posredniego, a nastepnie jego hydroliza, ktorej
wynikiem jest zdeacetylowane biatko oraz 2’-O-acetylo-ADP-ryboza (OAADPr) jako
produkt uboczny (Imai & Guarente, 2014; Sauve, 2010). Ponadto, mechanizm
katalityczny sirtuin moze obejmowac reakcje wymiany zasadowej (ang. base exchange
pathway), w ktorej nikotynamid reaguje z kompleksem posrednim, prowadzac do
odtworzenia NAD™ i sprzezonego hamowania aktywno$ci enzymu (Guan i in., 2014; Imai
& Guarente, 2014; N. Zhang i in., 2025). Kluczowym regulatorem aktywnos$ci
enzymatycznej jest rowniez stosunek NAD* do NADH, ktory odzwierciedla stan redoks
komorki, gdzie zazwyczaj wysokie stezenie NAD™ sprzyja aktywacji sirtuin, natomiast
jego obnizenie prowadzi do zahamowania aktywnosci enzymatycznej (Haigis & Sinclair,
2010; Sauve, 2010). Dodatkowo nikotynamid, bedacy produktem reakcji, petni funkcje
inhibitora zwrotnego poprzez mechanizm reakcji wymiany zasadowej (Imai & Guarente,
2014; Rymarchyk 1 in., 2021). Regulacja aktywnosci sirtuin zachodzi réwniez na
poziomie modyfikacji potranslacyjnych, takich jak fosforylacja, acetylacja czy
sumoilacja, mogacych wptywaé na konformacj¢ enzymu oraz jego powinowactwo do

substratow (Haigis & Sinclair, 2010; Rymarchyk i in., 2021).

Modulatory aktywnosci sirtuin - aktywatory i inhibitory

Badania nad modulatorami sirtuin zyskaly znaczenie w kontekscie ich potencjalnych
zastosowan terapeutycznych oraz wykorzystania jako narzedzi do analizy funkcji
biologicznych poszczegdlnych izoform. W ostatnich latach wykazano zdolno$¢
modulowania funkcji sirtuin poprzez zwiazki matoczasteczkowe, zdolne do
bezposredniego lub posredniego wptywu na ich aktywnos¢ katalityczng. Zwigzki te moga
dziata¢ jako aktywatory lub inhibitory (Tabela 2), oddzialujac na centrum aktywne
enzymu, stabilizujac kompleks enzym-substrat badz wptywajac na dynamike
konformacyjng biatka (Bursch i in., 2024; Dai i in., 2018). Jednocze$nie roznorodnosé
mechanizmow dzialania tych zwigzkow oraz ich zréznicowana specyficznos¢ wobec
poszczegdlnych sirtuin wskazujg na ztozono$¢ regulacji tej grupy enzymow i podkreslaja
konieczno$¢ dalszych badan w tym zakresie (Bursch i in., 2024; Fiorentino i in., 2025;

Hu1iin., 2014).
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Tabela 2. Wybrane aktywatory oraz inhibitory sirtuin. Na podstawie: (Zigtara i in.,

2022)
Zwiazek Typ dzialania  Pochodzenie Opis dzialania
Fisetyna Aktywator Naturalny Podobna do resweratrolu;
dziatanie przeciwstarzeniowe
1 przeciwutleniajace
Resweratrol ~ Aktywator Naturalny Zwigksza aktywno$¢ SIRT1,
(gldéwnie dziata przeciwutleniajgco, neuro-
SIRT1) 1 kardioprotekcyjnie; niska
biodostgpnos¢ ogranicza
zastosowanie kliniczne
Kwercetyna Aktywator Naturalny Wzmacnia aktywno$¢ SIRT1,
(SIRT1) dziala antyoksydacyjnie i
przeciwnowotworowo
Triclosan Aktywator Syntetyczny ~ Moze zwigksza¢ ekspresj¢ sirtuin,
(SIRTI, ale jednoczesnie wykazuje
SIRT3) toksycznos$¢ 1 zaburzenia
metaboliczne
Honokiol Aktywator Naturalny Poprawia funkcje
(SIRT1, mitochondrialne, dziata
SIRT3) neuroprotekcyjnie 1
przeciwnowotworowo
Polydatyna Aktywator Naturalny Efekt neuroprotekcyjny,
(SIRTI, przeciwzapalny i antyoksydacyjny
SIRT3)
Oroksylina A  Aktywator Naturalny Dziatanie kardioprotekcyjne
(SIRT3) 1 ochrona mitochondriow
SRT1720, Aktywatory Syntetyczne  Nasladuja dziatanie resweratrolu;
SRT1460, (SIRTT) potencjalne zastosowanie
SRT2183 terapeutyczne (badania kliniczne)
Nikotynamid Inhibitor Naturalny Produkt reakc;ji sirtuin; dziala jako

inhibitor sprze¢zenia zwrotnego
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EX-527 Inhibitor Syntetyczny  Silny, selektywny inhibitor
(gtownie SIRT1; stosowany w badaniach
SIRT1) nad nowotworami 1 chorobami

metabolicznymi

Cambinol Inhibitor Syntetyczny ~ Wykazuje dziatanie
(SIRT1, przeciwnowotworowe poprzez
SIRT2) modulacje acetylacji biatek

Sirtinol Inhibitor Syntetyczny  Niespecyficzny inhibitor; moze
(SIRT1, wptywac na procesy
SIRT?2) nowotworowe 1 agregacj¢ ptytek

Suramina Inhibitor Syntetyczny  Brak selektywno$ci ogranicza
(SIRT1, zastosowanie
SIRTS)

Arekolina Inhibitor Naturalny Silniejszy inhibitor niz
(SIRT1-3) nikotynamid w niektorych

modelach

TW-37 Inhibitor Syntetyczny  Stabe hamowanie aktywnosci
(SIRTS) SIRTS

Thiadiazole Inhibitory Syntetyczne  Potencjalne leki

(np. ST29) (SIRT2) przeciwnowotworowe

Sirtuiny a owady - aktualny stan wiedzy

Pomimo intensywnego rozwoju badan nad sirtuinami w ostatnich dekadach, aktualny stan
wiedzy pozostaje wyraznie nierOwnomierny w zaleznosci od badanej grupy organizmow
(Zigtara-Krzyk 1 in., 2026a, 2026b). Podczas gdy u kregowcéw dobrze
scharakteryzowano role siedmiu izoform (SIRT1-SIRT7), ich lokalizacj¢ oraz funkcje
biologiczne (Naseer i in., 2021; Zietara i in., 2022), w przypadku owaddéw dane te
pozostajg fragmentaryczne. Dostgpnych dane w wigkszosci pochodzg z badan
prowadzonych na modelach ssaczych (Mus musculus, Rattus norvegicus) oraz wybranych
organizmach modelowych, takich jak Drosophila melanogaster czy Caenorhabditis
elegans (Burnett 1 in., 2011; Knop 1 in., 2025; Shukla & Kolthur-Seetharam, 2022;
Tissenbaum & Guarente, 2001). Niemniej jednak eksperymenty na D. melanogaster

pozwolily wskaza¢ uczestnictwo genu dSir2 w regulacji szlakéw sygnalowych
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zwigzanych z insuling/IGF oraz czynnikiem transkrypcyjnym FOXO, wskazujac
znaczenie w adaptacji do warunkéw ograniczonej dostepnosci sktadnikow odzywczych
(Frankel i in., 2011; Rogina & Helfand, 2004). W dodatku opisano, ze biatko SIRT6 moze
spowalnia¢ rozwoj larwalny 1 ma potencjalny wplyw na fizjologi¢ osobnikow dorostych
(Shukla & Kolthur-Seetharam, 2022), a nadekspresja SIRT2 w mig$niach i neuronach
przywraca zdolno$¢ wysitkowa u tego gatunku z dysfunkcja mitochondrialng
(Damschroder i in., 2022). Jednoczesnie podejscie to ogranicza mozliwos$¢ petnego
zrozumienia ewolucyjnej zmiennosci funkcji tych biatek oraz ich znaczenia w innych
grupach organizméw. W szczegdlnosci zdaje si¢ brakowa¢ kompleksowych badan
obejmujacych jednoczesnie aktywnos$¢ enzymatyczng sirtuin, ich ekspresje oraz
powigzania z kluczowymi procesami fizjologicznymi zwigzanymi ze starzeniem.
Istotnym problemem jest rdéwniez niewystarczajace poznanie funkcjonalnego
zrdznicowania poszczegoOlnych izoform sirtuin u owadow. W przypadku Acheta
domesticus brak jest systematycznych badan dotyczacych aktywnosci sirtuin oraz ich roli
w regulacji procesOw starzenia (Zigtara 1 in., 2022; Zigtara-Krzyk i in., 2026a, 2026b).
Jest to istotne ograniczenie, poniewaz owady stanowig grup¢ o duzej réznorodnos$ci
biologicznej i wykazuja zréznicowane strategie zyciowe, co czyni je potencjalnie

warto$ciowym modelem do badan nad dlugowiecznoscia.

Resweratrol jako modulator aktywnosci sirtuin

Resweratrol (RV; 3,5,4’-trihydroksystilben) jest naturalnym polifenolowym zwigzkiem
roslinnym nalezagcym do grupy stilbenow, wystepujagcym m.in. w skorkach winogron
(Vitis vinifera), czerwonym winie, orzeszkach ziemnych (Rachis hypogaea) oraz
niektorych gatunkach roslin wytwarzajacych go jako fitoaleksyn¢ w odpowiedzi na stres
srodowiskowy. Jest szeroko opisywany jako modulator aktywnosci sirtuin szczeg6lnie
SIRT1 zarowno w badaniach in vitro, jak 1 in vivo (H. Qin 1 in., 2021; Rogina &
Tissenbaum, 2024; L.-X. Zhang i in., 2021).

Obecnie wiadomo, ze RV wiaze si¢ z domeng katalityczng SIRT1, stabilizujac jej
konformacje 1 zwigkszajac powinowactwo do substratoéw. Moze dziata¢ allosterycznie,
utatwiajgc interakcje¢ enzym-substrat oraz zwigkszajac efektywnos$¢ deacetylacji
(Grzeczka & Kordowitzki, 2022). Ponadto uwaza si¢, ze nasila aktywacje¢ AMPK oraz
modulacje stosunku NAD+/NADH, posrednio wzmacniajagc aktywno$¢ sirtuin

(Matuszynski i in., 2025). Jego dziatanie niemniej jednak moze by¢ réwniez zalezne od
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dawki (Mansouri i in., 2025). Jednakze w badaniach in vitro na rekombinowanym
ludzkim SIRT3, RV nie aktywowat SIRT3, lecz hamowat jej aktywno$¢ enzymatyczna,
zmniejszajac zdolno$¢ tego biatka do deacetylacji substratdéw. Roéwnoczesnie w tym
samym badaniu autorzy wskazali, ze na SIRTS oddziatuje jako aktywator (Gertz i in.,
2012). W przypadku SIRT2 wykazano, ze RV moze modulowaé jego aktywnos¢ oraz
wptywaé na regulacje cyklu komorkowego i stabilno§¢ mikrotubul, jednak uzyskane
wyniki sg niejednoznaczne 1 wskazujg zarowno na efekty aktywujace, jak 1 hamujace,
zalezne od modelu badawczego (Kilic Eren i in., 2015; Pan 1 in., 2017). Natomiast
w badaniach przeprowadzonych w modelu in vitro na ludzkich liniach komoérkowych
wykazano, ze resweratrol zwigkszatl ekspresje SIRT6 i wykorzystywat go do hamowania
retrotranspozycji LINE-1 (L1), ograniczajac niestabilno§¢ genomu, przy czym efekt ten
byt zalezny od szlakow PPARa 1 MAPK 1 nie obejmowat udziatu SIRT3 (Okudaira i in.,
2022). Nalezy jednak podkresli¢, ze wplyw RV na sirtuiny jest silnie zalezny od rodzaju
komorek, dostepnosci NAD* oraz zastosowanego substratu, co sugeruje, ze jego dziatanie
niekoniecznie ma charakter uniwersalnego, lecz selektywny (Grabowska i in., 2017; Price
1 in., 2012; Zietara-Krzyk 1 in., 2026a). W dodatku cze$¢ efektow przypisywanych
bezposredniej aktywacji sirtuin przez RV moze wynika¢ z mechanizméw posrednich,
takich jak aktywacja kinazy AMPK, wzrost poziomu NAD" lub modulacji metabolizmu
komodrkowego, co wtdrnie wptywa na aktywno$¢ enzymatyczng tych biatek (Grabowska

1in., 2017; Price 1 in., 2012).

Rycina 1. Resweratrol. Zrédlo: opracowanie wlasne.
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Nanodiamenty w systemach dostarczania substancji aktywnych

Nanodiamenty (NDs; ang. nanodiamonds) to nanoczastki wegla o strukturze krystaliczne;j
identycznej jak w diamencie (sie¢ sp?). Najczesciej przyjmujg rozmiar od 2 do 10 nm
(detonacyjne ND), chociaz mogg wystepowac takze w wigkszych formach (~ 100 nm).
Wykazuja zdolno$¢ do tworzenia agregatow, stosunkowo wysoka stabilno$¢ chemiczng
oraz mechaniczng, a na ich powierzchni wystepuja liczne grupy funkcyjne (-COOH, -
OH, -NH:) z duza powierzchnig wtasciwa (do kilkuset m?/g) (Alexander & Leong, 2024;
Mochalin i in., 2012). Moga zwigkszac stabilnos¢ 1 biodostepnos¢ wybranych czasteczek,
a takze umozliwia¢ ich bardziej ukierunkowane dostarczanie do komorek lub tkanek,
dzigki czemu mogg pehi¢ funkcje nosnikéw substancji biologicznie aktywnych, w tym
lekow 1 zwigzkdw o potencjale przeciwstarzeniowym (Zigtara-Krzyk i in., 2026a, 2026b).
NDs wykazuja niska cytotoksyczno$¢ w szerokim zakresie stgzen, jednakze efekt
biologiczny jest zalezny od dawki, wielkos$ci i modyfikacji powierzchni, a przy wysokich
stezeniach moga powodowac stres oksydacyjny lub agregacj¢ komérkowsa (Chauhani in.,
2020). W badaniach nad A. domesticus wskazywano, ze NDs moga wykazywac
przewlekta toksycznos$¢, prowadzac do zaburzen rozwoju, obnizenia masy ciata oraz
spadku zdolnosci reprodukcyjnych (Karpeta-Kaczmarek i in., 2018). W stezeniach 20
oraz 200 mg/g wykazano, ze mimo braku zmian histologicznych w tkankach,
nanodiamenty indukuja uszkodzenia DNA, co wskazuje na ich potencjalng
genotoksyczno$¢ zalezng od dawki (Karpeta-Kaczmarek i in., 2016). W dodatku
wskazywano rowniez, ze pomimo tego, iz mogga wykazywac niska toksycznos¢ ostrg przy
niskich stezeniach, to ich dtugotrwata wielopokoleniowa ekspozycja moze prowadzi¢ do
subtelnych zmian fizjologicznych i adaptacyjnych (Augustyniak i in., 2022).
Niezaleznie od wywolywanych efektow, jak zostalo wspomniane, ich unikalne
wlasciwo$ci fizykochemiczne sprawiaja, ze sa atrakcyjnymi no$nikami substancji
aktywnych w nowoczesnych systemach dostarczania lekow. Wykazuja zdolnos¢ do
kontrolowanego wigzania i uwalniania substancji aktywnych, dlatego coraz cze¢sciej
wykorzystuje si¢ funkcjonalizacje NDs (Rycina 2) polegajaca na chemicznej modyfikacji
ich powierzchni w celu nadania im okreslonych wlasciwosci fizykochemicznych
1 biologicznych. Ten etap stanowi przygotowanie ich do zastosowan biomedycznych,
poniewaz surowe czastki wykazuja tendencj¢ do agregacji oraz ograniczong
rozpuszczalno$¢ w srodowiskach wodnych. Najczgsciej stosowane metody obejmuja

utlenianie powierzchni (wprowadzanie grup karboksylowych i hydroksylowych), reakcje
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kowalencyjne (np. amidacja), a takze modyfikacje polimerowe, takie jak PEGylacja.
Funkcjonalizacja  umozliwia  zwigkszenie  stabilno$ci  koloidalnej, poprawe
biokompatybilnosci oraz przylaczanie czasteczek bioaktywnych, w tym lekow, peptydow
czy ligandow celujacych (Barzegar Amiri Olia i in., 2021; Costa i in., 2024; Jariwala i in.,

2020; Lopez De Arriba i in., 2025; Ray i in., 2006; Ryu i in., 2016).

= < . __PILTUEINA ____ DL

. anie OH * Przeciwciz
Utlenianie (COOH, OH) S dlatywania rzeciwciata « PEGylacja

* Obrébka plazmowa
elektrostatyczne

* Amidacja/salinizacja * DNA/RNA

Odziatywania m-1t " Gl * Centra NV
* Halogenowanie YW * Peptydy

Rycina 2. Wybrane metody funkcjonalizacji nanodiamentéw. Na podstawie: (Barzegar
Amiri Oliaiin., 2021; Costa i in., 2024; Jariwala i in., 2020; Lopez De Arriba i in., 2025;
Ray i in., 2006).

W praktyce NDs znajdujg zastosowanie w systemach dostarczania lekow,
szczegolnie w terapii chorob nowotworowych, gdzie wykazano ich zdolno$¢ do wigzania
1 transportu lekow cytotoksycznych, takich jak doksorubicyna (Cui i in., 2023; Jovi¢ i in.,
2026). Kompleksy ND-lek umozliwiaja zwigkszenie retencji substancji w komorkach
nowotworowych oraz ograniczenie jej toksyczno$ci ogoélnoustrojowej, m.in. poprzez
stopniowe uwalnianie 1 ochron¢ przed mechanizmami opornosci na leki (Cui 1 in., 2023;
Mochalin 1 in., 2012; Priyadarshni 1 in., 2024; J.-X. Qin 1 in., 2021). Ponadto
nanodiamenty sa badane jako no$niki kwaséw nukleinowych (np. siRNA, DNA), co
otwiera mozliwosci ich zastosowania w terapii genowej, dzigki niskiej immunogennosci
i zdolnosci do penetracji komorek (Alexander & Leong, 2025; Solarska-Sciuk &
Kleszczynska, 2019). W kontekscie zwigzkow naturalnych, takich jak resweratrol, NDs
przypuszczalnie mogg poprawiac ich stabilnos¢ i biodostepnosé, co jest szczegdlnie
istotne ze wzgledu na ograniczenia farmakokinetyczne tych czasteczek (Zigtara-Krzyk
11in., 2026b). Nalezy jednak podkresli¢, ze ich zastosowanie w systemach biomedycznych
wymaga kazdorazowo szczegotowej oceny bezpieczenstwa, uwzgledniajacej zarowno

wlasciwosci fizykochemiczne nanoczastek, jak 1 biologiczng ekspozycje.
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Acheta domesticus jako model badawczy

Swierszcz domowy (tac. Acheta domesticus) (Rycina 3) nalezacy do rzedu
prostoskrzydtych (Orthoptera), jest wykorzystywany jako organizm modelowy
w badaniach biologicznych, fizjologicznych oraz toksykologicznych. Gatunek ten
przechodzi metamorfoze niezupeing (hemimetabolia), obejmujaca stadia jaja, larwy, oraz
osobnika dorostego (imago), bez stadium poczwarki. Rozwoj postembrionalny przebiega
poprzez seri¢ kolejnych linien (zwykle 8-10), w trakcie ktérych larwy stopniowo
nabywaja cechy osobnikéw dorostych, w tym rozwinigte skrzydta i dojrzatos¢ ptciowa
(Horch 1 in., 2017; Kaufman 1 in., 1989). Cykl zyciowy A. domesticus w warunkach
laboratoryjnych jest stosunkowo krétki i wynosi zazwyczaj od 2 do 3 miesiecy, co
umozliwia prowadzenie badan wielopokoleniowych w relatywnie krotkim czasie.
Charakteryzuje si¢ dobrze rozwinigtym ukladem nerwowym oraz wyraznie
wyodrebnionymi strukturami sensorycznymi, co umozliwia prowadzenie badan nad
percepcja bodzcow, zachowaniem oraz regulacja procesow fizjologicznych. Dodatkowo
jego rozwdj, kontrolowany przez hormony juwenilne, stanowi wygodny model do analizy
mechanizmow regulujacych linienie, wzrost oraz dojrzewanie ptciowe (Flasz 1 in., 2020;

Horch i in., 2017; Kaufman i in., 1989).

Rycina 3. Acheta domesticus, stadium teneralne. Zrodto: opracowanie wlasne
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W badaniach wykazano przydatno$¢ Acheta domesticus w analizie procesOw
fizjologicznych zwigzanych ze stresem oksydacyjnym, metabolizmem oraz starzeniem.
Istotng zaletg tego gatunku jako organizmu modelowego jest jego stosunkowo duzy
rozmiar ciatla w porownaniu z innymi modelami bezkr¢gowymi, co utatwia manipulacje
eksperymentalna. Prace prowadzone przez zespot Uniwersytetu Slaskiego w Katowicach
wskazuja, ze gatunek ten stanowi warto§ciowy model w badaniach nad oddziatywaniem
nanomateriatow, w tym NDs oraz tlenku grafenu, zarowno w ujeciu krotkoterminowym,
jak 1 wielopokoleniowym (Augustyniak 1 in., 2022, 2023; Flasz i in., 2021; Karpeta-
Kaczmarek i in., 2018; Zietara i in., 2024; Zigtara-Krzyk i in., 2026a, 2026b).

Wybodr Acheta domesticus jako modelu badawczego w niniejszej pracy nie byt
przypadkowy i wynikat z unikalnych mozliwosci, jakie oferuje ten gatunek w badaniach
nad procesami starzenia. W hodowli prowadzonej na Uniwersytecie Slaskim
w Katowicach od blisko 30 lat utrzymywana jest linia selekcjonowana pod katem
dlugowiecznosci (linia D), stanowigca cenny material do badan poréwnawczych.
Zestawienie tej linii z linig dzikg (H) umozliwia analiz¢ r6znic w obrgbie tego samego
gatunku, przy ograniczeniu zmiennosci mig¢dzygatunkowej. Relatywnie krotki cykl
zyciowy A. domesticus pozwala na analiz¢ przezywalno$ci oraz efektow dzialania
badanych zwigzkéw w stosunkowo krétkim czasie, co jest istotng przewagg w badaniach
eksperymentalnych i ocenie wptywu czynnikow biologicznie aktywnych, takich jak

resweratrol czy nanomateriaty, na procesy zwiazane z dtugowiecznoscia.

Cel i zakres badan

Proces starzenia jest zlozonym zjawiskiem regulowanym przez wspotdziatanie
mechanizméw molekularnych, w tym odpowiedzi na stres oksydacyjny, stabilnosci
genomu oraz aktywnoS$ci bialek regulatorowych, takich jak sirtuiny. Niemniej jednak
dotychczasowe badania nad potencjalnymi modulatorami tych procesoOw nie zawsze
jednoznacznie wskazuja, czy oraz w jaki sposob zwiazki bioaktywne 1 nanomateriaty
moga w sposob trwaly wptywaé na mechanizmy starzenia, szczeg6lnie w kontekscie
r6éznic migdzy badanymi liniami organizméw. W zwigzku z tym podj¢to badania majace
na celu kompleksowa ocene roli sirtuin, stresu oksydacyjnego oraz uszkodzen DNA
w regulacji dlugowiecznosci u Acheta domesticus, z uwzglgdnieniem zarowno
czynnikdw S$rodowiskowych, jak 1 réznic wynikajacych z selekcji w kierunku

dtlugowiecznosci (linia H vs linia D).
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Cele i zadania

Celem niniejszej pracy byto okreslenie, jaki efekt wywota zastosowanie RV oraz NDs,
oddzielnie oraz w kombinacji, na regulacj¢ proceséw metabolicznych u Acheta
domesticus, ze szczegdlnym uwzglednieniem aktywnosci sirtuin oraz wybranych

parametréw fizjologicznych i komérkowych.

ETAPI - artykut przeglgdowy (Why Is Longevity Still a Scientific Mystery? Sirtuins-Past,

Present and Future)

1) Analiza literatury dotyczacej roli sirtuin w procesie starzenia oraz ich potencjalnych
modulatorow
a) uporzadkowanie aktualnego stanu wiedzy dotyczacego funkcji sirtuin w regulacji
procesoOw komorkowych,
b) identyfikacja potencjalnych czynnikow modulujacych ich aktywno$¢ (w tym
resweratrolu),

c) wskazanie luk badawczych uzasadniajacych podjecie badan eksperymentalnych.

ETAP II - badania wstepne (Does Selection for Longevity in Acheta domesticus Involve
Sirtuin Activity Modulation and Differential Response to Activators (Resveratrol and

Nanodiamonds)?)

2) Wstepna ocena aktywnosci sirtuin u Acheta domesticus

a) okreslenie poziomu catkowitej aktywnosci sirtuin (ogdlnej aktywnos$ci oraz
sirtuiny 1) w badanych liniach (H 1 D),

b) identyfikacja roznic migdzy linig H a D.

3) Ocena wptywu resweratrolu i nanodiamentéw na aktywnos¢ sirtuin (ujgcie ogolne)
a) okreslenie czy zastosowanie RV 1 NDs wptywa na catkowitg aktywnos¢ sirtuin,
b) wstegpna analiza zmian aktywnosci w czasie (r6zne punkty pomiarowe).

4) Ocena wptywu badanych czynnikow na przezywalnos¢

a) porownanie przezywalnosci osobnikow spozywajacych RV i NDs w pokarmie.

ETAP III - dziatanie pojedynczych czynnikow (RV i NDs) (Effects of resveratrol and
nanodiamonds on sirtuin activity, oxidative stress and DNA damage in Acheta

domesticus)

5) Charakterystyka aktywnos$ci wybranych sirtuin (SIRT1 1 SIRT6)
a) okreslenie ogolnej aktywnosci sirtuin oraz SIRT1 i SIRT6 w liniach Hi D,
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b) analiza zmian zaleznych od badanego stadium rozwojowego,
6) Ocena wptywu resweratrolu i nanodiamentéw na aktywnos¢ sirtuin
a) okreslenie zmian aktywnosci SIRT1 i SIRT6 po ekspozycji na RV i NDs,
b) analiza zalezno$ci od czasu i stadium rozwojowego.
7) Ocena wptywu RV i NDs na wybrane parametry biochemiczne i komérkowe
a) analiza enzymow antyoksydacyjnych (SOD, CAT) i peroksydacji lipidow (LPO),
b) ocena markerow odpowiedzi komorkowej (pATM, YH2A.X, DSB).
8) Ocena wptywu badanych czynnikdéw na parametry zyciowe

a) analiza przezywalnosci 1 dtugos$ci zycia w liniach H i D.

ETAPIV - Ocena polgczonego oddziatywania nanodiamentow i resweratrolu (RV+NDs)
(Evaluation of Molecular Responses and Longevity Markers in Acheta domesticus

Following Combined Resveratrol and Nanodiamond Exposure)

9) Ocena wptywu kombinacji resweratrolu i nanodiamentéw na aktywnos$¢ sirtuin
a) okreslenie zmian aktywnos$ci SIRT1 i SIRT6 po zastosowaniu RV+NDs,
b) pordéwnanie efektu kombinacji z dzialaniem pojedynczych czynnikow.
10) Ocena wplywu RV+NDs na parametry biochemiczne i komodrkowe
a) analiza zmian w poziomie enzymoéw antyoksydacyjnych oraz markerow
odpowiedzi komoérkowe;,
b) okreslenie charakteru odpowiedzi organizmu na kombinacj¢ czynnikdw.
11) Ocena wptywu RV+NDs na parametry zyciowe
a) analiza przezywalnosci 1 dtugosci zycia po zastosowaniu kombinacji.
12) Ocena charakteru dziatania kombinacji RV 1 NDs
a) okreslenie czy dziatanie ma charakter addytywny, synergistyczny czy odmienny
wzgledem pojedynczych czynnikow.
ETAP PRZEKROJOWY (Igczqcy wszystkie prace)
13) Analiza zalezno$ci migdzy aktywno$cig sirtuin a wybranymi parametrami
komoérkowymi
a) ocena wspolzaleznosci miedzy aktywnoS$cig sirtuin a wskaznikami stresu

oksydacyjnego i odpowiedzi komérkowe;,

b) analiza tych zalezno$ci w obu liniach oraz na r6znych etapach rozwoju.
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Hipotezy badawcze

Sformutowano nastepujace hipotezy badawcze:

Hi.o Nie istnieje zalezno$§¢ pomiedzy aktywnos$cig sirtuin a dlugoscia zycia Acheta
domesticus. W obu badanych liniach (dzikiej - H oraz selekcjonowanej pod katem
dlugowiecznos$ci - D) aktywnos$¢ analizowanych sirtuin jest podobna lub nie rdzni si¢
istotnie.

Uzasadnienie: Pomimo tego, iz sirtuiny sq uznawane za enzymy dlugowiecznosci
powiqzane z procesami starzenia, w przypadku badanych linii A. domesticus mogq one
nie odgrywac¢ bezposredniej roli w wydtuzeniu Zycia. Linia diugowieczna zostala
uzyskana w drodze selekcji poprzez opdznienie reprodukcji, a nie poprzez cechy
bezposrednio zwigzane z aktywnosciq sirtuin. Aktywnos¢ badanych sirtuin nie ulegta
jednoznacznej i trwalej zmianie w nastepstwie dtugotrwalej selekcji, co moze wskazywac,
ze za zwigkszong diugos¢ zycia odpowiadajq rowniez inne mechanizmy, np. zwigzane

z metabolizmem.

Hi.1 Aktywno$¢ wybranych klas sirtuin r6ézni si¢ pomiedzy osobnikami linii dzikiej (H)
a dlugowieczng linig selekcjonowang (D) Swierszcza domowego.

Uzasadnienie: Proces selekcji pod kqtem dlugowiecznosci A. domesticus moze prowadzié¢
do zmian w regulacji procesow fizjologicznych, w tym szlakow zwigzanych z aktywnoscig
sirtuin. Roznice te mogq odzwierciedlac¢ odmienne strategie funkcjonowania organizmu,

zwigzane z alokacjq energii, metabolizmem oraz odpowiedzig na stres komorkowy.

Hi.2 Aktywnos$¢ wybranych klas sirtuin jest wyzsza u osobnikéw linii selekcjonowane;j
w kierunku dtugowiecznosci (D) w poréwnaniu z linig dzika (H).

Uzasadnienie: Obecne badania sugerujq powigzanie sirtuin z procesami sprzyjajgcymi
wydtuzeniu zycia, w tym regulacjg metabolizmu, odpowiedzig na stres oraz utrzymaniem
homeostazy komorkowej. Wielopokoleniowa selekcja w kierunku dfugowiecznosci
doprowadzita do utrwalenia wyzszej aktywnosci tych enzymow w linii D jako elementu
mechanizmow wspierajgcych funkcjonowanie organizmu w warunkach wydtuzonego

zZycia.
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H2.0 Resweratrol nie wptywa istotnie na aktywno$¢ sirtuin ani na dlugos¢ zycia Acheta
domesticus w zadnej z badanych linii (H lub D).

Uzasadnienie: Chociaz resweratrol jest opisywany jako aktywator sirtuin w wielu
modelach biologicznych, jego dziatlanie nie ma charakteru uniwersalnego i zalezy od
gatunku, warunkow ekspozycji oraz stanu fizjologicznego organizmu. W przypadku
owadow o przeobrazeniu niezupetnym efekty jego dziatania mogq byc¢ ograniczone lub

niewidoczne.

H2.1 Resweratrol wptywa na aktywnos$¢ sirtuin oraz parametry zwigzane z dtugoscia zycia
A. domesticus, przy czym efekt ten jest zalezny od linii oraz badanego stadium
r0ZWO0jOWego.

Uzasadnienie: Dzialanie resweratrolu ma charakter zalezny od dawki, czasu ekspozycji
oraz kontekstu biologicznego. Mozliwe jest zarowno zwiekszenie, jak i brak zmian
w aktywnosci sirtuin oraz parametrach zyciowych, a odpowiedz organizmu moze roznic¢
si¢ miedzy linig dzikq a selekcjonowang, jak rowniez pomiedzy poszczegolnymi etapami

rozwoju.

H3.0 Zastosowanie nanodiamentdw w polaczeniu z resweratrolem nie wptywa na jego
dziatanie biologiczne, a obserwowane efekty sa pordwnywalne do dziatania resweratrolu
stosowanego oddzielnie.

Uzasadnienie: Jednoczesna obecnosc¢ nanodiamentow i resweratrolu nie musi prowadzic¢
do ich funkcjonalnej interakcji na poziomie organizmu. Nanodiamenty, mimo
potencjalnej roli nosnika, mogq nie wplywac istotnie na sposob oddziatywania
resweratrolu na komorki, a jego efekt biologiczny moze pozostac niezmieniony. Mozliwe
jest rowniez, ze organizm nie wykazuje wrazliwosci na zastosowang forme kombinacji,

co skutkuje odpowiedzig porownywalng do dziatania pojedynczego czynnika.

H3.1 Zastosowanie nanodiamentéw w potaczeniu z resweratrolem modyfikuje odpowiedz
biologiczng organizmu w porownaniu do dziatania pojedynczych czynnikow.

Uzasadnienie: Nanodiamenty mogq wplywac¢ na biodostepnosé, stabilnos¢ oraz czas
dziatania resweratrolu, co moze prowadzi¢ do zmiany jego oddziatywania na komorki

i organizm, w tym na aktywnos¢ sirtuin oraz badane parametry fizjologiczne.
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Hs.2 Jednoczesne dziatanie nanodiamentoéw i resweratrolu moze wywolywaé efekty
niekorzystne dla 4. domesticus.

Uzasadnienie: Interakcje pomiedzy nanomateriatami a zwigzkami bioaktywnymi mogq
prowadzi¢ do nieprzewidywalnych efektow biologicznych, w tym zaburzen homeostazy

komorkowej, nasilenia odpowiedzi stresowej lub efektow toksycznych.

Ha4.0 Resweratrol, nanodiamenty oraz ich kombinacja nie wptywaja istotnie na wybrane
parametry komorkowe, a zmiany aktywnosci sirtuin nie s3 powigzane ze zmianami tych
parametrow.

Uzasadnienie: Parametry komorkowe, takie jak poziom stresu oksydacyjnego czy
wskazniki odpowiedzi komorkowej, podlegajq silnej regulacji homeostatycznej i mogg

pozostawac stabilne mimo zmian w innych procesach biologicznych.

Ha.1 Resweratrol, nanodiamenty oraz ich kombinacja wptywaja na wybrane parametry
komoérkowe, a zmiany te moga wspotwystepowac ze zmianami aktywnosci sirtuin.

Uzasadnienie: Zarowno resweratrol, jak i nanodiamenty mogq oddzialywacé na stan
komorki, w tym na odpowiedz na stres oksydacyjny, co moze prowadzi¢ do powigzanych

zmian w aktywnosci enzymatycznej i parametrach komorkowych.

Ha.2 Resweratrol, nanodiamenty oraz ich kombinacja wptywaja na badane parametry
komorkowe, jednakze zmiany te zachodza niezaleznie od aktywnoSci sirtuin.

Uzasadnienie: Resweratrol oraz nanodiamenty mogq oddziatywac na komorki poprzez
rozne mechanizmy, niekoniecznie zwigzane bezposrednio z aktywnosciq sirtuin. Zwigzki
te mogg wplywaé na rownowage oksydacyjng, odpowiedz komorkowg oraz poziom
uszkodzen komorkowych poprzez inne szlaki regulacyjne. W konsekwencji mozliwe jest
wystgpienie zmian w parametrach komorkowych bez jednoznacznych zmian w aktywnosci

sirtuin.

Metodologia badan

W celu realizacji zatozonych celow badawczych oraz weryfikacji postawionych hipotez,
prace podzielono na cztery etapy, z ktérych trzy mialy charakter eksperymentalny,
natomiast pierwszy stanowit analiz¢ przegladowa Badania zostaty przeprowadzone na

Uniwersytecie Slagskim w Katowicach, na Wydziale Nauk Przyrodniczych w Instytucie
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Biologii, Biotechnologii i Ochrony Srodowiska. Analizy TEM, SEM oraz EDS
przeprowadzono przez Sie¢ Badawcza Lukasiewicz - PORT Polski O$rodek Rozwoju
Technologii we Wroctawiu.

W kolejnych etapach zastosowano podzial na grupy badawcze obejmujace: grupe
kontrolng (C), grup¢ kontrolng z dodatkiem etanolu (C+E), grup¢ z resweratrolem (RV),
grupe z nanodiamentami (NDs) oraz grupe poddana jednoczesnej ekspozycji na oba
czynniki (RV+NDs). Liczebnos¢ osobnikdbw w poszczegdlnych grupach byta
utrzymywana na poziomie umozliwiajagcym przeprowadzenie analiz statystycznych,
natomiast w analizach biochemicznych stosowano powtorzenia biologiczne w liczbie n =
5. Material badawczy stanowito jelito $wierszcza domowego. Szczegotowy podziat grup
badawczych oraz ich przyporzadkowanie do poszczegdlnych etapow eksperymentalnych
przedstawiono w Tabela 3 oraz przedstawione na Rycina 4. Hodowla owadow byla
prowadzona w sposob ciagly, az do naturalnej $mierci ostatniego osobnika w kazdej
z grup eksperymentalnych, z osobnymi insektariami do analizy przezywalnoS$ci.
Metodologia zostata szczegdtowo opisana w manuskryptach zataczonych w niniejsze;j

pracy a jej podsumowanie zestawiono w Tabela 3.

Tabela 3. Zestawienie metodologiczne badan. Zrédlo: opracowanie whasne

Parametr Etap badan Zastosowane testy/metodologia

Przygotowanie  Etap II, I1I e RV: 23 mg/kg pokarmu + rozpuszczenie RV
pokarmu w etanolu (~0,01%);
e NDs: 0,2 mg/kg pokarmu;

e dodatek do pokarmu, suszenie.

Etap IV e RV: 23 mg/kg pokarmu + rozpuszczenie RV
w etanolu (~0,01%) z NDs: 0,2 mg/kg
pokarmu, sonifikacja;

e dodatek do pokarmu, suszenie,

Prowadzenie Etap II e Kontrolowane warunki hodowlane (+28°C,
hodowli 12:12 L:D);
e randomizacja osobnikow do grup (C, RV,

NDs).
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Etap III ¢ Kontrolowane warunki hodowlane (£28°C,
12:12 L:D);
¢ randomizacja osobnikéw do grup (C, C+E,
RV, NDs).
Etap IV e Kontrolowane warunki hodowlane (£28°C,

12:12 L:D);
randomizacja osobnikow do grup (C, C+E,

RV+NDs).

Analiza Etap IL, II, IV e Analiza przezywalnosci: Analiza Kaplan-
przezywalnosci Meier, test log-rank.

Parametry Etap IL, IILL IV e SOD Activity Assay Kit (Merck);

stresu e (atalase Activity Kit (Thermo Fisher);
oksydacyjnego e Lipid Peroxidation Assay Kit (Abbexa);

pomiar absorbancji (TECAN Infinite M200);

oznaczanie stezenia biatka (Bradford).

Izolacja bialek

Etap II, III, IV

Nuclear Extraction Kit (Abcam);

jadrowych e oznaczanie stezenia biatka (Bradford).
Oznaczenie Etap II e Universal SIRT Activity Assay Kit (Abcam);
aktywnosci e SIRT1 Activity Assay Kit (Abcam);
sirtuin e pomiar fluorescencji (HITACHI F-7000).

e oznaczanie st¢zenia biatka (Bradford)

Etap III, IV e Universal SIRT Activity Assay Kit (Abcam);

e SIRT1 Activity Assay Kit (Abcam);

e SIRT6 Activity Assay Kit (Abcam);

e pomiar fluorescencji (HITACHI F-7000).

e oznaczanie stezenia biatka (Bradford).
Analizy Etap II e DLS - dynamiczne rozpraszanie §wiatla
fizykochemiczne e Potencjal zeta;

AFM - mikroskopia sit atomowych.
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Etap III

TEM - Transmisyjna mikroskopia
elektronowa
EDS - spektroskopia rentgenowska

z dyspersja energii

Etap IV

HR-TEM / TEM (mikroskopia elektronowa);
EDS;

DLS;

UV-Vis spektroskopia;

Zeta potencjal;

Spektroskopia Ramana.

Ocena Etap II, 111, IV
uszkodzen DNA

Przygotowanie zawiesiny komorek jelita po
homogenizacji w PBS;

Muse® Multi-Color DNA Damage Kit (ATM
Ser1981-PE, YH2A.X PECyY5);

analiza cytometryczna (Guava® Muse®).

Analiza danych  Etap II, III, IV

Analiza statystyczna danych;
Testy parametryczne 1 nieparametryczne;
Analiza przezywalnosci;

Modele wieloczynnikowe.
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Kluczowe wyniki i ich interpretacja
Etap I - przeglad literaturowy

Punkt wyjscia cyklu badawczego stanowil kompleksowy przeglad literatury poswigcony
sirtuinom jako enzymom regulujgcym procesy starzenia (Zigtara 1 in., 2024).
Rownoczes$nie stanowil wprowadzenie do problematyki starzenia i powigzanych
procesoOw komorkowych. Na tym etapie podsumowano i opisano na podstawie
dostepnych danych, rodzing siedmiu izoform sirtuin (SIRT1 - SIRT7) zlokalizowanych
odpowiednio w jadrze komérkowym, cytozolu i mitochondriach. Wskazano, ze kazda
zizoform pelni odmienng role biologiczng: SIRT1 i SIRT6, zaliczane do biatek
jadrowych, sa najszerzej wigzane z regulacjg dlugosci zycia w modelach zwierzecych,
podczas gdy SIRT3-SIRTS, chronigce mitochondria, biorg udziat w kontroli metabolizmu
oksydacyjnego i neutralizacji ROS. Przeglad ujawnit istotna luke poznawcza, poniewaz
o ile sirtuiny zdaja si¢ by¢ intensywnie badane u krggowcow i u Drosophila
melanogaster, o tyle dane dotyczace ich aktywnos$ci u owadow z przeobrazeniem
niezupetnym, takich jak Acheta domesticus, pozostaja szczatkowe. Ponadto zostato
podkreslone, ze niskie powinowactwo biologiczne 1 krotki czas retencji RV stanowig
zasadniczy problem ograniczajacy jego potencjalne dzialanie wydtuzajace zycie, co
uzasadnia poszukiwanie systemow nanodelivery (pol. dostarczania substancji aktywnych
w oparciu o nanostruktury), zdolnych do poprawy biodostgpnosci tego zwiazku. Chociaz
osiggnigcia nanobiotechnologii otwieraja mozliwosci projektowania nowych czasteczek
1 no$nikow mogacych modulowaé aktywnos¢ sirtuin, wiele z tych rozwigzan pozostaje
jeszcze na poziomie koncepcji. Zaznaczono rowniez, ze przed przystgpieniem do badan
in vitro 1 in vivo konieczne jest szczegdélowe poznanie struktury modulatorow oraz ich
potencjalnej reaktywno$ci wobec sirtuin, rowniez z wykorzystaniem analiz in silico

(Zigtara i in., 2024).

Etap II - Badania wstepne

Pierwszym krokiem po sformulowaniu hipotez badawczych byto ustalenie, czy sirtuiny
sa aktywne u A. domestics oraz jak poziom tej aktywnos$ci roznicuje si¢ w obrgbie
badanych linii (H vs D) tego gatunku. Badania nad szeroko pojeta ,,dlugowiecznoscia”
wymagajg podejscia interdyscyplinarnego 1 poréwnawczego, gdyz wspolne cechy

réznych organizméw mogg stanowi¢ klucz do poznania mechanizméw lezacych
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u podstaw wydtuzania zycia (Gabryel & Duszkiewicz, 2021; Grzadziel & Gozdzialska,
2022; Zyriax & Windler, 2023). W niniejszym badaniu wykazano, ze na tym etapie
przezywalnos$¢ swierszczy byta zarowno zalezna od linii, jak i zastosowanych czynnikow.
Wyniki analizy przezywalnosci zasugerowaty, ze selekcja w kierunku dlugowiecznosci
prowadzi do odmiennego profilu aktywnosci SIRT, gdyz wykazano istotne rdéznice
migdzy liniami, a aktywno$¢ sirtuin wykazywata tendencj¢ do wyzszych wartosci
w szczepie D, zalezng od stadium rozwojowego. Zaobserwowane zjawisko moze by¢
zwigzane z rodzajem zastosowanej selekcji, opartej na opoznieniu reprodukcji, ktéra
mogta sprzyja¢ zmianom prowadzacym do wydluzenia przezycia. Warto podkresli¢, ze
aktywno$¢ SIRT1 w uktadach biologicznych jest silnie powigzana z deacetylacja
kluczowych substratow, takich jak histony oraz czynniki transkrypcyjne p53, NF-xB
1 FOXO (Sivakumariin., 2022; Zessin i in., 2023; Zi¢tara i in., 2022). Ponadto wskazano,
ze SIRT1 uczestniczy w regulacji procesow zaleznych od acetylacji lizyny réwniez poza
klasycznymi uktadami modelowymi (Xuan i in.,, 2017). Moze to sugerowac
zaangazowanie SIRT1 w szlaki regulacyjne rowniez u A. domesticus, co dato przestanki
do kolejnych eksperymentéw i wykonanie badan w innych punktach czasowych, w tym
w stadium larwalnym.

Wykazano réwniez, ze zarowno RV, jak i NDs wpltywajg na aktywno$¢ sirtuin oraz
przezywalno$¢ organizmow, jednak efekt ten byt zalezny od czasu oraz typu czynnika.
RV wykazywal punktowe dzialanie stymulujace, zalezne od czasu 1 stadium
rozwojowego, szczegoOlnie w pozniejszych punktach czasowych, natomiast NDs
wykazywaly zmienny, czesto przejsciowy efekt, zalezny od wieku 1 linii. Przej$ciowy
wzrost aktywnosci sirtuin w odpowiedzi na NDs moze wskazywaé na adaptacyjny
charakter odpowiedzi komorkowej, opisywany rowniez w konteks$cie dzialania
nanoczastek, co jest spdjne z doniesieniami o hormetycznym dziataniu niskich st¢zen
nanoczgstek, w tym nanodiamentoéw, na komorkowe mechanizmy obronne 1 ekspresje
SIRT1 (Mytych 1 in., 2016). Efekt ten byt zalezny od wieku, przy czym 15. dzien zycia
imago w linii D wykazywat zwigkszong wrazliwo$¢ w wybranych parametrach na RV
1 NDs. Stymulujace dziatanie RV na aktywno$¢ SIRT1 w szczepie H wpisuje sie¢ w jego
rolg jako modulatora tych enzymow, jednak obserwowany efekt byl zalezny od czasu
1 nie miat jednoznacznego charakteru (Bhullar & Hubbard, 2015; Ungurianu i in., 2023).
Efekty wydluzenia Zycia przez RV obserwowano rowniez w modelach owadzich, cho¢

ich charakter byt zréznicowany (J. Song i in., 2021; Yu & Li, 2012).
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Analiza uszkodzen DNA wykazala, ze aktywacja ATM i H2A.X w badanych
grupach moze sygnalizowa¢ uruchomienie mechanizméw naprawczych, co jest spdjne
z bezposrednim zwigzkiem migdzy SIRT1 a naprawg DNA opisanym przez Penga 1 wsp.
(Pengiin., 2015). Uzyskane wyniki sugerujg relatywnie bezpieczny profil dziatania NDs

w zastosowanej dawce, co jest zgodne z wcze$niejszymi obserwacjami (Augustyniak

iin., 2023; Bilal i in., 2021).

Etap III - Eksperyment I (RV / NDs podawane oddzielnie)

Wyniki tego etapu badan sklaniajg do refleksji w jakim stopniu biologiczna zmienno$¢
wewnatrzgatunkowa, ktora obejmuje réznice w tempie starzenia, odpornosci na stres
oksydacyjny i mechanizmach naprawy DNA moze modyfikowa¢ odpowiedz na czynniki
modulujace aktywno$¢ sirtuin. Wskazano, ze odpowiedz ta mogla by¢ zalezna od stadium
rozwojowego, linii hodowlanej, a obserwowane zmiany nie miat charakteru
jednoznacznego ani trwalego. Moze to wynika¢ z faktu, ze aktywno$¢ sirtuin jest
precyzyjnie regulowana 1 ujawnia wyrazniejsze roznice dopiero w okreslonych
warunkach fizjologicznych, co moze sugerowac, ze ich aktywno$¢ istotnie zmienia si¢
dopiero w warunkach intensywnego stresu lub powaznych uszkodzen DNA, czyli
warunki, ktérych najprawdopodobniej nie zostaly wywotane przez zastosowane stezenia
RV i NDs (Imai & Guarente, 2014; Zigtara-Krzyk i in., 2026a). Obserwacje te sa spojne
z wczesniejszymi doniesieniami, wskazujacymi na zalezno$¢ aktywnoS$ci sirtuin od
poziomu stresu oksydacyjnego, gdzie tagodny stres oksydacyjny moze dziatac
stymulujaco na sirtuiny jako mechanizm ochronny, natomiast intensywne uszkodzenia
prowadza do dysfunkcji tych enzymow (Santos i in., 2016; Webster i in., 2012).
Szczegolnie interesujaca byla obserwacja dotyczaca SIRT6, gdzie wzrost jej
aktywnosci postgpowat z wiekiem niezaleznie od linii 1 stosowanych substancji. To
sugeruje zwigzek tego enzymu ze zmianami towarzyszacymi starzeniu. Jest to zgodne
z jego opisywang rolag w utrzymaniu stabilno$ci genomu u starzejacych si¢ organizmow
w badaniach na myszach z deficytem tego enzymu (Mao i in., 2011; Mostoslavsky i in.,
2006). Podobnie u Drosophila melanogaster, gdzie nadekspresja dSirt6 wydtuzata zycie
1 wzmacniata odporno$¢ na stres oksydacyjny (Taylor 1 in., 2022). Stabilno$¢ aktywnosci
SIRT1 w czasie, przy braku wyraznego zwiazku z wiekiem, jest z kolei spdjna
z obserwacjami w modelach owadzich, gdzie zmiany aktywnos$ci tego enzymu zalezaly

bardziej od warunkow zewnetrznych niz od stanu fizjologicznego (Banerjee i in., 2012).
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Badania na C. elegans i Drosophila wskazuja ponadto, ze sam wzrost aktywnosci sirtuin
nie przektada si¢ automatycznie na wydluzenie Zycia bez towarzyszacych mu zmian
metabolicznych (Burnett i in., 2011). Uzyskane wyniki zdaja si¢ potwierdzaé te
interpretacje. Brak spdjnego i jednoznacznego profilu zmian aktywnosci SIRT1 i SIRT6
pomimo wieloletniej selekcji na dlugowieczno$¢ sktania do wniosku, ze ich udziat
w mechanizmach wydluzonego zycia moze by¢ ograniczony w modelu opartym na
opoznieniu reprodukcji (Banerjee 1 in., 2012; Flasz i1 in., 2021). Takie ujecie moze
uzupetnia¢ teori¢ ,,disposable soma” (pol. teoria jednorazowego ciata lub teoria
jednorazowej somy), sugerujac, ze nie wszystkie molekularne mechanizmy utrzymania
soma s3 modyfikowane w toku selekcji ewolucyjnej lub hodowlanej (Kirkwood &
Holliday, 1979).

Efekt RV na aktywnos¢ sirtuin obserwowano jedynie w wybranych grupach, co
pozostaje zgodne z doniesieniami z innych modeli owadzich, gdzie wplyw RV na dlugos¢
zycia byt silnie zalezny od kompozycji diety i ptci (Bass iin., 2007). Efekt RV jest zalezny
zardbwno od dawki, jak i1 czasu suplementacji, co moze thumaczy¢ jego niejednolite
dzialanie w dlugoterminowych zastosowaniach (Mansouri i in., 2025). Interpretacje
utrudniajg tez opisane w literaturze wiasciwosci RV w postaci dziatania pro-
1 antyoksydacyjnego zaleznego od warunkow ekspozycji (Salehi i in., 2018; L.-X. Zhang
11in., 2021). Wzrost aktywnosci sirtuin w larwach eksponowanych na NDs byt natomiast
interpretowany jako krotkotrwata odpowiedZ na tagodny stres indukowany
nanoczastkami (Mytych 1 in., 2016), analogiczna do efektow opisanych przez
Augustyniak 1 wsp. (Augustyniak 1 in., 2023), ktorzy wykazali, Zze reakcje na NDs sg
zalezne od linii 1 wieku i nie zawsze tworzg spojny wzorzec.

Selektywne korelacje miedzy aktywno$cig SOD a SIRT1 (korelacja dodatnia)
1 SIRT6 (korelacja ujemna) oraz migdzy catkowita aktywnoscig SIRT a yH2A.X
(korelacja ujemna) sugerowaly czg¢sciowe polaczenie aktywno$ci sirtuin z obrong
antyoksydacyjng 1 sygnalizacjag uszkodzen DNA, ale bez jednolitego wzorca
obejmujacego wszystkie badane parametry. Wskazuje to, ze ewentualne dziatanie
modulacyjne RV i NDs odbywa si¢ raczej poprzez regulacj¢ sygnalowa niz catkowita

zmiang aktywnoS$ci enzymatycznej (Zigtara-Krzyk 1 in., 2026a).
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Etap IV - Eksperyment II (RV + NDs podawane lacznie)

Potaczenie resweratrolu z nanodiamentami wynikato z dwoch przestanek. Po pierwsze,
resweratrol cechuje si¢ niska biodostepnoscig i krotkim czasem utrzymywania si¢
W organizmie, co ogranicza jego potencjat biologiczny (Penalva i in., 2018; Salla 1 in.,
2024; Yang i in., 2020). Po drugie, oba czynniki stosowane oddzielnie wywotuja
odmienne, a niekiedy nawet przeciwne efekty, co sugeruje, ze ich jednoczesne
zastosowanie moze prowadzi¢ do uzyskania jakosciowo innej odpowiedzi niz prosta
suma ich dziatania (Zigtara i in., 2024; Zi¢tara-Krzyk i in., 2026a).

W  kontek$cie interpretacji wynikow biologicznych zasadne wydalo si¢
potwierdzenie fizykochemicznej interakcji RV z powierzchnia NDs. W tym celu
zastosowano szereg niezaleznych technik analitycznych: TEM, EDS, DLS, pomiar
potencjatu zeta, spektroskopi¢ UV-Vis i Ramana. Zmiana morfologii agregatow
w kierunku bardziej zwartych struktur, obnizenie potencjalu zeta przy zachowanej
srednicy hydrodynamicznej oraz obecnos$¢ charakterystycznych pasm w widmie Ramana,
interpretowanych jako mozliwe $lady adsorpcji RV na powierzchni rdzenia
diamentowego, wskazuja na wystgpowanie interakcji migdzy RV a NDs
w zastosowanych warunkach eksperymentalnych (Afandi i in., 2018; Bogdanov i in.,
2021; Chen & Jensen, 2023; Ferrari & Robertson, 2004; Korepanov i in., 2017; Liang
iin., 2021).

Brak wyraznego wplywu RV+NDs na przezywalno$¢ w szczepie H jest zgodny
z obserwacjami wskazujgcymi, ze oddziatywanie resweratrolu na dtugos¢ zycia zalezy
od genotypu, warunkéw Srodowiskowych oraz wieku organizmu (Staats 1 in., 2018; C.
Wang i in., 2013). Doniesienia dotyczace uktadow nanonosnikowych wskazuja, ze cho¢
moga one poprawiaé biodostepnos¢ zwigzkow bioaktywnych, efekty in vivo nie zawsze
przekladaja si¢ na zmiany przezywalnosci, lecz czg$ciej manifestujg si¢ na poziomie
procesOw molekularnych (Kermanizadeh i in., 2018; Penalva 1 in., 2018; Y. Song 1 in.,
2024). W przypadku szczepu D zaobserwowano natomiast réznice w przebiegu krzywych
przezycia, w tym wydtuzenie maksymalnej dtugosci zycia w grupie RV+NDs (przy braku
istotnych zmian mediany przezycia), co moze sugerowac zalezno$¢ odpowiedzi od
uwarunkowan genetycznych organizmu (Burgess, 2011).

Trwaty wzrost catkowitej aktywnosci sirtuin w szczepie D, nieobserwowany przy
RV 1 NDs stosowanych oddzielnie (Zigtara-Krzyk i in., 2026a), wskazuje na to, ze

jednoczesne podanie obu substancji moze prowadzi¢ do odmiennej regulacji aktywnos$ci
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sirtuin, a nie do prostego wzmocnienia efektow kazdej z nich. Efekt ten nie byt jednak
zwigzany z jednoznaczng aktywacja SIRT1 ani SIRT6, co moze sugerowac udziat innych
izoform sirtuin. Biorgc pod uwage, ze catkowita aktywnos¢ SIRT odzwierciedla tagczny
udziat réznych izoform oraz zalezy od dostepnosci NAD*, obserwowany wzrost moze
wynika¢ z posredniej regulacji aktywnosci catej rodziny sirtuin, a nie selektywnej
aktywacji pojedynczych enzyméw. Cytoplazmatyczne i mitochondrialne sirtuiny (SIRT2,
SIRT3, SIRT4 1 SIRTS) uczestnicza w komorkowej odpowiedzi na stres i1 regulacji
metabolicznej (Krekora 1 in., 2025; Sarikhani 1 in., 2018), a w modelach bezkrggowcow
mitochondrialne sirtuiny biorg udziat w regulacji oksydacyjnego metabolizmu i usuwaniu
ROS (Lombard i in., 2011; L. Zhao i in., 2020).

Aktywacja markerow odpowiedzi na uszkodzenia DNA (pATM, yH2A.X
1 DSBs), szczegdlnie widoczna we wczesnej dorostosci szczepu D, mozna interpretowac
w kontekscie opisywanych w literaturze powigzan miedzy szlakiem DDR a regulacja
sirtuin. Wykazano, ze aktywacja ATM moze wptywaé na aktywnos$¢ SIRT1, a sirtuiny,
takie jak SIRT6 1 SIRT7, uczestnicza w regulacji odpowiedzi na uszkodzenia DNA
(Dobbin 1 in., 2013; Rizzo i in., 2017; Tang i in., 2019). Jednak w przeprowadzonym
badaniu nie stwierdzono istotnych korelacji miedzy aktywnoscia sirtuin a markerami
uszkodzen DNA, co wskazuje, ze obserwowane zmiany mogg zachodzi¢ niezaleznie od
siebie. Brak narastania tych efektow w kolejnych punktach pomiarowych sugeruje
ponadto, ze odpowiedZ ta ma charakter przejsciowy lub adaptacyjny, a nie progresywny
(Zigtara-Krzyk 1 in., 2026a).

Odnosnie do SIRT6, Kanfi 1 wsp. wykazali, ze jej aktywnos$¢ u myszy zalezy od
kontekstu fizjologicznego i wieku, a nadekspresja nie prowadzi do liniowych efektow
wydtuzania zycia (Kanfi i in., 2012). Zhao 1 Wu potwierdzili t¢ zalezno§¢ w modelu
chondrocytow, gdzie aktywnos$¢ SIRT6 zmieniata si¢ wraz z postepem starzenia (H. Zhao
& Wu, 2025). W modelu Drosophila melanogaster wykazano natomiast, ze nadekspresja
dSirt6 moze wydtuzaé zycie 1 zwigksza¢ odpornos¢ na stres oksydacyjny (Taylor 1 in.,
2022). W tym konteks$cie brak wyraznych zmian aktywnos$ci SIRT6 w stadium larwalnym
1 we wezesnej dorostosci w przeprowadzonych badaniach moze wskazywac na zalezno$¢

funkcji tego enzymu od etapu rozwoju lub warunkéw fizjologicznych.
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Podsumowanie

Przeprowadzone badania pozwolity na kompleksowa oceng roli sirtuin oraz ich modulacji
przez resweratrol, nanodiamenty oraz ich kombinacj¢ w regulacji proceséw starzenia
u Acheta domesticus. Uzyskane wyniki nie potwierdzajg w pelni zalozenia, ze aktywnos$¢
sirtuin stanowi kluczowy czynnik determinujacy dhugos¢ zycia w tym modelu. Pomimo
obserwowanych réznic pomigdzy linig dzika (H) a linig selekcjonowana pod katem
dtugowiecznosci (D), nie mialy one charakteru jednoznacznego ani trwatego, co
wskazuje, ze zwigkszona dilugos¢ zycia nie wynika bezposrednio z podwyzszonej
aktywnos$ci badanych izoform (SIRT1 i SIRT6). Tym samym hipoteza zaktadajaca brak
istotnej zalezno$ci pomigdzy aktywnoS$cig sirtuin a dtugowieczno$cig u 4. domesticus
z linii selekcjonowanej (Hi.0) moze by¢ przyjeta.

Wykazano, ze zaréwno resweratrol, jak i nanodiamenty stosowane oddzielnie
wplywaja na badane parametry biologiczne, jednak ich dziatanie ma charakter zalezny od
przynaleznosci do linii oraz stadium rozwojowego. Obserwowane zmiany w aktywnosci
sirtuin, parametrach stresu oksydacyjnego oraz markerach uszkodzen DNA czesto byty
istotne statystycznie i czesto wspotwystepowaty, jednak ich kierunek i intensywnos$¢ nie
byly stale. Wskazuje to, ze odpowiedz organizmu ma charakter dynamiczny
1 kontekstowy, a nie liniowy 1 przewidywalny. W tym ujeciu odrzucono hipoteze Hz.o,
natomiast hipoteza Hz.1 znalazla potwierdzenie.

Istotnym elementem pracy byla ocena wptywu NDs oraz ich jednoczesnego
zastosowania z RV. Uzyskane wyniki wskazuja, ze kombinacja RV 1 NDs nie prowadzi
do prostego sumowania efektow obserwowanych dla pojedynczych czynnikéw, lecz
generuje jakosciowo odmienng odpowiedz biologiczng. Szczeg6dlnie widoczne byto to na
poziomie odpowiedzi molekularnej, gdzie zmiany miaty charakter zalezny od wieku oraz
uwarunkowan wewngetrznych organizmu. Tym samym odrzucono hipotez¢ o braku
wptywu NDs na dziatanie RV (Hso), potwierdzajac jednoczes$nie, ze ich obecnos¢
modyfikuje odpowiedz biologiczng (Hsz.1). Obserwowane zmiany w markerach
uszkodzen DNA wskazujg rowniez na potencjalne obcigzenie komérkowe, jednak brak
ich narastania w czasie sugeruje raczej uruchomienie mechanizméw adaptacyjnych niz
jednoznacznie toksyczny efekt ich dziatania (H3.).

Analiza parametréw komorkowych wykazata ponadto, ze zmiany w stresie
oksydacyjnym, aktywno$ci enzymdéw antyoksydacyjnych, markerach uszkodzen DNA

oraz aktywno$cig sirtuin wykazuja istotne wspotzaleznosci, jednak relacje te nie maja
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charakteru jednoznacznego ani uniwersalnego. Relacje te zmienialy si¢ w zaleznos$ci od
linii 1 stadium rozwojowego, co wskazuje na ich dynamiczny charakter (Ha4.).

Cho¢ droga do dlugowiecznos$ci pozostaje nadal nie w petni poznana, uzyskane
wyniki pozwalajg lepiej uchwyci¢ jej przebieg i obra¢ wiasciwy kierunek. Nie prowadzg
one jeszcze do jednoznacznych stwierdzen, lecz wyznaczaja kolejne punkty na tej drodze,
wskazujac kierunek dalszych badan i zawgzajac mozliwe scenariusze interpretacyjne.
Jednoczesnie wyniki niniejszej pracy podkreslajg istotng potrzebe badan nad
bezpieczenstwem stosowania zwigzkow bioaktywnych oraz nanomaterialéw, zarowno
w ujeciu pojedynczym, jak i w formie ich kombinacji. Efekty takich interakcji nie moga
by¢ przewidywane na podstawie dziatania pojedynczych czynnikéw. Uzyskane wyniki
stanowig wklad w rozwoj badan nad mechanizmami starzenia oraz bezpieczenstwem
stosowania nanomateriatdow w uktadach biologicznych. Roéwnocze$nie wskazuja na

zasadno$¢ rozszerzenia badan na inne modele biologiczne.
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Abstract: The sirtuin system consists of seven highly conserved regulatory enzymes responsible
for metabolism, antioxidant protection, and cell cycle regulation. The great interest in sirtuinsis
associated with the potential impact on life extension. This article summarizes the |latest research on
the activity of sirtuinsand their rolein the aging process. The effects of compounds that modulate the
activity of sirtuins were discussed, and in numerous studies, their effectiveness was demonstrated.
Attention was paid to the role of a caloric restriction and the risks associated with the influence of
careless sirtuin modulation on the organism. It has been shown that low modulators’ bioavailabil-
ity/ retention timeis acrucial problem for optimal regulation of the studied pathways. Therefore,
adetailed understanding of the modulator structure and potential reactivity with sirtuinsin silico
studies should precede in vitro and in vivo experiments. The latest achievements in nanobiotech-
nology make it possible to create promising molecules, but many of them remain in the sphere
of plans and concepts. It seems that solving the mystery of longevity will have to wait for new
scientific discoveries.

Keywords: sirtuins; longevity; modulators

1. Introduction

Sirtuins are a group of proteins regulating many physiological functions and life
processes. They have become an essential factor in research focused on aging processes as
the deletion in the Sir-2 gene, which is responsible for the expression of sirtuins, results
in areduced lifespan of Saccharomyces cerevisiae[1]. With high probability, they may be
one of the many missing elements on the way to longevity, significantly since the activity
of individual sirtuinsin cells characteristically decreases with age [2,3]. Geneticist Amar
Klar first described sirtuinsin the 1970s by discovering the Sir-2 (Yeast Silent Information
Regulators Il, SIR2) gene in Saccharomyces cerevisiaecells. Still, re-search indicating their
potential impact on longevity was carried out about 20 years later, in 1991, by Leonard P.
Guarante[4,5]. In 1999, by adding SIR2 to the DNA, it was possible to extend thereplication
life of yeast compared to the wild line. It was also confirmed two years later, extending
thelife cycle of worms. In 2003, David Sinclair showed that the activity of sirtuins could
be modified by other substances, for example, resveratrol. A year later, they showed the
connection of SIRT1 with FOXO proteins and proved their neuroprotective effect [6-8].
In the following years, there was further re-search on sirtuins, compounds modulating
their activity, bioavailability, and their connection with metabolic functions (Figure 1). The
focus was on classifying them and analyzing the mechanisms of their impact on various
organisms, which, according to many scientists, may be crucial in determining them as
regulators of aging [9—11].
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Figure 1. Timeline of sirtuin history [4-11].

2. General Characteristics of Sirtuins: Classification, Structure, and Localization

Sirtuins are NAD+ cofactor-dependent histone deacetylases (class |[I-HDAC). Seven
mammalian sirtuins have been identified so far (SIRT1 to SIRT7) [4,12]. The catalytic
domain of the NAD+ sirtuins contains 258 amino acid residues on average (the shortest is
attributed to SIRT6 of 239 amino acid residues, while the longest is to SIRT2-275 amino acid
residues composing) [13,14]. They occur in both bacteria and complex organisms[15] and
take part in many processes regulating biological functions (cell cycle, cellular metabolism,
genome homeostasis) [4,16—18]. It is considered that sirtuins can prevent DNA damage,
the formation of cancer cells, and inflammatory reactions. They play a crucial rolein the
antioxidant defense [19,20]. In the human body, sirtuins are present in many different
organs. From thelevel of the liver and kidneys, they can beinvolved in reducing stress
and inflammatory reactions [21,22] because they have a uniquerolein the production of
cytokines[18]. Assigning individual types of sirtuins to organismsisdifficult since data
on their presence in specific species are unclear or incomplete and constantly updated.
Bioinformatics analysis and spatial visualization of the sirtuin particle show that a sirtuin’s
N- and C-terminal regions may be unique within a species. Thus, the catalytic activity
and dynamics may differ in unrelated species [23,24]. The current classification of sirtuins
depends on the sirtuin location in the cell and is still updated through new research.
Three main localization sites have been determined: cytoplasm, mitochondrion, and cell
nuclei (Figure 2) [18].

Nuclear sirtuins are histone-modifying deacetylases and are responsible for gene
expression. These include SIRT1, SIRT6, and SIRT7, but there are reports of SIRT2 and
SIRT3 that can migrate between organelles. Their mission is to determine in the cell
when aging will begin [18,25], and probably have cytoprotective activity [26]. In turn,
mitochondrial sirtuins are also called imported mitochondrial sirtuins (mtSIRT) with an N-
terminal sequence[27]. Mitochondrial sirtuinsinclude: SIRT3, SIRT4 and SIRT5. Regulation
of their function occurs in post-translational modification of substrate proteins through
deacetylation, demalonylation, lipoamidation, and poly ADP-ribosylation [12]. They can
modify and regulate oxidative stressin cells and reduce reactive oxygen species directly
in the organism [28,29]. Mitochondrial sirtuins reduced expression may contribute to the
disturbance of the body’s homeostasis, ultimately leading to the formation of pathologies
and diseases related to the aging process, mainly affecting organs such as skeletal muscles,
liver, pancreas, heart, or bones [25,30,31]. Cytoplasmic sirtuins coordinate the processes
associated with cell apoptosis and DNA repair [32]. Sirtuin 2, deacetylating a-tubulin,
is mainly located in the cytosol [33]. Sirtuin 1, on the other hand, is most found in the
cell nucleus but can migrate and be present in the cytoplasm [34,35]. It regulates the
activity of proteins responsible for chromatin structure, holds the cell cyde, and maintains
homeostasis[36]. Explicit determination and understanding of the biological role of sirtuins
are difficult due to their function in many biochemical pathways and the lack of inhibitors
directed against specific types of sirtuins. Current studies are based on presumptions,
defining newly discovered compounds as potential or promising activators [37,38].
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Figure 2. Intracellular localization of mammalian sirtuins [2,34,39-43].

2.1, Sirtuin 1 (SIRT1)

Sirtuin 1isthehuman homolog to Sir2, derived from Saccharomyces cerevisiae(yeast) [39].
It islocalized in the cell nucleus, but numerous reportsin theliterature about its occurrence
in the cytoplasm [4]. It is the best-tested and well-known sirtuin so far [40]. SIRT1 affects
insulin secretion from pancreatic beta cells, oxidation, fatty acid synthaseinduction, tran-
scriptional activity, and deacetylation of histones and non-histone proteins [41-43]. It may
inhibit inflammation, produce pro-inflammatory cytokines, have anti-apoptotic effects, and
increase resistance to cellular stress. Moreover, it inhibits the p53 protein [44,45] and helps
to maintain organellesintegrity (peroxisomes and mitochondria) [46].

2.2, Sirtuin 2 (SIRT2)

Sirtuin 2 plays an essential rolein oxidative stress protection, reducing its intensity
through the deacetylation of FOXO and Nrf2 transcription factor [17,47]. It interacts with
the protein p53, histone H4 lysine 16, and a-tubulin [48] and acts as a mitotic checkpoint
protein that preventsthe formation of hyperploid cellsin early metaphase[49]. SIRT2isalso
an epigenetic regulator because its dysregulation affects tumor progression (its expression
isreduced in reproductive, urinary, or digestive systems cancer) [50,51]. Park et al. (2021)
showed that SIRT2 has functions in lipid metabolism in mice, activating hepatocytes
and hepatic stellate cells [52]. Furthermore, it is associated with cell proliferation and
neurological disorders [53]. Jeong and Cho (2017) state that SIRT2 can regulate neuronal
differentiation through the deacetylation of a-tubulin but the mechanisms of this process
are not clarified [54].

2.3. Sirtuin 3 (SIRT3)

The primary location of sirtuin 3 is the mitochondria. However, it can migrate to
the cell nucleus or cytoplasm [55]. It regulates lysine acetylation in mitochondria [56]. In
humans, it affects the stabilization of heterochromatin and cytosol [25,57]. Some studies
indicate that it appears in the mitochondrion only due to cellular stress, moving there
from the cell nucleus [58]. Sirtuin 3 activates the mitochondrial genes PGC-1a and UCP-1,
which suggests its essential rolein thermogenesis [59]. It is associated with the longevity
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gene in men [60] and may prevent bone loss in mice by regulating E11/ gp38 [61]. Ac-
cording to Liu et al. (2022), SIRT3 activation might reduce the anti-inflammatory effect
by weakening NF-kB signaling [62]. SIRT3 is akind of mitochondrial protector that can
prevent cardiovascular diseases because it participates in their metabolism and dynamics
by regulating the acetylation of mitochondrial proteins [63]. Its connection to cardiovas-
cular diseases was also demonstrated by Liu et al. (2021) in studies on the development
and regression of atherosclerosis. SIRT3 participating in acyl modifications maintains
mitochondrial homeostasis and prevents vasculitis. However, thereis scarce information
about its use as a therapeutic against atherosclerotic lesions, which suggests the need for
further research [64].

2.4, Sirtuin 4 (SIRT4)

Jaiswal et al. (2022) reported that SIRT4 is localized only in the mitochondrial ma-
trix [57]. It isknown that duetoits location, it does not participate directly in DNA repair,
but it shows strong enzymatic activity against oxidative stress generated during cellular
respiration. It can protect the genome indirectly by lowering glutamate dehydrogenase
activity and arresting the cell cycle. It participates in mitochondrial ATP homeostasis and,
with other sirtuins, in stem cell differentiation [57]. Aside from its mitochondrial role,
further enzymatic activity is puzzling.

Studies indicate its function in the oxidation of fatty acidsin the muscles and liver
and regulating insulin secretion. It probably also plays the role of a mitochondrial tumor
suppressor [65]. SIRT4 is little known and described in vertebrates [66,67]. He et al. (2022)
suggested that it may inhibit doxorubicin (DOX)-induced cardiotoxicity by regulating the
AKT/ mTOR/ autophagy pathway [68] or prevent therelease of pro-inflammatory cytokines
IL-1B, TNF-a and IL-6 [69].

2.5. Sirtuin 5 (SIRT5)

SIRT5 is classified as mitochondrial and regulates metabolic pathways such as the
Krebs and fatty acid cycles. Probably SIRT5 polymorphismsresult in shortened human
lifespan [28]. Srtuin 5 affects brown adipose tissue activity asit can regulate mitochondrial
respiration and protein kinase activity after treatment with the sirtuin inhibitor M C3482[70].
It can catalyze deglutarylation, demalonylation, and desuccinylation reactions while ex-
hibiting low deacetylation activity [37,71]. Jung et al. (2022) showed the influence of SIRT5
on mitochondrial respiration, and the TNF-a factor induces its expression, contributing to
the delaying of the aging process [72].

2.6, Sirtuin 6 (SIRT6)

Sirtuin 6 has broad molecular functions and is a critical factor in the aging process due
toitsincreased activity in the cell [73]. It is most often found in the cell nucleus. However,
there are many reports of its occurrence in the cytosol [25]. It is related to glucose and
lipid metabolism in theliver and pancreas via FoxO1 [74]. Research conducted on SIRT6
afew years earlier indicated its genetic instability, and some studies even proved that it
caused premature aging processes. SIRT62/ 2 mice die prematurely and exhibit severe
defects such as lymphopenia, loss of subcutaneous fat, reduced bone mineral density,
and impaired glucose homeostasis. These are similar pathologies to those occurring in
seniors [75]. Then, it was shown how its overexpression affects the extension of the life of
mice[3]. According to Carreno et al. (2020), age-related diseases may lead to oxidative DNA
damage. Sirtuin 6 may prevent these processes while stabilizing the genome and serving as
adiagnostic biomarker [76,77]. SIRT6 has become one of the leading research subjects, thus
diverting attention from SIRT 1 due to its more significant therapeutic potential, especially
in neurodegenerative diseases [2].
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2.7. Sirtuin 7 (SIRT7)

It is the only sirtuin located in the nucleolus, is involved in stress response and
ribosome biogenesis, and is the least described among the sirtuins [78]. Srtuin 7 interacts
with RNA polymerase (Pol 1) and histones to regulate rDNA transcription (transcript
elongation). Its inhibition induces a decrease in transcription, stops cell proliferation,
and initiates apoptosis [79]. Presumably, it may also inhibit cell apoptosis under stress
conditions (e.g., hypoxia) [78]. According to Li et al. (2022), sirtuin 7 may inhibit the NF-kB
signaling pathway, activated after entering an external factor into the body, resulting in
the inhibition of inflammation caused by inflammation lipopolysaccharides [80]. SIRT7
activity is associated with the pathology of the cardiovascular system in the form of heart
failure, atherosclerotic changes, and myocardial hypertrophy, thusis considered a potential
therapeutic target against cardiovascular and kidney diseases [81,82]. There have also been
reports that it may affect mitochondrial activity [83].

2.8. Sirtuin 8—Myth or Fact?

There are few reports on the discovery of SIRT8 expression. Sun et al. reported
its activity in thyroid cancer, which was later contradicted by classifying this sirtuin as
SIRT7 [84]. Other studies on the Locusta migratoriagenome showed that this species has
a higher amount of enzymes affecting the modification of histones compared to other
insects and indicated the presence of a gene similar to SIRT3 in mammals (regulation of
mitochondrial fatty acid oxidation). It was proposed to create a new subfamily for SIR2-
Sirt8, but from the experiment until 2022, no new classification wasrecorded due to the
lack of subsequent independent analyses [85].

2.9. Sirtuinsand Invertebrates

Sirtuins are mainly described in vertebrates, where mice (Mus musculus) are a signif-
icant research object. So far, it has not been possible to identify sirtuinsin invertebrates
fully, and the information, sometimes contradictory, relates only to selected species. It
was found that insect sirtuins are significantly different from mammalian ones. Research
conducted on Caenorhabditis elegans confirmed the presence of the SIR2 (Sir-2.1) ortholog,
which increases the viability of individuals by aimost 50%. It depends on the transcription
factor Daf-16 and isregulated in the insulin/ IGF-1 pathway [86]. Other results concern
Drosophila melanogaster. 1t has been described that the dSir2 gene does not play a significant
role in the viability of individuals but is only a regulator of heterochromatin formation.
Individuals with a mutation in the dSir-2 gene are not characterized by a shorter life
cycle like it isin worms [87]. Shukla et al. (2022) proved that the SIRT6 protein in D.
melanogaster can potentially slow down larval development [88]. Other studies on this
species have shown that SIRT4 has a regulatory effect on oxidative metabolism and may
promote longevity. Overexpression of SIRT2in muscles and neurons enables restoration of
exercise capacity in Drosophilawith mitochondrial dysfunction [89-92]. Wang et al. (2021)
identified in Ruditapes philippinarum five types of sirtuins: SIRT1, SIRT2, SIRT4, SIRT6, and
SIRT7, the expression of which depends on the developmental stage of theindividual and
environmental conditions. They play a role in restoring homeostasis after exposure of
individuals to air [15]. Zhang et al. (2022) showed that in Bombyx mori (silkworm), SIRT2
and SIRT5 could enhance antiviral immunity, and the SIRT5 inhibitor (suramin) promotes
nucleopolyhedrovirus replication [93]. Three years earlier, in 2019, Brent et al. reported
inhibition of arbovirus genetic replication in adult flies treated with SIRT1 and SIRT2
inhibitors, which may contribute to a more efficient fight against diseases transmitted by
forceps and mosquitoes (yellow fever, denguefever, West Nilefever) [94]. In turn, May et al.
(2021) presume that sirtuins play a role in regulating heat shock in Mytilus californianus
(Conrad). However, determining the role of specific sirtuins in regulating this process
requires more precise and targeted research [95].
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3. Enzymatic Activity

Due to the complicated mechanism and many correlations, the enzymatic functions
of sirtuins have not yet been summarized. Existing studies on sirtuin activity across
species are inconsistent. The mechanism of stimulation and inhibition of specific sirtuins
isstill not fully understood, which makes it challenging to create the activators that must
be matched to a particular sirtuin/ substrate pair. It is known that sirtuins, as class |11
HDACs require the NAD+ cofactor to catalyze the deacetylation of substrate proteins.
The reaction proceeds to produce a deacetylated protein product in the form of nicoti-
namide and O-acetyl-ADP-ribose, which is afunctional difference compared to class | and
class Il HDACs [96].

Modulating repair pathways for which sirtuins are responsible occurs through the
deacetylation of repair factors, which changes the availability and cohesion of chro-
matin [58]. For example, SIRT1 directly affects histone deacetylation by structural re-
modeling chromatin and silencing the transcription process [58]. According to Sun et al.
(2022), inhibition of sirtuin 1 may additionally regulate the deacetylation reaction in mi-
tochondria, although many targets of SIRT1 action have primarily been identified as
nuclear [97]. Srtuins serve as a catalyst in lysine deacetylation reactions that require NAD+
as a co-substrate [98]. Srtuins, as NAD+-dependent deacetylases, can remove various acyl
groups from acylated lysinesin histones and non-histone proteins. They areinvolved in
the activity of transferases. The catalytic mechanisms of sirtuins are not fully known and
described. However, studies indicate their catalytic potential in the case of ADP-ribose
transfer to the acceptor medium [99]. Moreover, sirtuins are activated during malnutrition.
In a caloric restriction/ starvation, all sirtuin isoforms are activated (Figure 3) due to the
increased activity of the electron transport chain (respiratory chain), which leads to an
increasein theratio of NAD+ to NADH [100].

P L Y
[ 4

£ [ anincreasein the s¢
{1 ratioof NAD+to A
\ 3 NADH

CALORIC
RESTRICTION /7

SIRTUINS
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f
s 1

i} electron transport
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Figure 3. Mechanism of sirtuin activation during caloric restriction [100].

3.1. The Sirtuin Activity in theLight of Exercise Training and Caloric Restriction

Proper metabolism and homeostasis, various environmental factors, physical activity,
and nutrients of consumed food are only selected components affecting the organism’s
condition. Both nutrition and exercise training are thought to delay the aging process
in many species indirectly. Studiesin rats have shown that swimming training inhibits
inflammatory signaling and Fas-dependent apoptotic pathwaysin the hippocampus of the
aging brain. In the group of physically active animals, signaling associated with longevity
(AMPK/ SIRT1/ PGC-1a) increased significantly, asdid the IGF1/ PI3K/ Akt pathway (brain
survival) [101]. Sellitto et al. (2022) recognized exercise training as a natural activator of
SIRT1in humans. A higher level of SSRT1 mRNA characterized middle-distance runners
compared to people leading a sedentary lifestyle. Interestingly, taking dietary supplements
such as vitamin C, vitamin E, and mineral salts during training hindered the activation of
SIRT1 by physical exercise[102]. Physical activity stimulates the expression of SIRT1 and
SIRT3 in skeletal muscles by regulating oxidative metabolism (MnSOD, FOXO3a), mito-
chondrial biogenesis, and enhancing ATP production [103]. Edget et al. (2016) explained
that single workouts do not cause genetic expression of SIRT3, to increase the amount of



Int. d Mdl. Sdi. 2023, 24,728

ROZPRAWA DOKTORSKA | Patrycja Zietara-Krzyk

7 of 33

protein, effort must be a repeated stimulus [104]. In addition, the expression of sirtuins
in skeletal muscle depends on the type of exercise. Increased AMPK phosphorylation via
high-intensity interval training activates SIRT1 increasing PGC-1a. In turn, regular aerobic
exercise in people leading a sedentary lifestyle stimulates SIRT3, increases the activity
of COX, B-hydroxyacyl-CoA dehydrogenase and contributes to the increase of NAMPT,
allowing the synthesis of the sirtuin substrate-N AD+ [105,106].

Thefirst information about the caloricrestriction and its positive impact on an organ-
ism date back to the 20th century. Crucial was caloric restriction without malnutrition [107].
Maldonado et al. (2021) described calorie restriction as the most effective method of delay-
ing the onset of many age-related diseases. Short-term caloric restriction after switching
from standard nutrition in mice contributes to increased expression of all seven sirtuin
proteins [108]. Furthermore, caloric restriction reduces telomere erosion in various mouse
tissues (leukocytes, lungs, kidneys, muscles) observed with overexpression of telomerase
reverse transcriptase (TERT) [109]. It has been established that increasing the activity of
SIRT1in combination with other sirtuins stabilizestelomeres and alleviatestelomere-related
disorders [110]. Increased expression of SIRT1 was also observed in mice switched to a
20% reduced calorie diet after an initial overfeeding period. Caloric restriction reduced
hepatic steatosis, decreased superoxide anion levels, and increased catalase and superoxide
dismutase protein expression [111]. In addition, it was proved that the energy supply at
thelevel of 70% of the demand increased the expression of SIRT3in theliver, muscles, and
adipose tissue of obese rats [112]. Being overweight significantly contributes to the forma-
tion of acuteinflammation and oxidative stress in the organism [113]. SIRT2 is essential for
the protective effect of caloricrestriction against high-fat diet-induced cancer [114]. SIRT1
and SIRT2 expression also increase after reducing the proportion of simple sugarsin the
diet. Their expression isreduced in type 1 and 2 diabetes [115]. In turn, a high-fructose diet
causes high levels of glycation products that inhibit SIRT1 expression and impair muscle
performancein mice[116]. A caloricrestriction also reduces the adverse effects of exces-
sively accumulated fatty tissue. Opstad et al. (2022) confirmed a strong correlation between
sirtuins, obesity, and caloricrestriction. They researched obese patients who underwent
bariatric surgery. The gastric bypass procedure resulted in a significant decrease in the
concentration of sirtuin 1in the plasma of the studied patients, where triglycerides and
CRP were determined as the independent variable for the level of SIRT1. Along with the
weight loss, the concentration of SIRT1 in patients decreased, which indicates a significant
reduction of inflammation and oxidative stress[117]. Savastano et al. (2015) also pointed to
the relationship of SIRT4 with obesity. The reduced level in the blood serum in patients
suggests that increasing its activity through the diet may positively reduce the accumula-
tion of adipose tissue [118]. It is assumed that SIRT4 and SIRT1 control insulin secretion
in opposite directions. Therefore, research on their effect on type 1 and type 2 diabetesis
continued [119]. Introducing a specialized diet with caloric restriction and exercise training
as atherapeutic measurerequires a very individual approach. Both diet and sport activate
hormesis. The dose-response relationship for hormetines is not linear, and individual
variability has been found in the Nrf2 nuclear pathway in human studies. Individual
variability can be observed in response to dietary hormetins (bioactive phytochemicals,
peptides, polysaccharides) and exercise of varying intensity [120] For example, reactive
oxygen species, reactive nitrogen species, and reactive lipid species derived from polyun-
saturated fatty acids (PUFA) are formed during low-intensity training [121]. There are also
interactions between enzymes involved in cytokine regulation. Increased production of
antioxidants can cause reductive stress, and some antioxidants have a pro-oxidative effect,
reducing theresponse to physical effort. According to the “mitohormesis” hypothesis, reac-
tive oxygen species (ROS) should be at low levels to produce beneficial effects as signaling
molecules that promote viability. Caloricrestriction and physical effort become a stress for
the cell, which, well-balanced, will cause an appropriate increase in ROS and activation of
Nrf2, improving the redox balance [103,122]. To obtain the desired effects, factors such as
gender, lifestyle, and general condition of the individual must be considered [107].
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3.2. FOXO Proteins and P53 Protein

Forkhead box proteins present in mitochondria may interact with sirtuins and affect
the processes responsible for aging [123]. The proteins belonging to the FoxO family
(forkhead boxO) are transcription factors that play a significant role in the organism at
many levels. Theseinclude four molecules: FOXO1 (FKHR), FOXO3A (FKHRL 1), FOXO4
(AFX1) and FOXOB6. Invertebrates have one FOXO gene, while mammals have four: FOXO1,
FOXO3, FOX04, and FOXO6[124]. Sincethey are expressed in almost every cell of the body,
and many genes encoding FOX proteins have been identified, their biological significanceis
constantly being studied and supplemented with new information. A characteristic feature
of FOX proteins is a specific sequence of 80 to 100 amino acids forming a forkhead box
motif, which can bind to DNA [125].

FoxO proteins regulate cell profiling and differentiation and promote programmed cell
death [126]. They areinvolved in response to oxidative stress and are engaged in glucose
and lipid metabolism. The activity of FoxO proteins is regulated by post-translational
modifications such as phosphorylation, acetylation, and glycosylation. Therefore, changes
in the affinity of FOXO to DNA and modification of the transcriptional activity of the
FoxO function areinvolved not only in the pathogenesis of civilization diseases (diabetes,
cancer) but can also contribute to the life-extending of organisms by activating longevity
genes responsible for the antioxidant’s synthesis or HSP chaperones [127-129]. Longevity-
regulating genesinclude the Forkhead transcription factor FOXO and the NAD-dependent
histone deacetylase, silent information regulator 2 (Sir2). Thus, sirtuins may regulate the
activity of FOXO factors through deacetylation and involvement in DNA damage repair.
Studies have shown that, in a sirtuin-dependent manner, a chronic stressor can prolong the
life of S. cerevisiaeand C. dlegans, and deacetylation of the transcription factor FOXO1a by
sirtuin 1increasesthetranscription of gluconeogenesis genes and activates transcription fac-
torsresponsible for the action of insulin genes[130,131]. SIRT1 also reverses H202-induced
FOXO4 acetylation by inducing the protein GADD45 (DNA damage-induced growth arrest
and a)[132], which isinvolved in cell cycle arrest and DNA repair [133]. In addition, it has
been proven that Sir2 can increase the lifespan of individuals by inhibiting homologous
recombination of ribosomal DNA [1,126]. Oxidative stress, which reduces the efficiency of
cellular repair processes, is managed by deacetylation of FOXO3a via SIRT2[134], SIRT1
and proper regulation of FOXO1, FOXO3, FOX04, and p53 proteins [131]. Deacetylation of
the p53 protein reduces p53-induced apoptosis, and increased p53 expression is responsible
for the symptoms of premature aging in mice [135]. Therefore, the interaction of SIRT1,
FOXO, and p53 seemsto be of interest in the organism’s survival. Mammalian SIRT1 may
bind to FOXO4 and increase its activity by catalyzing acetylation in a NAD-dependent
manner. In response to oxidative stress, FOXO accumulates in the nucleus and induces
the expression of appropriate genes, such as MnSOD or SOD2. FOXO4 activity can be
enhanced by resveratrol or suppressed by a SIRT1 inhibitor, such as nicotinamide. Mecha-
nisms of interaction between sirtuins and forkhead box proteins are complicated. Thus,
they are constantly studied in various experimental models [132,136-139]. Krishnamoorthy
and Vilwanathan (2020) have linked SIRT6 to tumor suppression. Researchers believe
that the p53/ p21 complex mediates the inhibition of lung cancer in humans with simul-
taneous suppression of sirtuin 6, indicating the need for further research [140]. The p53
protein has tumor suppressor features and can promote aging and cell death [141]. It
regulates antioxidant processes by promoting oxidative enzymes and may be associated
with cellular metabolism [142]. Kim et al. (2022) showed a link between SIRT1 and the
promotion of the p53/ p21 complex by lowering acetylation at lysine residues in the C-
terminal lysineresidues of the p53 protein [141]. Igase et al. (2020) also proved that SIRT1
could inhibit its tumor suppressor functions[143] and affect the production of cytokinesin
an organism [144].
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4. M odulators of Sirtuin Activity

Due to the participation of sirtuins in the aging process, determining which com-
pounds have the most effective effect on the modulation of their activity is an urgent
issue [145]. The mutually antagonistic mechanisms of sirtuinsinitiated by proper modu-
lators can prevent many different diseases and thus become a valuable therapeutic agent.
Information on sirtuin activators and inhibitorsis still undear, which has changed and even
become mutually exclusive over the years. The action mechanism of these compounds
isvague, and the different strengths directed against other members of the sirtuin family
show that they do not target only one conserved enzyme [146], making their classification
difficult. For example, suramin, initially considered a synthetic inhibitor of SIRT1, has also
shown inhibition of SIRT5 through virtual screening data. Due to its lack of specificity and
chemical multifunctionality, it is not considered for further research [146,147]. Sirtuins en-
gage in many metabolic pathways, so changing their activity may affect one area positively
but another negatively. For example, inhibiting sirtuin activity by sirtinol causes platelet
aggregation and causes thrombocytopenia, but at the same time may be beneficial in cancer
therapy [148]. Sirtinol, similarly to suramin, acts non-specifically by inhibiting SIRT2 and,
to alesser extent, SIRT1[149].

Studies on the use of sirtuin activatorsfocus on resveratrol (RV), which isfound asa
flavonoid in food and beverages [150-152]. Quercetin and fisetin, as natural polyphenols
structurally similar to RV, also have many health benefits and the ability to activate SIRT1.
Unfortunately, all of them have been shown to havelow bioavailability, which isinsufficient
for clinical use. Moreover, their metabolites may be pharmacologically active [76,153,154].
In recent years, (until 2022), there has been a noticeable increase in interest in synthetic
activators and inhibitors of sirtuins that can support natural modulatorsin action. Several
effective synthetic SIRT1 activators have been developed that mimic the health benefits
of resveratrol (SRT1720, SRT1460, SRT2183) and arein clinical trialsin combination with
other drugs[153].

Gozelle et al. (2022) used compounds based on 5-benzyl-1,3,4-thiadiazole-2-carbox-
amide, obtaining effective sirtuin 2 inhibitors-ST29 and ST30, which may also potentially
support the treatment of cancer [154]. Additionally, Laaroussi et al. (2022) indicated
indole analogs EX-527 as cytotoxic to cancer cells and many times more efficient than
nicotinamide and other mentioned inhibitors [146,148,155]. Table 1 summarizes the latest
sirtuin modulators with effects on selected model species.

Table 1. Summary of studies (from 2017 to 2022) on sirtuin activators and inhibitors (1-7).

Sirtuin Organism M odulator Effect Reference
ACTIVATORS
Human and ginsenosides - promoting mitochondrial biosynthesis;
Drosophila (Panax ginseng - modification of the SIRT1 pathway, neuro- [156]
melanogaster Meyer extract) and cardioprotective effects;
- increased SIRT1and AMPK activity,
resveratrol improved cardiac function in mice; [157]
- reduced expression of parasitic cells;
Sirtuin 1
Mammalian cells - inhibition of the NF-kB/ NLRP3
(Mus musaulus) bitacin E signaling pathway;
cueurbtacin - enhancing the SIRT1/ Nrf2/ HO-1 [158]

glucoside (CuE) . - .
pathway, suppressing oxidative stressin

liver cellsin mice;

- SIRT1increasing activity and [159]

quercetin PKM2 inhibition;
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Table 1. Cont.
Sirtuin Organism M odulator Effect Reference
ACTIVATORS
reducing oxidative stress and reducing
. thelevel of cardiac biomarkers;
Ratt trol g 160]
usnorvegiaus resveratro activation of SIRT1 and protection of heart (160]
cells by reducing hyperlipidemia;
14- activation of SIRT1 in the cells of the
Humans dihydropyridine nucleus pulposus, protection in [161]
(DHP) osteoarthritis of the spine;
Drosophila food nitrites SIRT1and Qactivators, regulation [162]
meanogaster of metabolism;
Sirtuin 2
Human SIRT2 activation through the Prx1 factor
resveratrol ’ 163]
(HepG2 cells) antioxidant effect in the aging process; (163
theacrine . ’ . .
Rettusrattus (1,379-tetramethy- “°2'}‘§'°|‘?”e°," re‘i”‘gms’l‘ %g‘g,ﬂbtf“'_s [164]
luricacid) and fatty liver in rats by ivating;
upregulation of SIRT3, reduction of
Mus musculus dexmedetomidine mitochondrial damage caused by [165]
ischemickidney injury;
Sirtuin 3
cardioprotective effect by increasing the
lin A activity of SIRT3in myocardial cellswhile 166
oroxylin preventing mitochondrial dysfunction in [166]
Human cardiac myocytes;
Retama monosperma upregulation of SIRT3in human HaCaT [167]
(L.) Boiss extract cells, treatment of skin scarring.
upregulation of SIRT4in cells
Sirtuin 4 Mus musculus resveratrol (prolonged exposure), protective effect [168]
against excitotoxicity.
downregulation Of Mir-145-5p expression
dioscin with upregulation of SIRT5 activity; [169]
Sirtuin 5 Mus musculus reduction of oxidative stress;
resveratrol recovery of lcellular metabolism after [170]
subarachnoid hemorrhage.
. . anti-aging effect, upregulating SIRT6 in 171
glicyryzine 24-month-old mice with cranial osteolysis; g
. SIRT6 overexpression, treatment of lung
Sirtuin 6 Mus musculus UBCS039 injury in mice by promoting M2 bone [172]
marrow-derived macrophage;
Gami- lation of SIRT6 path ti
Yukmijihwang- r‘?gh‘!; '°"gsl ! "536 Wat‘yls*tﬁ"e"e" fon [173]
Tang extract of histone ysine 56 acetylations.
Sirtuin 7 Bombyx mori resveratrol upregulation of SIRT7; [174]

activation of the SIRT7-FoxO-GST pathway;
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Table 1. Cont.
Sirtuin Organism M odulator Effect Reference
INHIBITORS
EX-527 mediatesin the p53-SIRT1
Sprague Dawley rats pathway, regulation of germ cell [43]
apoptosis Cr(VI)-induced;
decrease of sirt1 activity, memory
EX-527 impairment in rats, oxidative stress as the [175]
response to prior quercetin stimulation;
) Rattus rattus
Sirtuin 1 SIRT1 may be linked to morphine
addiction in arat model, and itsinhibition [176]
could be a potential therapeutic strategy;
Bone marrow inhibiting the activity of sirtuin 1
callsMus musculus sirtinol enhances the effects of astaxanthin, [177]
antioxidant and anti-inflammatory effects;
inhibition of SIRT1 activity, increased cell
Anser domesticus nicotinamide proliferation in primary hepatocytes, and [178]
involvement in the FoxO1 process.
SIRT1 and 2inhibitorsincreased the
heplatooellular EX-527 & cambiol effectllveness of sorafenib treatment [179]
carcinoma cells targeting HCC cells;
Sirtuin 1&2 reduction of MRP3 and BCRP expression;
colorectal carcinoma R .
HCT 116 (CCL-247) BZD9L1 SIRT1 nad SIRT2inhibitor, anti-cancer [180]
- activity through the p53 pathway;
cell line
Sirtuin 1-3 murine Neur- arekoline (Areca higher ability to inhibit the activity of [181]
oblastoma cell line catechu extract) sirtuins 1-3 than nicotinamide;
) MCF-7h breast thiadiazol new potential SRT2 inhibitors marked as
Sirtuin 2 Cano;r;ele}n“nr:as delnﬁvlaa:iz\?ez ST29 and ST30. ST29 showed antipro- [154]
liferative activity, and ST30 was cytotoxic;
Sirtuin 3 massj‘f;dRrTc’sme“y f’r’l“h‘;'g'r';'t’; SIRT3inhibitor, no additional information; 137
- - . SIRT4 inhibition by homologous
Sirtuin 4 H t d 182]
rwin uman nicotinamide modeling and docking of NAD+; (&2
fluorogenic peptide
substrates and TW-37 slight inhibition of SIRT5 activity; [183]
human sirtuins
Sirtuin 5 4-((4-(4-acetamido-
. phenyl)thiazol-2-yl) strong inhibition of SIRT5 activity,
lecul k X g 184]
molecular docking *;ino)-2-hydroxy- enhanced stability of inhibitors; (18]
benzoic acid
Srtuin 6 articular chond- EX-527 downregulation of SIRT6 with oxidative [185]

rocytes from human

stress formation;
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4.1. Resveratrd—An Antidotefor Aging?

Resveratrol (RSV) (3,54-trihydroksystylben) (Table 2) isanatural chemical compound
of plant origin (phytoalexin). It is most found in the skin and seeds of Vitisviniferagrapes.
It occursin the form of two geometric isomers -cis and -trans, where only the trans isomer
shows biological activity. In red wine, the concentration of resveratrol ranges from 0.1 to
15mg/ L and is 3-10times higher than in white wine[186]. Resveratrol hasabroad, positive
physiological effect, but it remainsin cells for alimited time. Therefore, its effect may not
be sufficient [187]. Due to its nephroprotective effect in diabetes patients, it may reduce the
risk of its occurrence. RV istoxicwhen an inappropriate therapeuticdose is used [188]. It
is noted that resveratrol may inhibit L1-RTP, which in turn isdependent on SIRT1, SIRT6,
and SIRT7. Anincrease in SIRT6 was observed after the use of resveratrol as a therapeutic
agent [189]. RV in miceincreases LK ex vivo and reduces T cell proliferationin vivo and ex
vivo[18]. In addition, itsneuroprotective effect is constantly being assessed. Recent research
shows that it mediates multiple molecular pathways related to aging and central nervous
system function. It contributes to beneficial epigenetic changes that last for generations.
It prevents cognitive impairment and cell neurodegeneration primarily due to its potent
antioxidant properties[190]. In addition to scavenging freeradicals, it modulates synergistic
pathways responsible for anti-inflammatory and anti-apoptotic effects [191]. Demonstrated
reduced neuroinflammatory stress with decreased pro-inflammatory cytokines (TNF-a)
in rats. Moreover, after experimental central nervous system injury, RSV can ameliorate
functional deficits when administered on an ad hoc basis [192]. Studies also indicate the
inhibitory effect of resveratrol on the activity of SIRT1, SIRT3, and SIRT5, depending on
the substrate used [37]. Chou et al. (2022) reported that treatment with resveratrol as a
SIRT1 activator might attenuate kidney aging and inhibit oxidative stress [193]. In mice
with traumatic brain injury, it increased SIRT1 expression, which activated p38 MAPK
phosphorylation and improved their neurological function due to neuronal loss [194].
Yang et al. (2021) noted that resveratrol in mice increased the expression of SIRT1 and
induced DNA repair by regulating NBS1 [195].

4.2. Polydatin—An Improved Resveratra ?

Polydatin (PD) (Table 2), the glycosidic form of resveratrol isolated from Polygonum
cuspidatum is considered more effective because its concentration in plants can be up to
15 times higher than resveratrol. It isfound in wine, grapes, and peanuts [84,196] in two
forms, cis- and trans-. Trans-polydatin is attractive due to its anti-inflammatory and an-
tioxidant properties [197]. It has a protective effect against numerous diseases. Like RV, it
is promising in treating many diseases of the nervous system due to its neuroprotective
effects (Alzheimer’s disease, Parkinson’s disease, brain, and spinal cord injuries, strokes).
The polydatin mechanism works through several pathways Nrf2/ Keap1/ ARE, PI3K/ Akt,
ERK/ MAPK, TLR/ NF-kB/ TNF-a/ ILs or Bax/ Bcl-2/ caspases Oral administration of poly-
datin reduces malondialdehyde (MDA) production and increases antioxidant activity (SOD,
CAT) [198]. Tong et al. 2020 showed an effective reduction in cognitive impairment caused
by chemotherapy. Doxorubicin-induced stress was reduced by activating the NF-kB path-
way and reducing apoptosis [199]. Bao et al. (2022) recognized polydatin as an effective
agent in liver damage by NF-kB signaling [200]. Jin et al. (2022) showed that polydatin
could increase body weight in mice whilereducing insulin resistance [201]. It is considered
a potential therapeutic agent in case of oxidative stress and radiation-induced lung damage
(SIRT 3 activation) [202,203]. Zhang et al. (2017), based on their research and associations
with SIRT3 expression, suggested its use as a drug against diabetic cardiomyopathy [204].
Moreover, by upregulating SIRT1 expression, PD may prevent mitochondrial dysfunction
and stimulate IRT mRNA. Unfortunately, polydatin show pharmacological disadvantages
such as low solubility, low plasma concentration, or rapid chemical degradation, which
makes therapeutic applications difficult [205].
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4.3. Honokid—An Effective Antioxidant

Honokiol (HKL) (Table 2) is a polyphenol extracted from the bark and leaves of
magnolia (Magnolia officinalis). Classified as an antioxidant and is traditionally used in
treating inflammatory diseases [206]. Recent studiesindicate its effectiveness against SARS-
CoV-2 by inhibiting furin activity and blocking the function of S-protein (spike) [207]. Due
to the ability to cross the blood—brain barrier and the blood-cerebrospinal fluid barrier is
characterized by significant bioavailability. Studies on a mouse model by Zhou et al. (2022)
report its effectiveness in the treatment of neurodegenerative diseases and the ability to
improve mitochondrial function and antioxidant properties. It exerts therapeutic effectsin
several neurological diseases, including amyotrophiclateral sclerosis (ALS), in both in vitro
and in vivo models. It improves the viability of N SC-34 motoneuron cells, characterized
by mutated G93A SOD1 proteins, and the morphology of mitochondriain SOD1-G93A
cells. This effect has also been shown in the spinal cord. Moreover, honokiol extended the
lifespan of SOD1-G93A transgenic mice and improved their motor function [208]. Asa
GABA modulator and CB1 agonist, it is being considered for treating mood disorders. In
the treatment of depression and anxiety disorders, it has a selective anxiolytic effect [209].
By SIRT1 expression, HKL modulates endoplasmic reticulum stress and promotes cell
viability [208,210]. HKL applied to lung cancer cells destabilizes Hif-1a, induces apoptosis
and arrests the G1 phase. Its anticancer properties are regulated by the SIRT3/ Hif-1a
pathway [211]. Activating SIRT3 alleviates cardiac cell impairment [212]. Li et al. (2016)
showed its effectiveness in increasing the activity of SIRT3 in the smooth muscles of the
mouse liver and reducing its steatosis [213]. Moreover, the use of honokiol in older mice
stopped boneloss, and the effectiveness was dose-dependent [61].

4.4. Tridosan-Synthetic Sirtuin Activator

Triclosan (TCS) (5-chloro-2-(2,4-dichlorophenoxy )phenol (Table 2) is a synthetic chem-
ical compound with broad bacteriostatic (in higher concentrations also bactericidal), an-
tifungal, and antiviral properties. Due to its properties, it is often used in cosmetics, and
it was overused during the COVID-19 pandemic, which raised concerns about environ-
mental safety because it shows high bioavailability through the skin and oral adminis-
tration [214,215]. Excessive exposure to triclosan may contribute to thyroid homeostasis
disorders, metabolic disorders, cardiotoxicity, and increased cancer risk [215-217]. It has
been proven that triclosan in rodents can impair theimmune response and contribute to
liver diseases. At environmental concentrations, it modulates the transcriptional response
of Nrf2, SIRT1, and SIRT2 in the livers of Gambusia affinisfish, negatively affecting their
antioxidant system [218]. Szychow ski et al. (2022) showed that short and long triclosan
exposure increases the expression of SIRT1 and SIRT3 in neurons of the neural cortex of
mice, which initially increased the level of neurosteroids in the cells, and then, despite
further stimulation of the aryl hydrocarbon receptor (Ahr), caused their significant de-
crease [217,218]. So far, thereis little information in the literature about triclosan and its
effect on sirtuins, which requires further research to explain its action mechanism.

4.5. Cambind—-SIRT 1 and SIRT 2 Inhibitor

Cambinol ((5-((2-hydroxynaphthalen-1-yl)methyl)-6-phenyl-2-thioxo-2,3-dihydropy-
rimidin-4(1H)-one) (Table 2) is a B-naphthol derivative with an anticancer effect, defined
asasirtuin 1 and 2 inhibitor [219,220] because it inhibits NAD-dependant deacetylases
to reduce cell survival under stress. It has anti-inflammatory effects and is involved in
the immune response and metabolic control [221]. Chowdhury et al. (2020) identified
cambinol as cytotoxic against cancer cellsin vitro [222]. Itsinhibition of sirtuins 1 and 2
have been shown to increase p53, FOXO3a, and Ku70 acetylation; however, its effect’s
complete mechanism is unknown [223]. Itsinhibitory effect is related to the simultaneous
inhibition of histone 4 and NAD+ [224]. There are papers on more effective inhibitors
than cambinol and better selectivity for SIRT 1 and 2, but further studies in this area
arerequired [225].
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4.6. EX-527—A Precursor of Modern Sirtuin Inhibitors

EX-527 (6-Chloro-2,3,4,9-tetrahydro-1H -Carbazole-1-carboxamide) (Table 2) as an in-
dole compound is a matrix for synthesizing sirtuin inhibitor analogs. It is mainly used
in studies of physiological and cancer cells [149,155]. Nikseresht et al. (2019) showed
therelationship of EX-527 microinjections with the reduction of cerebral ischemicinfarcts
and proved that by inhibiting SIRT1, they act as an inhibitor of necroptosisin an animal
model [226]. According to Kundu et al. (2020), it protects the organism against the effects
of a high-fat diet (diabetic nephropathy), asit contributes to lowering blood glucose levels
and reducing SIRT1 activity whileincreasing SIRT 3 action in the kidneys[227]. In addition,
inhibiting SIRT1 also increases renal allograft survival in mice, which may berelated to T
cells[228]. It inhibits the activity of SIRT1 100-fold more strongly than SIRT2 and SIRT3,
which is presumably associated with NAD+ as a colligand in the binding of EX-527 in
cells [149]. Kumari et al. (2015) pointed out that it may cause thrombocytopenia as aside
effect in research on anticancer therapy, suggesting while sirtuinsareinvolved in platelet
aging and the general aging processes [148].

Table 2. Characteristics of selected sirtuin modulators.

M odulator

Chemical Formula Effect Characteristic Reference

Resveratrol

,, SN - antiapoptotic effect;

- biological activity in neurogenic diseases;
o AOH - affectsthe CN S,
| J - neuroprotective effect;

activator [187,229]

- anti-inflammatory effect;

- modulates the action of the antioxidant system;

- reduces nicotine genotoxicity in D. mdanogaster
by activating sirtuins.

Polydatin

- liver protection and anti-apoptosis;
- neuroprotector in chemiotherapy
- anti-cancer and anti-inflammatory effects;
activator - inhibition of oxidative stress and removal [84,199,204]
of ROS;
- prevents diseases of the cardiovascular and
nervous systems.

Honokiol

- regulates the process of acetylation of
mitochondrial proteins through SIRT; 206.208,213]
- therapeutic agent against obesity by activating [206:208,213]
SIRT3in cells.

activator

Triclosan

- antiviral and bacteriostatic effect;
- widely used in industrial products;
- toxic to the environment;
activator - inducesthe expression of SIRT1 and SIRT3in [230-232]
mouse neuronal cells;
- modulates the expression of SIRT1 and SIRT2
in Gambusia affinis liver.

Cambinol

N__ -8 - inhibition of SIRT1 and 2 activity;
Y - inhibition of immuneres
NH o ponses and
inhibitor inflammatory reactions; [219-221,233]

&{ - reduces the activity of NF-kB, which is

indirectly dependent on sirtuins.
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Table 2. Cont.

M odulator

Chemical Formula Effect Characteristic Reference

H

inhibitor of SIRT 1 and 2, cytotoxic effect in

y 0] tumor cells;
- inhibi - protective effect in diabetic nephropathy; 155.226.22
5. o Y NH; inhibitor - reduces blood sugar in arat model; [155226,227)
- inhibitor of necroptosisin animal model (by

inhibiting SIRT1)

5. Diseases and Sirtuin-Based Therapies

The multidirectional functions of sirtuins on biological processes interest the scientific
community and the pharmaceutical industry [187]. Because sirtuins play a key role in
life processes, they are considered potential participantsin modern therapies. Apart from
prolonging life, they can also “extend the period of healthy life” (Table 3) [234]. Therefore,
thesirtuin diet, “ SIRTfood”, based on caloricrestrictions, promoting sports, and consuming
productsrich in sirtuin activators, e.g., resveratrol, is gaining popularity [235]. Abnormal
lipid, sugar, or protein economy functioning are common metabolic disorders. Sirtuins
affect the maintenance of proper metabolism and may promote the condition of the heart.
Cao et al. (2022) point to SIRT3 agonists as promising therapeutics against cardiovascu-
lar diseases [63]. In addition, SIRT 1, 2, 6, and 7 reduce myocardial hypertrophy, and
SIRT7 may prevent cardiomyopathy [236]. Zaganjor et al. (2021) researched sirtuin 4 and
its link to branched-chain amino acid (BCAA) catabolism to treat abnormal amino acid
metabolism. Itsreduced expression in the adipose tissue of mice has been shown, which is
probably a consequence of its ability to increase BCAA catabolism and promote the activity
of PPARYy, which regulates glucose metabolism and fatty acid storage in the body [237].
It has been proven that the cellular metabolism of sirtuins is correlated with, e.g., the
pathophysiology of bone and joint diseases [238]. Estrogen receptor (ER) deacetylation by
SIRT6in proosteoclasts prevents bone loss and shows promise for the treatment of osteo-
porosisin elderly or postmenopausal patients[239]. In addition, NAD+, as a metabolite
consumed by sirtuins, plays an essential rolein pain regulation and peripheral neuropathic
pain [240]. He et al. (2022) demonstrated that nuclear and mitochondrial sirtuins might
have a neuroprotective/ regulatory character in Parkinson’s (PD), Alzheimer’s (AD), and
Huntington’s disease [12]. Govindarajulu et al. (2021) showed that AD is associated with
aberrant SIRT3 expression [241]. SIRT1 was also shown to be attenuated in the cerebral
cortex of AD patients with severe cognitive impairment. The phenomenon is typically
associated with the accumulation of amyloid-B and father tau [242]. In addition, it has
been observed with signs of low SIRT6 growth, which isrelated to telomere destabilization.
AD isconsidered the leading cause of senile dementia worldwide, and additional research
may contribute to therapeutic benefits [243]. In neurodegenerative processes, apart from
oxidative stress, enzymes of histone deacetylase (HDAC), a-synuclein, and autophagy are
involved. Parkinson’s disease progresses with age, and the proper function and biological
activity of mitochondrial proteins are attributed to SRT3, SIRT4, and SIRT5 (mitochondrial
sirtuins). Mitochondrial sirtuin activators positively affect the stability of the respiratory
chain and oxidative stressin neurons. However, clinical trials are insufficient to resolve
their complex function in favor of future PD therapies [12,244]. Interestingly, SIRT1 inhi-
bition also gives good results in treating HIV infection or fragile X syndrome [245,246].
As mentioned, sirtuins areinvolved in metabolic control and epigenetic modification [25].
Moreover, they are significantly associated with diabetic neuropathy and cardiomyopa-
thy [28,247]. Research by Hu et al. (2021) indicated that SIRT1 is a significant regulator
responsiblefor body carbohydrate metabolism disorders[248]. Sirtuins are also responsible
for women’s gynecological health because they regulate ovarian function on many levels.
They are responsible for the secretion of steroid hormones and maintain normal repro-
ductive functions [249]. Overexpression of SIRT7 with simultaneous repression of SIRT1,
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SIRT2, SIRT4, and SIRT5 promotes uterine tumor growth [250]. On the other hand, SIRT7
deficiency in the cytoplasm of oocytes and granulosa cells contributes to the inhibition
of estrogen synthesis, cell proliferation, and reproductive function [251]. SIRT2 is also
responsible for steroid hormone homeostasis and follicle maturation by regulating estrogen
and testosterone secretion with its specificinhibitors [252]. In addition, Zhang et al. (2022)
suggested a link between SIRT3 activity and polycystic ovary syndrome, asit may regulate
glucose metabolism, which plays an essential rolein signaling granulosa cells and oocytes.
SIRT3 deficiency causes defects in the cellular insulin signaling pathway and contributes to
impaired oocyte production [253]. Some sirtuin inhibitors (SIRT1), such as nicotinamide,
have the potential to be used in cancer therapy. Sirtuin inhibition leads to an increase
in p53-dependent apoptosis and a reduction in tumor cell proliferation [254]. Studies
also show theinvolvement of sirtuinsin cellular processes responsible for inflammatory
responses, indicating that SIRT1 may modify immune responses in reaction to microbes,
reducing the production of pro-inflammatory cytokinesin human cells [255,256].

Table 3. Characteristics of selected diseases associated with sirtuins.

Sirtuin Disease M odel Effect Reference
- bariatricsurgery with sleeve
Non-alcoholic fatty gastrectomy in mice contributed to
liver disease C57BL/ 6 mice upregulating the [257]
(NAFLD) NRK1/ NAD+/ SIRT1 pathway,
alleviating NAFLD;
inhibition of miR-323-3p or
overexpression of SIRT1 resulted in
Coronary heart . areduction of cardiac muscle fiber
) Rat cell | 258
disease (CHD) ines disorder with simultaneous [258]
Sirtuin 1 inhibition of vascular endothelial
cell apoptosis;
increasing SIRT1 expression by
Traumatic brain regulating PGC-1a expression
injury (TBI) Malerats (upregulated in TBI) may reduce [259]
neuronal damage and inhibit
microglial activity;
activation of SIRT1 with SRT1720,
Parkinson’s di MaIeC57$L/ rgduced cytotoxicity in PD w|th [260]
6N arl mice simultaneous dow n-regulation of
PGC-1a level;
Non-alcoholic fatty lrgducing thea:mg)utnttofr?R'l'tZ intthe
liver disease Mice iver may contribute to hepatocyte [52]
(NAFLD) damage. It decreased the expression
of GLUT2, FATP2 and FAPTS;
Sirtuin 2 reduced amount of SIRT2
Miceand Human oontlriblutesto the pathogenesisor:
Psoriasis embryonickidney psoriasis development through the [261]

93T cell line

effect of sirtuin on the function of
Th17 cells, which trigger an
abnormal proliferation of KCs;
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Table 3. Cont.

Sirtuin

Disease

M odel

Effect

Reference

Sirtuin 3

inflammatory
responses elicited by
lipopolysaccharide

Bovine mammary
epithelial cells

presumably, increased expression of
SIRT3isinvolved in the regulation
and amelioration of inflammatory
responses asit affects oxidative
stress while suppressing the
PGC1a-NFkB pathway responsible
for the inflammatory response;

[262]

Chronic Constriction
Injury—Induced
Neuropathic Pain

SIRT3 overexpression resulted in
neuropathic pain relief by inhibiting
CaMKIlla phosphorylation;

[263]

Polycystic ovary
syndrome (PCOS)

Sprague-Dawley rats

increased expression of SIRT3
because of the use of
Bu-Shen-Tian-Jdng Formula (BSTJ)
reduced the pathogenesis of
polycysticovary syndrome with
concurrent regulation of p38 MAPK
and PI3K/ AKT signaling pathways;

[264]

Sirtuin 4

Doxorubicin-Induced
Cardiotoxicity (DIC)

Diabetic nephropathy

Male C57BL/ 6 mice

SIRT4 overexpression activated the
Akt/ mTOR signaling pathway,
thanksto which it alleviated DIC
with simultaneous improvement of
cardiac function;

[68]

SIRT4 activated by FOXM1, inhibits
the NFkB pathway alleviated
kidney damage.

[265]

Sirtuin 5

hepatic ischemia and
reperfusion injury

Male C57BL/ 6Jmice

increasing the level of SIRTS5 causes
attenuation of liver damage through
the mechanism of inhibition of
oxidative stress, raising the level of
IHH2and SOD1;

[266]

Pancreatic Cancer

PDAC cell lines,
genetically
engineered mice
models, and human
tissue samples

activation of SIRT5 with MC3138,
showed anticancer effectsin human
cells by regulating

glutamine/ glutathione metabolism.

[267]

Sirtuin 6

type 1 diabetes

C57BL/ 6 mice

SIRT6 regulates FoxO1in renal
proximal tubules by addects renal
glucose reabsorption and
gluconeogenesisin type 1 diabetes;

[74]

neuroinflammation
and ischemic
brain injury

Cell culture from
C57BL/ 6 mice and
human blood cells

activation of SIRT6 with MDL-811
has been shown to have
neuroprotective and ameliorating
effects on neuroinflammation, which
islinked to the SIRT6/ EZH2/
FOXC1 signaling pathway.

[268]
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Table 3. Cont.
Sirtuin Disease M odel Effect Reference
- inhypertensive SIRT7 alleviates
Chronickidney kidney damage (kidney ferroptosis,
disease (CKD) with Mice pathological fibrogenesis, renal [82]
hypertensive dysfunction) by facilitating the
Sirtuin 7 KLF15/ Nrf2 signaling;
Human CRC cell - increased expression of SIRT7 by
linesHCT-8, GRIM-19, affects the
colorectal cancer HCT-116,DLD1, SIRT7/ PCAF/ MDM2 axis, [269)
SW620and HT15 increasing p53 stabilization.

6. Sirtuins as an Elixir of Youth?

Aging irreversibly stops somatic cell division and deteriorates viability [270]. It can be
a process of various extents and manifestsitself in neurodegradation, bone decalcification,
chronic inflammatory response, DNA instability, and cancer [271]. With age, various
irreversible changes occur in an organism, which may significantly weaken the immune
system [18]. The search for an effective “elixir of youth” has been going on since antiquity
and attempts to understand the complex mechanisms of aging continue. Sirtuins are
products of the Sir-2 gene, which along with the p66shc, ink4a, FOXO, and daf-2 genes, is
referred to as the longevity gene [272]. Sirtuins have dual metabolic activity (deacetylation
and ADP-ribosylation) coupled with NAD+ hydrolysis. As mentioned earlier, sirtuins
regulate many biological processes due to their high substrate specificity and impact on
numerous factors. Sirtuins have been shown to play arolein DNA repair, transcription
processes, post-translational modification of proteins, maintaining chromosome stability,
cell proliferation, apoptosis and cell cycle regulation, control of metabolic processes, gene
silencing, and many others. Therefore, they are responsible for the hormonal and metabolic
balance and proper work of the nervous, muscular, cardiovascular, digestive, and immune
systems[19,273]. They have the potential to counteract the aging process by modulating
the response of cells to stress, changing their pattern, and restoring tissue homeostasis
responsible for phenotypic aging [6]. Several studies have linked SIRT1, SIRT6, and
SIRT7 to life extension in rodents and humans [18,73,274,275]. Most often, studies of
sirtuins in terms of longevity concern SIRT1 and SIRT6 due to the correlation of their
expression with lifespan in mice, although it isdifficult to clearly definewhich of thesirtuins
significantly increases lifespan in vertebrates [276]. Sirtuin 6 has also been evaluated to
prevent dendritic cell immune aging [277]. Sirtuins might potentially protect the kidneys,
maintaining homeostasis of podocytes damaged with age. However, this theory has not
been fully confirmed [17]. Mitochondrial sirtuins may play an essential role in preventing
aging, especially in the context of the “mitochondrial theory of aging” and oxidative
stress [278]. An indirect anti-aging agent is ergothioneine, which through its antioxidant
properties, eliminates mitochondrial oxidative stress, increases the expression of SSRT1 and
SIRT6, and reduces hyperglycemia [279]. Reprogramming cells towards self-rejuvenation
seems to solve the mystery of longevity and a sought-after element of the philosopher’s
stone. However, theories regarding the usefulness of sirtuins as longevity enzymes are
not unambiguous. Studies also point to the potential dangers of manipulating sirtuin
activity via modulating compounds (e.g., STACs) [280]. Excessive, uncontrolled expression
of sirtuins can lead to dysregulation of an organism, promote epithelial-mesenchymal
transition and cancer, and cause therapeutic resistance. SIRT genes are upregulated in
many types of cancer, presumably due to the dysregulation of positive and negative
feedback loops [40,280].
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7. The Darkside of Sirtuins

The neuroprotective and life-prolonging function of sirtuinsis the main direction of
research. Until 2022, a few published studies pointed to the effects of the threat caused
by modifying the activity of sirtuins and interfering with their mechanisms of action.
Preliminary research often leads to erroneous conclusions. Palmer and Vaccarezza (2020)
showed that current research on sirtuinshasfocused on the benefitsrather than the potential
side effects [280]. Liberale et al. (2020) demonstrated in studies on transgenic mice that
SIRT5 might promote venous thrombosis and silencing its expression may be a potential
therapeuticin this disease [281]. It has also been proven that overexpression of SIRT1 may
cause memory deficit in mice and has no neuroprotective effect [282].

Moreover, SIRT1is a crucial stimulator of proliferation and angiogenesis. Therefore,
itsincreased expression in women leads to the development of endometriosis and ovar-
ian cancer [283]. He et al. (2022) also confirmed the stimulating effect of SIRT5 on cell
proliferation and breast cancer metastasis. Increased expression of SIRTS is probably re-
lated to aerobic glycolysis and the activity of HK2 and PKM2 enzymes in promoting liver
and breast cancer [284]. An imprecise and quick application of sirtuinsin therapies can
cause long-term and unforeseen consequences. Sirtuins involve numerous mechanisms
in multicellular organisms, many of which have not yet been described or are based only
on general information. To find safe therapeutic solutions, it is necessary to study the
mechanisms of action of sirtuinsin many experimental models, seeing a holistic effect on
the species’ physiology. The phenomenon of hormesis should also be considered [128,285].
Visioli et al. (2022) noted the strategies scientists use to stop the aging process. They
recommend optimal dosing of activator substances before clinical trials on humans, as the
results obtained from animal models are often inadequate or difficult to interpret [286].

8. Looking into the Future—Are We Ready for Longevity?

The future of sirtuins as longevity enzymes remains unclear and difficult to predict.
It seems that the topic of compounds that modulate their effects to prolong life and treat
diseases remainsin the realm of science fiction. Many studies describe their great thera-
peutic potential, extinguished by many uncertainties and suggestions for further research.
For example, sirtuins may simultaneously act as promoters and suppressorsin neoplastic
diseases. However, these and other conflicting data make the study of sirtuins even more
fascinating. There are undoubtedly more reports about new sirtuin modulators and related
mechanisms. We know that sirtuin activators and inhibitors are imperfect and require
laboratory “discipline”, but the achievements outline the direction to follow to get the
way of longevity. Science has an excellent database that gives hope that sirtuins will be
included in medicine (Table 3) and used in future anti-cancer strategies [267], thrombotic
disease therapies [287], treatment of nephrogenic diabetes [74] or suppressing inflamma-
tory responses [262]. Perhaps, in some time, the next stage will be clinical trials and the
widespread availability of drugs. However, caution should be exercised with as many
substances because various processes may be associated with sirtuins and alter known
and developed strategies. The desire for a healthy and long life promotes overexposure to
sirtuin modulators and may paradoxically lead to homeostasis disorders and long-term,
unforeseen consequences. Therefore, it isa priority to understand the mechanisms of action
of sirtuins and develop their safe modifications. Many scientists believe these processes are
too complex to plan our future with sirtuins today.

9. Conclusions

Sr2proteinsareinvolved in awide range of biological processes and have potential
effectsin the treatment of lifestyle diseases. The scientists’ curiosity is stimulated by the
connection of sirtuins with the length of life. We are certainly at the beginning of under-
standing the phenomenon of these proteins. Every year new pieces of information are
obtained, but thereis still along way to create the perfect anti-aging panacea. Undoubt-
edly, focusing on sirtuin modulators and understanding the mechanism of their action is
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currently the biggest challenge. A big step into the future will be the systematic search
for compounds with a similar structure to known modulators. Research in silico as a
modern strategy in science gives a chance for a holistic view of data obtained by scientists
around the world. We believe molecular modeling tools can select the best candidates with
enormous potential. Next, work on increasing the bioavailability and retention time of
sirtuin modulators should be considered. In the case of some compounds of high biological
importance, satisfactory results are obtained by designing structures of the active substance-
nanoparticle type. However, biological aging is a complex process affected by many factors,
such as environment, species, and individual characteristics of the population. Therefore,
scientists will undoubtedly invest alot of invention, creativity, and effort before solving the
mystery of aging and manipulating this process by selected factors.
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Abbreviations

AD Alzheimer’s disease

Ahr aryl hydrocarbon receptor

Akt Type of serine/ threonine protein kinase
AMPK AMP-activated protein kinase

ATP Adenosine triphosphate

BAX Bcl-2 Associated X-protein

BCAA branched-chain amino acid

Bdl-2 B-cell lymphoma 2

CAT Catalase

CaMKlla Calcium/ calmodulin-dependent protein kinase type Il subunit alpha
CB1 Cannabinoid type 1 receptor

CHD Coronary heart disease

CKD Chronickidney disease

COX Cyclooxygenase

CRC cell lines  Colorectal cancer cell lines

CRP C Reactive Protein

CuE cucurbitacin E glucoside

daf-2 abnormal dauer formation protein 2
DHP 1,4-dihydropyridine

DIC Doxorubicin-Induced Cardiotoxicity
DNA deoxyribonucleic acid

DOX doxorubicin

dsr2 Drosophila Sir2

E11/ gp38 transmembrane glycoprotein

ERK Extracellular signal-regulated kinase
EX-527 6-Chloro-2,3,4,9-tetrahydro-1H -Carbazole-1-carboxamide
EZH2 Enhancer of zeste homolog 2

FATP2 Fatty acid transport protein 2

FATP5 Fatty acid transport protein 5

FKHR Forkhead protein
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FKHRL1 Transcription factor

FOXC1 Forkhead Box C1

FOXM1 Forkhead Box M1

FOXO Forkhead Box O

FoxO Transcription factor

FOXO1 Forkhead Box protein O1(FKHR)

FOXO3A Forkhead Box protein O3 (FKHRL1)

FOXO4 Forkhead Box Protein O4 (AFX1)

FOXO6 Forkhead Box Protein O6

SOD1-G93A  Transgene

GABA Gamma-aminobutyric acid

GADD45 The Growth Arrest and DNA Damage
GLUT2 Glucose transporter 2

H202 Hydrogen peroxide

HDAC Histone deacetylases

Hif-1a Hypoxia-inducible factor 1

HIV Human immunodeficiency virus

HK2 Hexokinase 2

HKL Honokiol

HSP Heat-shock proteins

IGF-1 Insulin-like Growth Factor 1

IL-1B Interleukin-1B8

IL-6 Interleukin 6

IRT Immunoreactive Trypsinogen

Keap1 Kelch-like ECH -associated protein 1

KLF15 Kruppel-like factor 15

LXK Lin-Scal(+) c-kit(+)

MAPK mitogen-activated protein kinase

MDL-811 Chemical drug, SIRT6 activator

MDM2 Mouse double minute 2 homolog

miR-323-3p microRNA-323-3p

MnSOD manganese superoxide dismutase

mtSIRT mitochondrial sirtuins

NAD+ nicotinamide adenine dinucleotide (oxidized form)
NADH nicotinamide adenine dinucleotide (reduced form)
NAFLD Non-alcoholicfatty liver disease

NAMPT nicotinamide phosphoribosyltransferase
NBS1 nibrin

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells
Nrf2 nuclear factor erythroid 2-related factor 2
NRK1 Nicotinamide riboside kinase

N SC-34 Neuroblastoma hybrid cell line

p21 cyclin-dependent kinase inhibitor 1

p53 cellular tumor antigen p53

PCAF P300/ CBP-associated factor

PCOS Polycystic ovary syndrome

PD polydatin (reservatrol-3-8-mono-D-glucoside)
PDAC pancreatic ductal adenocarcinoma

PGC-1a Peroxisome proliferator—activated receptor gamma coactivator-1 alpha
PI3K Phosphoinositide 3-kinases

PKM2 pyruvate kinase isozymes M1/ M2

Pol DNA polymerase |

Prx1 peroxiredoxin PRX1

PUFA polyunsaturated fatty acids

RSV resveratrol

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
SIR2 NAD-dependent histone deacetylase

Sir-2 Yeast Slent Information Regulators |1, SIR2
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SIRT sirtuin
SOD superoxide dismutase
SOD2 superoxide dismutase 2
STACs Sirtuin-activating compounds
TBI Traumatic brain injury
TCS triclosan
Teacrine 1,3,7,9-tetramethyluric acid
TERT telomerase reverse transcriptase
Th17 cells T helper 17 cells
TLRS Toll-like receptors
TNF-a tumor necrosis factor a

UCP-1 Uncoupling protein 1
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Abstract: Srtuins, often called “longevity enzymes’, are pivotal in genome protection and DNA repair
processes, offering insights into aging and longevity. This study delvesinto the potential impact of
resveratrol (RV) and nanodiamonds (NDs) on sirtuin activity, focusing on two strains of house crickets
(Acheta domesticus): the wild-type and long-lived strains. The general sirtuin activity was measured
using colorimetric assays, w hile fluorescence assays assessed SIRT1 activity. Additionally,a DNA
damagetest and a Kaplan—Meier survival analysis were carried out. Experimental groups were fed
diets containing either NDs or RV. Notably, the long-lived strain exhibited significantly higher sirtuin
activity compared to the wild-type strain. Interestingly, this heightened sirtuin activity persisted even
after exposure to RVsand NDs. These findings indicate that RV and NDs can potentially enhance
sirtuin activity in house crickets, with a notable impact on the long-lived strain. This research sheds
light on theintriguing potential of RV and NDs as sirtuin activatorsin house crickets. It might bea
milestone for future investigationsinto sirtuin activity and its potential implications for longevity
within the same species, laying the groundwork for broader applications in aging and lifespan
extension research.

Keywords: sirtuins; longevity; resveratrol; nanodiamonds; Acheta domesticus

1. Introduction

Aging representsamultifaceted phenomenon discussed at variouslevels—populations,
individuals, organs, cells, and molecules. Thisintricate process arises from external envi-
ronmental factors and internal genetic influences[1]. Numerous theories highlight pivotal
elements that expedite the aging process, including factors such as UV radiation, cellular
oxidative stress, genetic mutations, underlying diseases, and even deficienciesin essen-
tial nutrients [2,3]. The subjects of anti-aging and longevity have perpetually intrigued
the scientific community, spanning several decades of dedicated research. The extensive
body of literature encounters numerous reports detailing novel particles, pharmaceutical
compounds, bioactive substances, and even specific genes that offer valuable insights
into the intricate mechanisms underlying lifespan extension. However, it isimperative to
recognize that this field remains relatively underexplored and is the subject of ongoing
research discourse. Consequently, it becomesimperative to search for general relationships
and factors that hold the potential to unravel the complex puzzle of longevity, further
advancing our comprehension of thisintriguing phenomenon.

Considering recent studies, sirtuins (SIRT) emerge as significant players and can be
regarded as a pivotal milestonein investigating aging biology. These signaling proteins
constitute a noteworthy group closely linked with metabolic disorders. Thanks to their
unique capacity for downregulating aging-associated genes, they are often perceived as
“longevity enzymes” [4-6]. However, due to the complicated mechanism, the enzymatic
functions of sirtuins have not yet been fully defined [7,8], but as far as we know, they
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arealso involved in regulating the level of reactive oxygen species (ROS) by modulating
the expression of antioxidant and detoxification enzymes [9,10]. Sirtuins are categorized
from SIRT1 to SIRT7, and SIRT1 is currently (since 2023) recognized as the most exten-
sively described, well-known, and thoroughly studied member of the sirtuin family. It
plays asignificant role in both developing and preventing neurological disorders. SIRT1
activates the AMPK pathway, the mTOR pathway, and the PPAR-y pathway, which af-
fects the secretion of adipokines and steroid hormones and modulates glucose and lipid
metabolism [11-14]. Contemporary research has unveiled three primary sites of sirtuin lo-
calization: the cytoplasm, nucleus, and mitochondria. These distinct cellular compartments
serve as key arenas where sirtuins exert diverse biological functions[4,15,16]. Sirtuins seem
to berelatively widely described, but the complexity of the subject requires going beyond
the framework and tackling many research issues. Information on sirtuin activity in cricket
(amodel species of incomplete metamorphosis) is so far unavailable, and current studies
on invertebrates are limited to a few species like Drosophila meanogaster (predominantly),
Caenorhabditis eegans, and Ruditapes philippinarum [4,17-20].

Numerous compounds have also been identified as potential activators of SIRT, but
studying their mechanisms of action and discovering or modifying new activators presents
challenges. N otably, these activators must be finely tailored to specific sirtuin—substrate
pairings, introducing complexity to theresearch endeavors. Furthermore, selecting activator
substances for sirtuins that adhere to stringent criteria, including safety, wide availability,
non-toxicity, and high bioavailability, is imperative [4]. Research findings have proved that
resveratrol (RV; 3, 5, 4 -trihydroxystilbene) acts as a sirtuin activator with spedificity toward
substrates. Moreover, RV can potentially influence an individual’s survival time [21-23].
In the appropriate concentration, it can extend the life span of Saccharomyces cerevisiae
by up to 70% [24]. The retention time of RV in the cells depends on various factors,
including dose, method of administration, metabolism, and enzyme activity in an organism.
A study by Walle et al. [25] reported a half-life of RV in humans of approximately 9 h
following a single oral dose of 25 mg RV, with an absorption capacity of 70%. After oral
administration, lannitti et al. [26] indicated that its plasma half-life in the human body
ranges from 2 to 4 h. Regarding the specific formulation studied, Resv@VHD contains
about 30% RV and 70% magnesium dihydroxide. This composition creates two types
of microparticles: one of pure RV and the other of a complex with magnesium. This
formulation demonstrates a different plasma profile compared to pure RV, including an
earlier peak plasma concentration (25 min) and greater bioavailability. Additionally, a
reported half-life of 80 min was observed with a dosage of 180 mg of pure RV [25,26].

Nanoparticles have become the subject of many studies, and scientists are looking
for new waysto apply them, e.g., in medicine, biology, physics, or engineering [27]. Nan-
odiamonds (N Ds) have garnered significant attention in diverse biomedical applications
owing to their exceptional properties, including their diminutive size, expansive surface
area, and compatibility with biological systems. These remarkable nanomaterials have
undergone extensiveinvestigation for purposesincluding drug delivery, tissue engineering,
and bioimaging, among numerous other potential applications within biomedicine. Addi-
tionally, they have been shown to have low toxicity, making them a potential alternative
to other nanomaterials that may have harmful effects. Overall, using NDsin biomedicine
isarapidly growing field with exciting potential for future advancements [28-30]. Some
nanoparticles have demonstrated the capacity to augment the stability and bioavailability
of diverse therapeutic agents, thereby facilitating precision-targeted and controlled drug
delivery. Additionally, nanoparticle utilization holds the potential to diminish the requisite
drug dosage, mitigating potential adverse effects and enhancing patient adherence to
treatment regimens. While further investigations are imperative to comprehensively assess
the safety and efficacy of nanoparticlesin sirtuin modulation, they represent a promising
avenue for developing innovative therapies targeting aging and age-related ailments and
diseases. Nonetheless, it is noteworthy that nanoparticles may exhibit a limited cellular
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residence period, potentially limiting their effective interaction and complete realization of
beneficial effects.

The main goal of this study was to characterize sirtuin proteinsin the model insect
species Acheta domesticuswithin two distinct strains, the wild-type (H) and the unique long-
lived (D), and subsequently assess the impact of RV and NDs on their activity, considering
selected physiological parameters, including those associated with lifespan extension. The
following hypotheses were tested:

H41. The SIRT sdected for analysis can significantly differ between individuals from the wild
strain (H) and thelong-lived strain (D). It is morelikely that individuals from the D strain exhibit
higher activity in specific SIRT classes (all or part of them). However, the reverserdationship is
alsopossible

H2. Thereisacorrdation between sirtuin activity, RV, or ND exposure and the lifespan of A.
domesticus. Possible scenarios must invalve not only the prolongation but aso the shortening of the
lifespan of individuals. RV may result in morenoticeable effects for the D strain.

H3. Thereisacorrdation betwean cdl DNA damageand exposureto additional factors (NDsor RV).
Such an dfect may occur independently of changesin sirtuin adivity. However, apositivecorrdation
between disrupted sirtuin activity, impaired lifespan, and increased cdlular damage/adver se effects
ismorelikely.

2. Results
2.1. Surviva Analysis

Survival probabilities (Kaplan—-Meier method) allowed for theillustration of the differ-
encein survival between the studied groups (H and D strains). Individuals consuming food
with RV exhibited the highest survival probability in both strains compared to the control
and NDs groups. However, during a specific observation period, the survival ratein the
NDs group in both strains was also higher than that in the control group (Figure 1a,b).
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Figure 1. Kaplan—-Meier survival analysis: (a) for thewild-type strain (H) over 56 days; (b) for the
long-lived strain (D) over 56 days. (a’,b’) Log-rank test results comparing survival distributions
within the respective strain. Experimental groups: control-free food; resveratrol group (23 mg/ kg
in food); and nanodiamonds group (0.2 mg/ kg in food). (¢') Comparison of the same study groups
betw een strains H and D (STATISTICA®13, TIBCO Software Inc., Palo Alto, CA, USA).

The Log-rank test was conducted to assess the significance of survival differences.
Similar patterns were observed in both strains after the application of RV or NDs, leading
to a significant increase in the survival probability of exposed crickets compared to the
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control group. Importantly, RV exhibited a more pronounced effect than NDs (Figure 1a’,b’).
Additionally, when comparing groups from both strains, a significantly higher survival
probability was observed in long-lived insects than in wild-type ones (Figure 1¢’).

2.2. Sirtuin Adtivity in Acheta domesticus

The Brown—Forsythe test indicated homogeneity of variance in the groups (Figure 2a).
Therefore, the results were analyzed using ANOVA. Results of the Factorial ANOVA
(Figure 2b) indicate a significant main effect of all factors (‘Strain’, ‘Group’, and ‘Time’) as
well as most of theinteractions among them regarding the total sirtuin activity in the house
cricket. The nonsignificant ‘Strain’ x ‘Group’ and ‘Group’ x ‘Time’ interactionsindicate a
similar pattern of SIRT activity in both strains after RV or ND treatment, which is similar
over time.

fa) Factorial ANOUA and inte
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Figure 2. (a) Results of the Brown—Forsythe test for SIRT activity within days. (b) Results of afactorial
ANOVA assessing the effects of strain, group, time, and their interactionson SIRT in Acheta domedticus.
(c) The activity of sirtuins was expressed asmean + SD (ANOVA, p < 0.05). Capital letters denote
homogenous groups within the H strain and the same measurement day. Lower-case letters denote
homogenous groups within the D strain and the same measurement day; “*” Differences betw een
strains (H and D). (¢’,¢”) Within-group comparisons of SIRT activity across different measurement
days (10th, 15th, and 20th of theimago stage) for H (¢’) and D (¢”) A. domesticus. Statistical differences
between the days within each group are denoted by distinct lower-case |etters. Groups that share the
same letter are not significantly different (ANOVA, LSD test, p < 0.05).

On thesirtuins activity of Achela domesticusin theH strain (Figure 2), it was observed
that the control group maintained similar sirtuin activity values at all examined time points.
RV stimulated SIRT activity in strain H, while NDs did not show this property. RV SIRT
stimulation was most robust on day 20.

Theresultsregarding sirtuin activity in the D strain (Figure 2) appear to correlate with
the observed higher survival ratesin this strain. Notably, the highest sirtuin activity values
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are achieved on the 15th day of observation in each tested group (control, RV, and NDs)
compared to the 10th and 20th days. Interestingly, on day 20, stronger and more significant
stimulation compared to the control was caused by NDs and not RV. Sirtuin activity on the
15th day remains higher than on the 10th and 20th days within treated groups (Figure 2¢”),
and the stimulation caused by RV was significantly higher than in the H strain at the same
time point.

Theresults for the RV- and ND-treated groups were compared with the control group
(depicted by thered line) in two strains (H and D). These measurements were taken over
time. The presented data represent an averaged sample (Figure 3). Differencesin the
dynamics of the reaction were observed, dependent on the strain and the time and type of
applied factor. These observations were confirmed by examining the interaction effectsin
ageneralized linear model (GLM) (Figure 3a), indicating that time, strain, and group are
substantial factorsinfluencing the observed results.

Interaction effects in GLMs

20th Day of Imago

10th Day of Imago 15th Day od Imago

F pvalue F p value i pvalue
Time 55.193 0.000000 11.6655 0.000747 16.083 0.000081
Strain 849.620 0.000000 347.0845 0.000000 355.299 0.000000
Group 879.454 0.000000 128,6500 0.000000 557.684 0.000000

15th day imago

20th day imago

8 24 30 36 42 48
Time [min,

Figure 3. (a) Interaction effects in GLMs. (b1-b3) Mean percent of SIRT 1 fluorescence in Acheta
domesticusover 60 min within time points of measurements (10th, 15th, and 20th day of imago stage,
respectively)in H strain. (c1—c3) Mean percent of SIRT 1 fluorescence in A. domesticusover 60 min
within time points of measurements (10th, 15th, and 20th day of imago stage, respectively)in D strain.
(b,c) Control was presented as 100% (red line), and the results for the RV or ND-treated groups were
recalculated accordingly.

Figure 3(b1—c3) showsthat in strain H, the RV group on the 10th day exhibitsavariable
response of SIRT1, which is weaker than in the D strain. For the NDs group (10th day),
the initial course of the reaction is similar in both strains; however, NDs exhibit slight
stimulating effects from around 30 min after the start of the reaction. On the 15th day, we
observe that the reaction to RV is similar in both strains (H and D), while NDs in strain H
seem to show a greater effect than in strain D. On day twenty in the H strain, the response
to RV and ND hasthe samedynamics, presenting an initial intense stimulation that declines
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over time. In the D group, the changes were not as spectacular asin the H strain, although
RV stimulation is still evident.

When analyzing results concerning the interaction effect for sirtuin 1, a graphical
interpretation of expected marginal means was carried out in the tested groups, focusing
on the H strain (Figure 4(a1-a3)) and the D strain (Figure 4(b1-b3)).
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Figure 4. Graphical interpretation of the interaction effect for sirtuin 1. Expected marginal meansin
tested groups at three time points (10th, 15th, and 20th days of theimago stage). (a1-a3) H strain and
(b1-b3) D strain. Vertical barsrepresent 0.95 confidence intervals (GLM, STATISTICA®13, TIBCO
Software Inc., Palo Alto, CA, USA).

A peak was observed in the H strain on the 10th day of the experiment (Figure 4(a1)),
indicating a difference between the experimental groups. The control group exhibited a
lower response than those treated with RV and NDs. On the 15th day (Figure 4(a2)), the
marginal meansfor the RV and NDs groups began to converge, and by the 20th day, values
for these groups increased, w hile the control group remained relatively stable.

A significant peak was also observed in the D strain on the 10th day (Figure 4(b1)),
indicating adifference betw een the groups, like the H strain. The RV group achieved the
highest marginal mean. On the 15th day (Figure 4(b2)), differences between groups (C,
RV, and NDs) became more pronounced, especially for the RV group, which showed a
significant increase in the marginal mean compared to the control group. On the 20th day,
the marginal means for the control and RV groupsindicated an increase compared to the
levels observed on the 10th and 15th days.

To provide additional information regarding SIRT1 fluorescence, data were visualized
using Relative Fluorescence Units (RFUs) (Figure 5). In the H strain, the control on the 10th
day achieves alower Relative Fluorescence Unit (RFU) than the control on the 10th day in
the D strain, suggesting differencesin the reaction dynamics between the strains. On the
10th day, in the RV and NDs groupsin the H strain, initiation of the fast reaction was earlier
than in control, with higher RFU values observed for the RV group. In the RV groupson
the 15th and 20th days, the reaction onset appeared to be delayed compared to the 10th
day, but NDs demonstrated a similar temporal pattern in these instances.

In contrast to these observations, in the D strain, the reaction started most rapidly in
the RV-treated group, whilein the ND-treated group, the dynamics of changes seemed to
be similar to the control group.
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Figure 5. Mean RFU (Ex = 350 nm, Em = 450 nm) SIRT 1 fluorescence in Achetadomesticusover 60 min
intwo strains (H and D) and groups tested (control—C; resveratrol—RV; nanodiamond—N Ds) at
threetime points (10th, 15th, and 20th day of imago stage).

2.3. DNA Damage

Theresults of the Brow n—Forsythe test (Figure 6a) indicate no statistically significant
differencesin variances among groups for pATM, DSB, and pH2A .X on various days of the
life cycle. The p-values for each parameter exceed the standard significance level of 0.05
on all three days (10th day, 15th day, and 20th day), suggesting homogeneity of variances
across the studied groups.

105:2210403324



106

ROZPRAWA DOKTORSKA | Patrycja Zigtara-Krzyk

Int. J Mdl. Sdi. 2024, 25, 1329

8of 19

[a]

20th Day of Imaga

F pvalue

AT 0.575 0.718 1629 0.152 1008 0113
DSB 0450 0,802 1,537 0216 0,756 0.590
pH2IA N {455 .805 2418 [iEir) 1.751 0153

(b}

Factorial AMOVA and Interactiom Effects
DB

pHZAX

Stradn (1} 2,430 0.124 0.7 D281 0.113 0728
Group (2] 0,006 0.95% 13.241 0000 4.193 0018
Time (3) 0.771 0.466 95.556 0.000 2.718 0.073
(1) =(2) 0.867 0.425 12.976 0.000 5.183 0.008
{1} = {3) 3.202 0.047 0.061 0.941 6.481 0.003
(2) % (3) 1.956 0.111 5.977 0.000 0.567 0.687
(1) = (2) x (3) 2.066 0.094 5.283 0.001 1.612 0.181
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Figure 6. (a) Results of the Brown—Forsythe test. (b) Results of a factorial ANOVA assessing the
effects of strain, group, and time, and their interactions, on SIRT in Achefa domesticus. The activity of
sirtuinsis expressed asmean + SD (ANOVA, p < 0.05). (c1-c3) ATM activated cells (pATM) measured
on 10th, 15th, and 20th time points, respectively; (d1-d3) double-strand breaks (D SBs) measured on
10th, 15th, and 20th time points, respectively; and (e1-e3) histone H2A .X-activated cells (pH2A .X)
measured by Muse® Multi-Color DNA Damage on 10th, 15th, and 20th time points, respectively.
(c-e) Mean + SD are shown in the charts. The same capital |etters denote homogenous groups within
the H strain; the same lower-case letters denote homogenous groups within the D strain; “*” means
differences between groups within different strains (ANOVA, LSD test, p < 0.05).

The main effect of ‘Strain’ was not significant for the parameters pATM, DSB, and
pH2A X, indicating a similar range of values for these parametersin both strains of crickets.
The ‘Group’ main effect was significant for DSB and pH2A .X, while the ‘Time’ main effect
was significant only for DSB (Figure 6b). The interaction effects of ‘Strain’ x ‘Time’ differed
significantly for a percentage of ATM-activated cells. For DSB, only the interaction of
‘Strain’ x ‘Time’ does not significantly impact. The interaction between ‘Strain’ x ‘Group’
and ‘Strain’ x ‘Time’ significantly affects pH2A .X.



ROZPRAWA DOKTORSKA | Patrycja Zietara-Krzyk

Int. J Mdl. Sdi. 2024, 25, 1329

9of 19

The percentage of cells with activated ATM kinase (Figure 6) in the control groups
did not differ between strains at any tested time point. RV caused a significant increase in
pATM only in insects from the D strain on day 10 of adult life. However, when comparing
the response to RV in both strains, a significantly higher level of pATM was observed
in insects from the H strain compared to the D strain, but only on day 15 of adult life.
Moreover, NDsincreased the pATM level, but only in insects from the H strain on day 20
of adult life.

In the control group of strain H, the percentage of double-strand breaks (D SBs)
(Figure 6) exhibited a decreasing trend over time at the examined points, mirroring similar
observations in strain D insects. Additionally, on the 10th day of RV administration, a
reduction in the value of DSB was noted. In the group consuming food with NDs, where
initially the DSB levels were close to 40% for H and D strains on the 20th day, a decrease in
these values occurred, reaching approximately 15% for both strains.

The percentage of H2A .X-activated cells (Figure 6) in the control group of strain H
exhibited a twofold higher result compared to the control group of strain D on the 10th day.
The administration of RV in the group consuming this compound significantly reduced
the percentage of H2A X-activated cellsin strain H, similar to double-strand breaks (D SBs)
(Strain H, 10th day). Moreover, the pH2A .X levels in the group with NDs in strain H
showed only aslight decrease on the 20th day.

3. Discussion
3.1. IstheLifeHistory of A. domesticus Significant for Sirtuin Activity?

Longevity, which is still a subject of open discussion, requires ongoing findingsin in-
terdisciplinary research asit represents a stagein the quest to identify common traitsamong
different organismsand (typically) attempt to extrapolate these findings to humans [1-3].
Therefore, investigating the same species, even with distinctions such as different popula-
tions or, asin the case of crickets, various strains, emerges as a crucial aspect in unraveling
the complexities of sirtuin activity. Commencing with survival analysis, a critical area of
study in biology, we explore the factors influencing organism longevity. Thisinvestigation
delvesinto survival data, unveiling the mechanisms that impact extended lifespan as our
long-lived cricketsindeed live longer and respond differently to SIRT stimulators.

Thelong-lived selected strain, as opposed to the H- strain, resulted from systematic
efforts to obtain organisms with an extended lifespan, which has significant implications
for understanding theimpact of RV and NDson survival. It isimportant to note that the
decision to use this strain was non-random; rather, it was based on prior research and
experiments carried out by our team [29,31]. The results of our study indicate that the
selection for longevity is associated with a distinct pattern of SIRT activity in both strains.
Themain ‘Strain’ effect was significant for SIRT activity, which was higher in the long-lived
strain (Figure 2b). Thus, thelife history of this strain, including selection with the delay
in reproduction, likely induced profound changes that support longevity at the level of
regulatory proteins. Additional analysis of SIRT1 activity concerning its substrates, such as
histones and transcription factors (e.g., p53, NF-kB, and FOXO), may help elucidate the
observed changes [4,32,33]. Based on the information provided by Xuan et al. (2017), the
fluorescence studies involving SIRT1 with the EGFP-K85AcK probeilluminateitsrolein
enhancing fluorescence in E. coli AcobB, particularly in response to the acetylated lysine
modification (HibK) at position K85 [34]. This would also indicate the involvement of
SIRT1 in regulatory pathwaysin Acheta domesticus.

The observation that two distinct strains of Achefadomesticus (H and D) exhibit differ-
ences in survival underscores evolutionary adaptationsin lifespan within a single species.
Similar observations are also apparent in human populations’ lifespans. This indicates
that specific genetic, environmental, or other factorsin a population may impact organism
longevity. In 2011, scientists identified long-lived populations, with the N epalese being
highlighted as one such group [35]. In recent years, it has been pointed out that the mortal-
ity rate for this country has decreased and the average lifespan in society has increased [36].
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Theresearch also points towards the polymorphism of SIRT3, which is more prevalent in
long-lived populations [23].

Moreover, the differencesin responses to RV or NDs among strains (H or D) under-
score the complexity of genotype and environment interactions on the impact of bioactive
substances or other factorsin organisms, such as environment or even health status, asin
humans[37]. Thisis particularly relevant given that May and Tomanek (2024) indicated in
their research that environmental conditions in Mytilus cdlifarnianuswere one of the factors
influencing total sirtuin activity [38]. Theincrease in sirtuin activity in response to NDs
may suggest their potential beneficial impact on the regulatory ability of sirtuins, especially
given that NDs are considered highly biocompatible [30]. How ever, observations suggest
that RV may also induce different effects depending on the strain of A. domesticus.

The results regarding the total sirtuin activity prompted us to conduct a further
analysis, including the study of SIRT1 fluorescence (Figure 3). The diverse reactions
observed in different strains suggest different distinct dynamicsin the stimulation of SIRT1.
This variability may be attributed to factors such as age, specific stages of analysis, and
the unique characteristics of each cricket strain, highlighting theintricate nature of RV or
NDs' impact on SIRT1 activity at the cellular level. In our previous studies, we observed
variable responses in crickets at the level of oxidative stress, apoptosis, and DNA damage
after exposure to graphene oxide [39]. Similarly, asin 2021, we indicated that prolonged
exposureto NDs and differences between strains become noticeable after multigenerational
exposure, whereas in the D strain, mobilization of the organism and activation of defense
mechanisms were observed. This could be one of the factorsinfluencing diverse cellular
responses [29].

The decrease in double-strand breaks (DSBs) over time, especially in the D strain
across all groups, suggests a potential reparative effect or reduced induction of DNA
damage. Considering that DSBs are known to be cytotoxic, the observed reduction in their
occurrence due to the tested substances implies potential therapeutic effects. However,
the unexpected increase in DSBs after RV treatment in the H strain on day 15 indicates
adual role of RV in modulating DNA damage, possibly influenced by strain-dependent
factors [40].

3.2. Is Therea Correation between the Age of Acheta domesticus and Sirtuin Activity?

Theincreasein SIRT enzyme activity does not always correlate with lifespan, although
the Kaplan-Meier analysis demonstrates an association between increased activity of these
enzymes and extended life. While heightened enzyme activity may contribute to favorable
effects, excessive elevation could have adverse consequences [4,41]. In the context of our
obtained results, the cellular parameters appear consistent because these suggest that the
treatments have a time-dependent effect on the strains, with the NDs treatment showing a
particularly dynamic response in the D strain. The differences between days could be due
to the progression of the treatment effects or the adaptation of the strains to the treatments.
An intriguing aspect is that on the 15th and 20th daysin the D strain, RV appearsto have a
stimulating effect on SIRT1 activity, significantly expediting the initiation of the reaction.
That iswhy the D strain appears to be more reactive to the treatments, compared to the
H strain for strain D, and the 15th day appears to be the optimal window of sensitivity to
stimulatorsin the form of RV and NDs.

However, theimpact of RV and NDs on SIRT1 activity may not be only contingent
upon the reaction initiation time (Figure 5) but also on specific regulatory mechanisms,
varying between the analyzed strains (H or D) and, as previously mentioned, measurement
days. The actions of these substances can exhibit diversity and dynamics, leading to
disparate effects at different stages of the experiment. As the organism ages, metabolic
changes may impact sirtuin activity [23]. Given their involvement in DNA damage repair,
the quantity and types of damagein genetic material may increase with aging, necessitating
greater sirtuin activity in repair processes. These assumptions appear to be supported by
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Peng et al. (2015), which indicated a direct association between SIRT1and DNA damage
repair [42].

In our research, the observed fluctuationsin pATM activity in the H strain, especially
the significant increase on day 15 after RV treatment, suggest a dynamic response to the
substance over time. This contrastswith the D strain, where the highest pATM activity was
recorded in the RV group on day 10, indicating potential strain-dependent differencesin the
temporal dynamics of the response to DNA damage. This phenomenon indicates that the
ATM kinase plays a crucial rolein the early stages of the cellular response to double-strand
breaks (DSBs) in DNA. This kinase performs a key function by phosphorylating the H2AX
protein, asignificant step in the cellular responseto DNA damage. ATM is amajor regulator
of DNA repair mechanisms, particularly in situations involving severe DNA damage, such
as double-strand breaks. This phenomenon is critical to understanding how cells respond
to such damage and initiate repair processes [40].

The D strain increases H2A .X activity in the control group, indicating potential accu-
mulation of DNA damage with the insect’s age. Notably, the ND group in the D strain
maintains relatively stable H2A .X activity, aligning with the RV group on days 10 and
15. This consistency maintenance raises questions about the potential protective role of
NDs against age-related DNA damagein the D strain. However, in our recent studies, we
suggested that NDs could stabilize DNA by interacting with chromatin, forming a compact
structure, and potentially influencing chromatin-stabilizing proteins. This may incidentally
limit the amount of DNA damage [43].

In addition, it covered a selected period of life (10, 15, and 20 days of imago), which
may not be crucial for sirtuinsin A. domesticus. For thisreason, it is also necessary to check
the activity in other stages.

3.3 Doesthe Resveratrad and Nanodiamonds Influence Sirtuin Activity?

Discussions regarding the safety of using NDsin various scientific fields (e.g., biology,
medicine, genetics, and chemistry) are ongoing [44,45]. The direct correlation has no clear-
cut pieces of evidence or studies suggesting that NDs possess such an ability. Nevertheless,
research into the use of NDs asdrug carriers or other substances for therapeutic purposes
isunderway. Such applications may aid in treating various ailments and improving health,
potentially influencing the lifespan of individuals affected by specific diseases [46-48]. RV is
known for its potential health benefits that may influence longevity [4]. It can be perceived
as a general activator of sirtuins, influencing the regulation of metabolic processes and the
organism’s aging [49,50]. Current studies have confirmed this. However, crickets from the
NDs group also exhibited an increased percentage of survival probabilities, which suggests
that responses to NDs are not random.

In our previousresearch, we discussed the complex response of A. domesticus, whereby
graphene oxide exposure involves intricate adaptive mechanisms. The study underscores
theimportance of considering multigenerational effectsand the potential trade-offs between
short-term adaptations and long-term impacts on survivability and genomic stability [51].
Notably, Mytych et al. (2016) reported that low concentrations of nanoparticles, including
NDs, may lead to increased expression of SIRT1 while simultaneously activating cellular
stress response mechanisms[45]. That iswhy the presence in the diet or activation during
the strain selection process may lead to increased sirtuin activity because the observed
differences in the dynamics of sirtuin 1 activity were dependent on the strain, time, and the
type of applied factor. These findings were confirmed by examining interaction effectsin
GLMs, highlighting the substantial influence of time, strain, and group on the observed
results. Moreover, among the studies carried out by other researchers, varying effects
on lifespan extension through RV have been demonstrated. For example, in studies on
Nothobranchius guentheri, RV not only delayed aging but also provided protection against
neurodegeneration [52]. Conversely, Song et al. (2021), researching Bombyx mori, demon-
strated an activation of the SIRT7-FoxO-GST signaling pathway and an extension of lifespan
following treatment with RV. Their studies also conducted a lifespan assay, indicating a
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connection between RV and longevity [53]. Current research provides awider insight into
the interaction mechanism, not only of RV but also NDs, with sirtuins in Achefa domesticus.

Nevertheless, on the 10th day, stimulation of SIRT1 activity was observed under
theinfluence of NDs and RV in both strains (H and D). This suggests that the impact of
NDs and RV on SIRT1 regulation is more complex and may vary at different stages of
the organism’s response to their presence. Such complex interactions between RV and
NDs may be related to interactions with other regulatory factors in organisms, such as
longevity-associated genes, metabolic pathways, or stress factors [29,48]. These significant
differencesin responses to RV and NDs between the H and D strains were also observed in
theanalysisof their survival. Asmentioned earlier, these distinct responses are suspected to
arise from genetic, molecular, and regulatory aspects of the cells. However, it isimportant
to note that nuclear extracts can identify the general presence of SIRT1, SIRT6, and SIRT7 in
the analyzed tissues.

The activation of histones (ATM and H2A .X) (Figure 6) in tested groups may indicate
theinitiation of repair mechanisms, as evidenced by the decreasing trend in double-strand
breaks relative to the measurement points (10, 15, and 20 days) and the aging of individuals.
Similar conclusions weredrawn in our previous studieson NDs [29]. Furthermore, NDs
at the applied dose appear not to induce a toxic effect, which aligns with recent studies
emphasizing their relatively low toxicity and facile biodegradation, as highlighted by Bilal
et al. (2021) [54]. A similar trend is observed for the group treated with RV. This also allows
ustoinfer that RV may exhibit a potentially therapeutic effect, which could be linked to the
activation of sirtuin or/ and a specific sirtuin.

In summary, these results suggest that RV and NDs exert a diverse and dynamic
impact on the activity of SIRT1 in the examined strains. This, in turn, may influence
various regulatory processes related to longevity, providing an important avenue for
further research and a better understanding of these interactions. Research into possible
interaction between SIRTs, NDs, and RV might unveil new insights into the metabolic
processes governing organismal longevity. The findings from this study can be pivotal in
guiding future experiments, not only on other animal models but also potentially in dinical
settings. With appropriate ethical considerations and optimizations, this experimental
model could be extended to vertebrates, paving the way for clinical trials exploring RV
as an aging process inhibitor and marking a step toward translating laboratory findings
into clinical applications. Further research is needed to fully understand these interactions
and their potential implications for the health and longevity of organisms consuming RV
and NDs.

4. M aterials and M ethods
4.1. Nanodiamonds

We employed NDs commercially known as Single-Digit NDs in the study, grade
“SDND” 5wt.% aq. suspension, obtained from PlasmaChem GmnH, Berlin, Germany.
Asreported by the manufacturer, these nanodiamonds were produced through chemical
disintegration and are devoid of additives and milling impurities. The diamond crystallite
size ranges from 3.5 to 5.2 nm, and the particle size, as determined by Dynamic Light
Scattering (DLS), falls within the range of 5to 15 nm. These NDs underw ent characteri-
zation as described in the article [55]. In the research carried out by the team in 2022 [29],
acomprehensive analysis revealed the gentle aggregation of NDs within the suspension.
However, anegative and relatively low zeta potential (- 15.6 mV, 25° C) proved good ND
stability in the suspension. The NDs were also visualized using AFM (Agilent 5500 Atomic
Force Microscopy, Agilent Technologies, CA, USA), confirming that the size of the NDsis
consistent with the scale declared by the manufacturer, with results ranging from 2.8 to
5.5nm (Figure 7). A detailed characterization can befound in the studies by Augustyniak
et al. (2023), where the same material was employed for the research [43].
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Figure 7. AFM of nanodiamonds analysis (Agilent 5500 Atomic Force Microscopy).

4.2. Resveratrol

The experiments employed RV (CAS 501-36-0; molecular weight: 228.24 g/ mol)
sourced from Pol-Aura®. Asindicated by the manufacturer, this compound has a natu-
ral origin. The Certificate of Analysis (COA) confirms the compound’s high purity, as
evidenced by its 298% content according to high-performance liquid chromatography
(HPLC) analysis.

4.3. Experimental Design
4.3.1. Characteristics of Achetadomesticus

Theinsect species used in our research was Acheta domesticus, a member of the family
Gryllidaewithin the order Orthoptera. This species, commonly known as the house cricket,
iswidely distributed and frequently encountered in human habitats worldwide. It under-
goes several developmental stagesin itslife cycle, starting as an egg, progressing through
multiple nymphal stages resembling miniature adult forms without fully developed repro-
ductive organs, and culminating in the adult stage (IMAGO) with fully developed wings
and reproductive capabilities. The lifespan is around 3-4 months. Due to its distinctive
attributes and widespread presence, house cricket has garnered significant interest from
researchers across diversefields. It iswidely used in toxicological, physiological, and ge-
neticresearch and is considered a model organism because it is arelatively easy organism
to cultivate [56]. We have been cultivating this species for nearly 30 years [29], providing
us with extensive knowledge and experience. In the present study, we utilized two strains
of house crickets: the wild-type (designated as H) and the long-lived (designated as D).
Thelong-lived strain was obtained through selection lasting many years, which involved
postponing reproduction.

Thelong-lived strain is characterized not only by extended longevity but also by a
delayed onset of reproduction compared to the wild-type strain upon reaching theimago
stage. Dueto its high reproductive capacity, the house cricket allows enough individuals
for research purposesin ashort time[51,57].

4.3.2. Experimental Model

All experiments were carried out within tightly controlled environmental conditions,
including atemperature of 28.8 + 1°C, aphotoperiod of 12 h of light and 12 h of darkness
(L:D 12:12), and ahumidity level of 43.80+ 6.72%. Insectswerefed standardly by providing
finely ground “Rabbit Fattening Feed KDT, UNIPASZ; granulate form” [ingredients: wheat
bran, sunflower seed cake, sunflower seed meal, wheat, beet molasses, triticale, calcium
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carbonate, calcium-magnesium carbonate, sodium chloride, family oils and fats, sodium
salts of organic acids, herbal extracts]. Thisfeed was subsequently blended with either RV
or NDsin appropriate proportions to achieve the desired concentrations of RV or NDsin
food. After blending, the mixture was dried, sterilized, and stored in containers until use.

Subsequently, freshly hatched insects from both strains H and D were categorized
into three distinct groups: the control group (receiving food without additives), the RV
group (RV in concentration 23 mg kg~ ' in food), and the NDs group (NDs in concentration
0.2mg kg‘1). Each group was consistently fed with their respective diets from hatching
throughout the experiment, which lasted for 56 days. After the insects reached theimago
stage, five individuals were randomly selected from each experimental group at three time
points: 10, 15, and 20 days (Figure 8). To prepare insect tissues, individuals were first
anesthetized on ice before measurements were taken. Aswe have previously detailed in
our prior articles [29,51,57], cell suspensions derived from the house cricket intestine were
prepared in 0.1 M PBS (pH 7.4) and homogenized using the Minilys homogenizer (Bertin
Technologies, Montigny-le-Bretonneux, France).

Developmenia! siages of Acheta comeshicus

A0th day of
imaga

fhatching
af insechs

Statisical procoduras
and survaal ansleis

Figure 8. Experimental Design.

4.4. Biochemical Analysis
4.4.1. Extraction of Cell Nuclei and SIRT Activity

Before commencing the procedure for detecting sirtuin activity in A. domesticustissue,
nuclear extracts were prepared using the Nuclear Extraction Kit (Abcam, Cambridge, UK,
ab113474), recommended by the manufacturer of the Universal SIRT Activity Assay Kit
(Colorimetric) (Abcam, Cambridge, UK, ab156915) test. The Nuclear Extraction Kit employs
a 1000x Protease Inhibitor Cocktail, 10X Pre-Extraction Buffer, DTT Solution (1000% ), and
ENE2 (Extraction Buffer) to rapidly isolate abundant nuclear extracts within arelatively
short assay time of approximately 1 h. Thiswas used for A. domesticusintestine tissues, and
then the extracted nuclear components were promptly employed for experimentation.

Activity Assay Kit (colorimetric) (Abcam, Cambridge, UK, ab156915) measured the
overall SIRT enzyme activity in the previously prepared nuclear extracts. The kit incorpo-
rates adeacetylated histone standard, simplifying the quantitative evaluation of the activity
of SIRT enzymes. Samples were measured using a UV-vis spectrometer (TECAN Infinite
M200, Tecan Austria GmbH, Grodig, Austria).

The intensity of the SIRT1 reaction was assessed in nuclear extracts obtained using the
SIRT1 Activity Assay Kit (fluorometric) (Abcam, ab156065). Measurementswere performed
using a Fluorescence Spectrometer Plate Reader (HITACHI F-7000, Hitachi, Ltd., Tokyo,
Japan) over a60 min duration. This assay facilitated the detection of SIRT1 activity.
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4.42. DNA Damage

The research kit employed, Muse® Multi-Color DNA Damage Kit (Luminex Corpo-
ration, TX, USA, Part Number: M CH200107), enabled the detection of ATM and H2A .X
protein activation, which isintegral in the ATM-dependent signaling pathw ay associated
with DNA damageresponse. ATM kinase activation and H2A .X phosphorylation are key
indicators of cellular responses to DNA damage, especially in the context of double-strand
break repair. The test provides percentages encompassing cells without DNA damage
(negative cells), ATM-activated cells, H2A .X-activated cells, and cells with double-strand
DNA damage (dual activation of both ATM and H2A .X).

The method, relying on the simultaneous use of two antibodies conjugated with
fluorochromes, enabled the analysis of the phosphorylation status of ATM (Ser1981) and
Histone H2A X. This approach consequently allowed for the examination of signaling
pathways associated with DNA damagerepair. The following steps of the testing procedure
were conducted in accordance with the manufacturer’s recommendations. Cells were
prepared, fixed, permeabilized, and then incubated with an antibody cocktail specific for
ATM and H2A .X. Following incubation, the cells were washed, resuspended in assay buffer,
and analyzed using the Muse® Cell Analyzer to quantify DNA damage indicators.

4.5. Statistical Procedures

The non-parametric statistical test, Kaplan-Meier survival analysis, was employed to
assess survival rates in the experimental groups. Survival curves depicting the probability
of survival across various time intervals were graphically presented. Subsequently, the
Log-Rank Test (Chi-squared, p < 0.05), particularly valuable for evaluating differencesin
survival, was carried out.

SIRT activity and DNA damage across three time points (10th, 15th, and 20th days of
the imago stage of A. domesticus) were measured five 5 replicates per group (control, RV-,
and ND-treated). The Levene and Brow n—Forsythe tests were used to check differencesin
the homogeneity of variance between the studied groups. To identify differences between
experimental groups and strains, an ANOVA (LSD test, p < 0.05) was employed using
STATISTICA®13 software (TIBCO Software Inc., Palo Alto, CA, USA). Univariate factorial
ANOVA and interaction effects were also performed for total SIRT activity and DNA
damage using sigma-constrained parameterization. GLM analysis with consideration of
theinteraction effect for SIRT1 was performed.

5. Conclusions

Our study not only represents a significant step in understanding the impact of RV
and NDs on organisms, including A. domesticus but also focuses on the sirtuin activity
within the same species across two different strains. One of these strains was deliberately
selected for longevity, while the other remained wild-type.

Theresults of our study indicate a diverseimpact of RV and NDson SIRT1 activity,
depending on the strain and the life stage of the organisms. The reduction in SIRT1
activity in the D strain may be associated with regulatory mechanismslinked to longevity.
Simultaneously, the observation of SIRT1 activity- and stimulation-specific conditions
(depending on age, strain, or time) suggests that the influence of these substances may be
more complex and dynamic.

It isworth emphasizing that there are potential therapeuticimplications arising from
these observations. The action of RV may prove benéeficial to the health of organisms. How-
ever, due to the complexity of the impact of these substances on organisms, further studies
at different life stages are necessary for a better understanding of these relationships and
their potential implicationsfor extending lifespans. Our research opens new perspectivesin
thestudy of the effects of RV and NDson aging processes and organism health, constituting
an important field of research in the biology of aging.
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ARTICLE INFO ABSTRACT

Keywords: The quest for an elixir of longevity has long inspired research into molecular mechanisms that govern aging. The
Nanoparticles present study investigated the effects of resveratrol (RV) and nanodiamonds (NDs) on sirtuin activity, oxidative
Si’f“i"f stress, and DNA damage in two strains of Acheta domesticus: wild-type (H) and longevity-selected (D). Analyses of
f:;:;"; stress total SIRT and SIRT1, SIRT6 activities, antioxidant markers (CAT, SOD, LPO), and DNA damage indicators
Resveratrol (pATM, YH2A.X, DSBs) revealed strain- and stage-dependent variations without a consistent pattern, suggesting
Nangdianionds long-term modulation of lifespan or sirtuin activity. RV and NDs induced only transient and adaptive effects,

including a short-term increase in sirtuin activity exposed to NDs. The long-lived strain displayed stability in
sirtuin response and survival, indicating that longevity-regulating mechanisms are genetically conserved and
resistant to external modulation. These findings offer new insights into the limited and context-dependent in-

Acheta domesticus

fluence of

ials and bioactive c

ds on aging-related molecular pathways.

1. Introduction

Sirtuins are enzymes that play a key role in regulating cell aging and
protecting against oxidative stress, which is why they are often referred
to as “longevity enzymes” [1-3]. They are NAD-dependent deacetylases
that regulate the activity of FOXO transcription factors, promoting
antioxidant gene expression and supporting the cellular stress response
[4]. Their ability to influence metabolism, DNA repair, and response to
cellular damage makes them the subject of intense research into
potentially extending life and improving health in later years [1]. One of
their activators is Resveratrol (RV), a naturally occurring phenolic
molecule with anti-infl ory, i ymodulatory, and antioxidant
qualities. RV may be found mainly in grape skins, especially dark vari-
eties and red wine. Studies have shown that it is effective in the pre-
vention and management of various diseases, including cancer,
cardiovascular conditions, and neurodegenerative disorders. It has
gained attention for its potential role in anti-aging and lifespan exten-
sion [5,6].

Nanodiamonds (NDs), in turn, are diamond nanoparticles that can
vary significantly in size depending on the production method. While
detonation NDs are typically smaller, often ranging from 4 to 100 nm in
diameter, other synthesis methods can yield larger particles [7]. In
biomedicine, NDs are studied for their potential to deliver drugs and

* Corresponding author.
E-mail address: patrycja.zietara@us.edu.pl (P. Zigtara-Krzyk).
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other therapeutic agents directly to target cells with high precision [8].
Their recognized biocompatibility and ability to penetrate cellular
membranes without causing significant toxicity to make them promising
candidates for cancer treatment, among other medical applications [9].
Given the ability of both RV and NDs to influence cellular processes
related to aging and disease prevention, their effects are believed to
involve the modulation of oxidative stress [10,11].

Oxidative stress, caused by elevated levels of reactive oxygen species
(ROS) and a decline in antioxidant defences, plays a significant role in
the aging process by contributing to cellular damage [12]. Moreover, it
is associated with many chronic diseases, including cancer, cardiovas-
cular disease, neurodegenerative diseases (e.g., Alzheimer's disease),
diabetes, and age-related diseases [13]. Several well-established
markers are used for checking oxidative stress, some of which play a
role in systems that help mitigate damage and maintain cellular ho-
meostasis [14,15]. Superoxide dismutase (SOD) is an essential antioxi-
dant enzyme that protects cells from oxidative stress by converting
harmful superoxide radicals (O2 ) into less reactive hydrogen peroxide
(H,0,) [16]. High SOD activity may help prevent or delay the devel-
opment of these diseases by minimizing oxidative damage [17]. Catalase
(CAT) degrades Hy05 into water and oxygen [14]. With age, catalase
activity decreases, increasing the risk of cellular degeneration and aging
[18]. Lipid peroxidation (LPO) is a valuable marker for monitoring
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oxidative stress and is a key biochemical process in which free radicals
induce the oxidative degradation of lipids, leading to cellular dysfunc-
tion. Elevated LPO levels are intricately linked to the accumulation of
oxidative damage in cellular structures, which accelerates aging and
affects longevity [15,19]. Since sirtuins influence the expression of the
antioxidant system, CAT, SOD, and LPO can be used as indicators of the
effectiveness of sirtuin activation [20].

This study used two unique Acheta domesticus strains: a wild strain
(H) and a long-lived strain (D), providing a valuable opportunity to track
the interplay between sirtuin activity, oxidative stress, and antioxidant

and Biophysical Research C 816 (2026) 153698

domesticus. These factors may either extend or reduce longevity.
Resveratrol, known for its SIRT1-activating and antioxidant properties,
may promote lifespan extension, while NDs could have the opposite
effect. Selection for longevity (D strain) may influence this response.
2. Material and methods

2.1. Nanodiamonds

In our study, we used Single-Digit NDs, grade ‘SDND’, 5 wt%

defenses. Preliminary data on sirtuin activity in Acheta d icus, a
model for incc 1 phosis, are doc d [21]. However,
they demand further research. Although RV is widely studied in the
context of aging and sirtuin activation, the impact of NDs on these
processes remains unclear, making it crucial to assess their role and
safety in longevity-related mechanisms. Given the growing biomedical
significance of NDs, evaluating the potential risks associated with their
use is essential to ensure safe application in future therapeutic strategies,
particularly in potential synergism with RV. A thorough understanding
of how NDs independently modulate sirtuin activity is necessary to
harness their future potential in conjunction with RV and enhance the
effectiveness of therapy. Therefore, the main goal was to investigate the
relationship between sirtuin activity (SIRT1, SIRT6), oxidative stress
regulation, lifespan modulation in exposure to RV and NDs, and po-
tential modifications of sirtuin activity. The following hypotheses were
tested:

H1. The expression and activity of specific sirtuins, particularly SIRT1
and SIRT6, may significantly vary between individuals from the wild H
and long-lived strain D. It is likely that the D strain exhibits higher ac-
tivity in these sirtuins, contributing to enhanced cellular maintenance
and longevity.

H2. A relationship exists between sirtuin activity (especially SIRT1
and SIRT6), exposure to RV or NDs, and the lifespan of Acheta

q pension (PlasmaChem GmbH, Berlin, Germany). The TEM
image (Fig. 1A) shows nanodiamonds with clearly visible lattice fringes,
indicating a high degree of crystallinity. The regular atomic arrange-
ment corresponds to the planes of the diamond structure. Morphology
reveals the formation of a continuous nanoscale film (TEM, FIB/SEM
Helios NanoLab 450 H P, Thermo Fisher Scientific, USA). Fig. 1B shows
agglomerated NDs composed of nearly spherical particles (5-10 nm),
which is cc with the facturer's specification indicating a
particle size of 5-15 nm. The observed morphology shows a uniform
distribution of nanosized crystallites forming a porous, chain-like
structure (TEM, TECNAI G2 X-TWIN, Thermo Fisher Scientific, USA).
The EDS analysis (Fig. 1A, .Fig. 1C) of the representative sample
revealed that the material consists mainly of carbon (94.2 wt%) with
small amounts of oxygen (4.0 wt%) and traces of silicon (1.3 wt%),
phosphorus (0.2 wt%), sulfur (0.15 wt%), and chlorine (0.05 wt%). The
copper peaks observed in the EDS spectrum originate from the TEM grid
and are not part of the sample composition (EDS, FIB/SEM HELIOS
NANOLAB 450 H P, Thermo Fisher Scientific, USA).

2.2. Resveratrol

Natural RV (molecular weight: 228.24 g/mol) from Pol-Aura®
Zabrze, Poland (catalog number: PA-03-2549-P, CAS number: 501-36-0)
was used. The provided specifications by the Certificate of Analysis

a As
g Aressoa

Y W

ey,

Fig. 1. (A) TEM image (TITAN3 G2 60-300, Thermo Fisher Scientific, USA), (B) TEM micrograph (TECNAI G2 X-TWIN, Thermo Fisher Scientific, USA), and (C) EDS
spectrum (FIB/SEM HELIOS NANOLAB 450 H P, Thermo Fisher Scientific, USA) of diamonds (Single-Digit Nanodi ds, 50 mg/mL, PlasmaChem

Gmbl, Germany).
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(COA) include a heavy metal content of no more than 10 ppm: arsenic
(As) content of up to 1 ppm, lead (Pb) content not exceeding two ppm,
cadmium (Cd) content limited to 1 ppm, and mercury (Hg) content of no
more than 0.5 ppm. The plate count does not exceed 1000 CFU/g, while
the yeast and mold count remains below 100 CFU/g. The purity, as
determined by HPLC, is at least 98.0%.

2.3. Experimental design

2.3.1. Characteristics of Acheta domesticus

The house cricket (Acheta domesticus) is an orthopteran insect
commonly used in biological research due to its well-documented life
cycle and ease of breeding [22]. This species undergoes incomplete
metamorphosis, developing through nymphal stages before adulthood
[23]. Typically, they have a lifespan of about 3 to 4 months, which
provides a condensed timeframe for studying life cycle processes across
multiple generations. This relatively short lifespan, coupled with their
regenerative abilities and well-characterized developmental stages,
makes them an ideal model organism for investigating aging, longevity,
and various aspects of developmental biology [24-27]. The two strains
of house crickets developed at the University of Silesia in Katowice
exhibit distinct ontogenetic trajectories. The long-lived strain (D) un-
dergoes an extended developmental period and demonstrates increased
life expectancy compared to the wild type (H) [25,27].

2.3.2. Experimental Model

The experiments were carried out under controlled conditions, with
a rearing humidity level of 43.80 + 6.72%, a temperature of 28 + 1 °C,
and a photoperiod of 12 h of light and 12 h of darkness (L:D 12:12).
These conditions correspond to commonly used laboratory rearing pa-
rameters for Acheta domesticus and support the species’ circadian
rhythm, which is characterized by higher activity during the dark phase
[24]. The insects were fed a finely ground version of Rabbit Fattening
Feed KDT, UNIPASZ; granulate form with the following composition per
kilogram: 17% crude protein, 14.5% fiber, 3.50% fat, and 7.50% ash.
The mineral content consisted of 0.95% Ca, 0.19% Na, 0.50% P, 85 mg
Zn, 25 mg Fe, and approximately 100 mg of other trace elements. The
feed also contained various antioxidants and additives, including vita-
mins (A, C, E, and B complex) and amino acids (methionine, -lysine, and
i-threonine). Before use, the feed was finely ground and prepared with
either RV or NDs at the proper concentrations and ratios. The mixture
was then dried to obtain a uniform dry mass. NDs were added as an
aqueous suspension. Before incorporation into the feed, the suspension
was sonicated to ensure homogeneous dispersion and reduce nano-
particle aggregation. The prepared feed was stored in airtight containers
at RT to prevent contamination.

The next stage involved preparing the experimental groups. Newly
hatched insects from strains H and D were divided into four groups
within each strain: control (C), control with ethanol (C + E), the RV
group, and the NDs group. Resveratrol was dissolved in ethanol (ethanol
concentration ~0.01%) before incorporation into the feed, and the
resulting solution was mixed with the ground feed to obtain the final
concentration of 23 mg kg‘l. To control for potential solvent effects, the
C + E group received feed containing the same amount of ethanol as
used for the resveratrol preparation (final ethanol concentration
~0.01%). The NDs group received feed supplemented with nano-
diamonds at a concentration of 0.2 mg kg™'. The insects were consis-
tently fed these diets throughout the 19-week experiment. Crickets were
selected for analysis at the larval stage before the imago stage and
subsequently at the 5th and 15th days after adulthood. Tissues were
prepared following the methodology established in previous experi-
ments [21]. A suspension of A. domesticus intestinal cells was prepared in
0.1 M PBS buffer (pH 7.4) and homogenized using a Minilys homoge-
nizer (Bertin Technologies, Montigny-le-Bretonneux, France). All
biochemical measurements were performed using five biological repli-
cates per treatment group within each strain (n = 5).

Biochemical and Biophysical Research Communications 816 (2026) 153698
2.4. Biochemical analysis

2.4.1. Antioxidant marker measurements

The Lipid Peroxidation (LPO) Assay Kit (Abbexa Ltd, Cambridge, UK,
abx 096010) was employed to evaluate oxidative lipid damage. This
assay quantifies lipid peroxidation by measuring the production of lipid
peroxides, which react with a specific substrate to form a coloured
compound. The color intensity correlates with the extent of lipid per-
oxidation, indicating the sample's oxidative stress level. Tissue homog-
enates were centrifuged at 8000xg for 10 min at 4 °C, and the obtained
supernatants were used for further analysis according to the manufac-
turer's protocol.

The catalase activity in biological samples was measured using the
Catalase Colorimetric Activity Kit (Thermo Fisher Scientific, CA, USA,
EIACATC). Prior to analysis, the homogenates were washed with PBS
and centrifuged at 10,000xg. The resulting pellet was then resuspended
in the assay buffer provided with the kit and processed according to the
manufacturer's instruction.

The Superoxide Dismutase (SOD) Activity Assay Kit (Merck KGaA,
Darmstadt, Germany, CS0009) was used to determine SOD activity, with
the results expressed as either percent inhibition or enzymatic units
based on a standard curve. The assessment procedure followed the
manufacturer's protocol, using the UV-Vis spectrometer (TECAN Infinite
M200, Tecan Austria GmbH, Grodig, Austria). The homogenates were
centrifuged at 12,000xg for 5 min at 4 °C in PBS, and the obtained su-
pernatants were used for the assay according to the manufacturer's
protocol.

2.4.2. DNA damage

The Muse® Multi-Color DNA Damage Kit (Luminex Corporation, TX,
USA, Part Number: MCI200107) was used to detect DNA damage by
enabling simultaneous ATM and H2A.X activation analysis. This kit
utilizes two directly conjugated, phospho-specific antibodies: ATM (Ser
1981)-PE and Histone H2A.X PECy5, to precisely measure their phos-
phorylation states. The ATM-H2AX DNA damage response pathway is
highly conserved across eukaryotes. In insects, the histone variant H2Av
acts as a functional homolog of mammalian H2AX and undergoes
phosphorylation in response to DNA double-strand breaks, allowing
detection of DNA damage signaling using antibodies recognizing phos-
phorylated H2AX [28,29]. After homogenization (Experimental Model
section), the cell suspension was filtered through an 80 pm nylon cell
strainer to remove tissue debris and obtain a uniform single-cell sus-
pension suitable for flow cytometric analysis. The testing procedure
followed the manufacturer's guidelines, involving cell preparation, fix-
ation, permeabilization, and incubation with a specific ATM and H2A.X
antibody cocktail. After incubation, cells were washed and suspended in
an assay buffer and analysed using the Guava® Muse® cell analyser
(Luminex Corporation, TX, USA) to quantify DNA damage markers.

2.4.3. Cell nuclei extraction and SIRT activity measurements

Nuclear extracts were prepared from intestinal cell suspensions ob-
tained after tissue homogenization in PBS as described above. Following
the manufacturer's instructions, the Nuclear Extraction Kit (Abcam,
Cambridge, UK, ab113474) was used to prepare nuclear extracts for
sirtuin assays by lysing cells from intestinal tissues of A. domesticus and
separating the nuclear fraction through a series of buffer-washing and
centrifugation steps. This process ensures the isolation of intact nuclear
proteins while minimizing cor ion from cytopl compo-
nents. Subsequently, the protein content of the extracts was evaluated
using the Bradford method (Bradford, 1976) and measured on the
UV-Vis spectrometer (TECAN Infinite M200, Tecan Austria GmbH,
Grodig, Austria).

The Universal SIRT Activity Assay Kit (Colorimetric) (Abcam, Cam-
bridge, UK, ab156915) was used to measure total sirtuin activity in
nuclear extracts. During the reaction, the SIRT enzyme deacetylates a
specific substrate in the presence of NAD+, resulting in the production
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of a deacetylated product. The UV-Vis spectrometer (TECAN Infinite
M200, Tecan Austria GmbH, Grodig, Austria) was used for colorimetric
detection.

The measurements of specific sirtuins were performed using the
SIRT1 Activity Assay Kit (fluorometric) (Abcam, Cambridge, UK,
ab156065) and SIRT6 Activity Assay Kit (fluorometric) (Abcam, Cam-
bridge, UK, ab156068) on the Fluorescence Spectrometer Plate Reader
(HITACHI F-7000, Hitachi, Ltd., Tokyo, Japan). These assays measure
NAD ™ -dependent deacetylase activity using acetylated peptide sub-
strates and therefore assess enzymatic activity in nuclear extracts rather
than species-specific antibody recognition. To quantify SIRT1 and SIRT6
activity, those assays utilize a fluorescent substrate deacetylated by the
SIRT1/SIRT6 enzyme, releasing a fluorophore and emitting a fluores-
cent signal. Measure the change in fluorescence intensity, which is
proportional to the SIRT1/SIRT6 enzymatic activity, enabling precise
and sensitive measurement of SIRT1/SIRT6 activity in nuclear extracts.

2.5. Data visualization

Several libraries were used in Python (version 3.10.11) for data
processing and visualization. Matplotlib served as the primary tool for
creating static and interactive visualizations. Pandas, a data manipula-
tion library, was used to manage structured data, while NumPy, known
for its efficient numerical computations, was utilized to support statis-
tical operations and enhance data processing. Boxplots were generated
using Pandas and NumPy, allowing a detailed representation of data
distribution and variability. Each boxplot displays the distribution of
data, where the box extends from the first quartile (Q1) to the third
quartile (Q3), with a line inside the box representing the median (Q2).
The whiskers extend to 1.5 times the interquartile range (IQR) from Q1
and Q3, showing the range of the data excluding outliers. Heatmaps
were created with Pandas and Seaborn, which provided an intuitive way
to visualize correlations and intensity patterns within the data. The
heatmap was prepared based on the mean values of LPO after removing
outliers using the Interquartile Range (IQR) method. The Jupyter
Notebook (Project Jupyter, California, USA) was used to prepare and
execute the scripts within a Windows 11 (Microsoft, Washington, USA)
environment.

2.6. Statistical procedures

The normality of distribution was assessed, followed by a univariate
factorial ANOVA to evaluate the effects of experimental factors on the
measured variables. Depending on the homogeneity of variances, proper
post-hoc tests were applied: for datasets with equal variances, the LSD
test (p < 0.05) was performed using STATISTICA® 13 software (TIBCO
Software Inc., Palo Alto, CA, USA). A PERMANOVA (Permutational
Multivariate Analysis of Variance; p < 0.05) was conducted using Py-
thon's Permanova function from the scikit-bio package for non-
parametric multivariate comparisons. To assess whether observed dif-
ferences were due to actual group separation rather than dispersion,
PERMDISP (Permutational Analysis of Multivariate Dispersions) was
additionally performed. Group differences were considered reliable only
when PERMANOVA indicated significance (p < 0.05), and PERMDISP
was not significant (p > 0.05), suggesting that differences in dispersion
did not confound group separation. All biochemical measurements
(LPO, CAT, SOD, % inhibition, total sirtuin activity, SIRT1, SIRT6,
PATM, YH2A X, and DSBs) were performed using five biological repli-
cates per treatment group (n = 5 per group: C, C + E, RV, NDs).

3. Results
3.1. Survival rate

Both strains exhibited comparable median lifespan (28 days). How-
ever, the D strain showed a tendency toward extended maximum
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lifespan relative to the H strain (119 vs. 98 days).

In the H strain, supplementation with NDs resulted in a clear increase
in median lifespan (42 days), corresponding to a 50% increase relative to
the control, while the maximum lifespan increased slightly (105 days).
In contrast, resveratrol (RV) did not alter median lifespan but slightly
increased the maximum lifespan (112 days). The C + E group exhibited a
reduced median lifespan (14 days), although the maximum lifespan
remained unchanged relative to the control. Log-rank tests confirmed
significant differences within the H strain, particularly between C vs NDs
(p=0.003), C + Evs RV (p = 0.013), and C + E vs NDs (p < 0.001).

In the D strain, none of the treatments produced statistically signif-
icant changes in survival relative to the control group. Median lifespan
remained constant across groups (28 days), while maximum lifespan
varied slightly (105-126 days), with the highest value observed in the
NDs group. Between-strain comparisons revealed significant differences
in survival distributions for the control (p = 0.047), C + E (p = 0.014),
and RV groups (p = 0.049), whereas no difference was observed for the
NDs treatment (p = 0.547).

3.2. Antioxidant markers in Acheta domesticus

3.2.1. LPO

In strain H, no significant differences were observed between the
control group (C) and the C + E group at the L stadium. However, the
LPO level in the C + E group was significantly higher than in the RV
group (Fig. 3 al). In the time-course analysis, lipid peroxidation levels in
groups C, C + E, and NDs were not statistically significant. In contrast, a
general increase in LPO was recorded on the 5th Day of adult life
compared to the L stadium in the group receiving RV (Supplementary
Fig. 2A). On the 5th Day of adult life, the C + E group showed a
significantly higher LPO level than groups C, RV, and NDs (Fig. 3 a2). On
the 15th Day of adult life, no significant differences between groups
were found (Fig. 3 a3).

In strain D, at the L stadium, a tendency to increase in LPO level was
observed in the NDs group compared to groups C, C + E, and RV;
however, the differences between groups were not statistically signifi-
cant (Fig. 3 a4). In strain D, at the 5th Day stadium, a significant increase
in lipid peroxidation was found in the NDs group compared to C + E
(Fig. 3 a5). Similarly to strain H (Fig. 3 a3), no significant differences
between groups were observed on the 15th Day of adult life (Fig. 3 a6).
No significant time-dependent changes were recorded within the same
groups (Supplementary Fig. 2A).

In the context of between-strain comparisons, lipid peroxidation
levels were significantly higher in strain H in the C + E group compared
to strain D only at the 5th Day stadium (Fig. 3 a2, a4).

3.2.2. Catalase

Catalase (CAT) activity showed significant variability depending on
the strain, developmental stage, and the applied compound. At the L
stadium in strain H, the control group (C) showed significantly higher
CAT activity than the C + E, RV, and NDs groups, which showed com-
parable activity levels (Fig. 4 al).

Time-course analysis revealed that in the control group (C), CAT
activity in the L stadium of strain H was higher than at later time points;
however, significant differences appeared only between the 15th and
5th Day (Supplementary Fig. 2B). In the C + E group, activity was
significantly lower in the L stadium compared to the 15th Day. In
contrast, in the RV group, significantly lower enzyme activity was seen
on the 15th Day of adult life compared to both the L stadium and the 5th
Day. The NDs group showed a significant increase in catalase activity on
the 15th Day of adult life relative to the L stadium (Supplementary
Fig. 2B). On the 5th Day of adult life, the C group from strain H did not
differ significantly from C + E, while the RV group showed significantly
higher activity than C (Fig. 4 a2). An opposite trend was observed on the
15th Day of adult life, where RV significantly reduced CAT activity
compared to C (Fig. 4 a3).
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Fig. 2. Kaplan-Meier survival curves for the wild-type strain (H) and the long-lived strain (D). Individuals were maintained separately within each treatment group
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Fig. 3. Box plots show medians (horizontal line) and interquartile ranges (IQR; box spans Q1-Q3); whiskers extend to values within 1.5 x IQR from the quartiles.
Data represent lipid peroxidation (LPO; pmol/g) in two A. domesticus strains (H and D) across four experimental groups (C, C + E, RV, NDs) at three time points: larval
stage (al, a4), 5th day (a2, a5), and 15th day of adulthood (a3, a6). Statistical analysis was performed using PERMANOVA (p < 0.05, corrected) and PERMDISP (p >
0.05) in Python (scikit-bio). Lowercase letters indicate significant differences between groups within strain H on the same day; uppercase letters indicate differences
within strain D. Asterisks (*) denote significant differences between strains within the same group and time point.

In strain D, at all-time points, no significant differences in CAT ac-
tivity were observed between groups C and C | E. At the L stadium and
on the 5th Day of adult life, catalase activity in the NDs group was
significantly higher than in the RV group (Fig. 4 a4, a5). On the 15th Day
of adult life, enzyme activity in all groups was similar, with no signifi-
cant differences (Fig. 4 a6). Time-course analysis for strain D showed
stable CAT activity in groups C, C + E, and RV. Only the NDs group
exhibited a significant decrease in activity on the 15th Day of adult life
compared to the L stadium (Supplementary Fig. 2B).

Regarding between-strain comparisons, at the L stadium, CAT ac-
tivity in the NDs group was significantly lower in strain H than in strain

D (Fig. 4 al, a4). On the 5th Day of adult life, higher catalase activity
was found in the RV group of strain H compared to strain D (Fig. 4 a2,
a5), while on the 15th Day of adult life, higher values were observed in
the C group of strain H compared to strain D (Fig. 4 a3, a6).

3.2.3. SOD activity

At the L stadium of strain H, significantly higher SOD activity was
recorded in the control group (C) compared to the C + E group (Fig. 5
al). This represents the only seen effect of ethanol as a solvent relative to
the control across all analysed time points and strains. Notably, SOD
activity in the C group did not differ significantly from the values
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points. Abbreviations and significance notations are shown in Fig. 3.

obtained in the RV and NDs groups (Fig. 5 al). Analyzing changes in
SOD activity over time in strain H, a decrease in activity was observed in
the control group on the 5th Day of adult life compared to the L stadium.
In contrast, in the C + E group, the decrease in activity occurred only on
the 15th Day of adult life. A similar trend to that observed in the C + E
group was also found in the NDs group (Supplementary Fig. 2C). On the
5th Day of adult life of H strain insects, nanodiamond supplementation
significantly increased SOD activity (ig. 5 a2), while on the 15th Day of
adult life, the opposite effect was recorded — a significant decrease in
comparison to the control group (Fig. 5 a3).

In strain D, no significant changes in SOD activity were seen at either
the L stadium or on the 5th Day of adult life (Fig. 5 a4, a5). The only
exception was the RV group, in which a significant decrease in SOD
activity was observed on the 15th Day of adult life compared to the
control (Fig. 5 a6). Additionally, in L-strain insects, regardless of the
group, enzyme activity did not change significantly between successive
time points (Supplementary Fig. 2C).

When comparing both strains, at the L stadium and on the 5th Day of
adult life, SOD activity in the NDs group was significantly higher in
strain H than in strain D (Fig. 5 al, a2, a4, a5). Moreover, on the 15th
Day of adult life, in the control group, enzyme activity was higher in

strain H compared to strain D, while in the RV and NDs groups, higher
SOD activity was observed in strain D (Fig. 5 a3, a6).

3.2.4. SOD inhibition

In strain H at the L stadium, all groups (C, C + E, RV, NDs) showed
comparable inhibition percentages, with no statistically significant dif-
ferences observed between experimental groups (Fig. 6 al). On the 5th
Day of adult life (Fig. 6 a2), only the NDs group significantly increased
superoxide reaction inhibition compared to the control group. Inter-
estingly, RV reduced the % inhibition of the superoxide reaction,
although the statistical significance of the median difference was not
confirmed at this time point. On the 15th Day of adult life (I'ig. 6 a3), the
C group showed a significantly higher median inhibition compared to C
+ Eand RV. RV also lowered the value of this parameter compared to the
other experimental groups (C | E, NDs), while NDs significantly
enhanced inhibition compared to RV (Vig. 6 a3). On time-dependent
changes, in the C group of strain H, activity on the 15th Day of adult
life was significantly higher than at the L stadium and on the 5th Day of
adult life (Supplementary Fig. 2D). For the remaining groups (C + E, RV,
and NDs) in strain H, no significant time-related changes in the per-
centage of inhibition were observed (Supplementary Fig. 2D).
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time points. Abbreviations and significance notations as in Fig. 3.

In strain D at the L stadium, NDs significantly reduced the % inhi-
bition of the SOD-related reaction compared to the control, while RV
induced the opposite effect (Fig. 6 a4). On the 5th Day of adult life, no
significant differences were found between experimental groups (Fig. 6
a5). On the 15th Day of adult life, RV caused a substantial reduction in
the analysed parameter compared to the C + E and NDs groups (Fig. 6
a6). Concerning time-course effects, in both control groups (C and C +
E), differences across time points were not statistically significant
(Supplementary Fig. 2D). RV administration resulted in a decrease,
while NDs caused an increase in the % inhibition on the 5th Day of adult
life compared to the L stadium. Moreover, on the 15th Day of adult life,
NDs also significantly increased the % inhibition compared to the L
stadium (Supplementary Fig. 2D).

Additionally, on the 15th Day of adult life, significant differences
between strains were seen. In the control group, strain H showed
significantly higher inhibition than strain D (Fig. 6 a3, a6). In contrast,
in the RV group, the opposite trend was observed (Fig. 6 a3, a6).

3.3. Sirtuin activity in Acheta domesticus

3.3.1. Universal SIRT activity
Overall, sirtuin activity in both strains remains relatively low;

however, there were some significant differences between the larval
stadium and adult individuals (Supplementary Fig. 2E). Sirtuin activity
tends to increase on the 5th Day of adult life compared to the larval
stadium in the C and C + E groups (both strains) and the RV group (only
in the D strain) (Fig. 7). On the 15th Day of adult life, SIRT activity was
lower than that of the control groups, and the trend of low sirtuin ac-
tivity in adult 15th day individuals persists across all experimental
groups (Supplementary Fig. 2E). However, significant differences were
noticed in groups C, C + E, and RV in H strain, as well as in the NDs
group of strain D. When comparing strain H to strain D, there is a ten-
dency toward slightly higher sirtuin activity in strain D, yet significant
differences are observed only at the larval stadium (Fig. 7 a1, a4) as well
as 5th Day stadium treated with RV (Fig. 7 a2, a5).

NDs induced SIRT activity compared to control at the larval stadium;
however, this activity gradually declined in subsequent time points
(Fig. 7 al-a6). As expected, RV stimulated overall sirtuin activity in
strain H, but a significant effect was detected only in young individuals
(L stadium).

Interestingly, in contrast to strain H, in strain D (selected for
longevity), RV did not cause significant changes in sirtuin activity in the
L stadium and on the 5th Day of adult life of adult life. On the contrary, it
led to a significant decrease in SIRT activity in the 15th Day group. NDs

Sirtuins activity
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Fig. 7. Box plots showing medians and IQRs for sirtuin activity in Acheta domesticus strains H and D across experimental groups and time points. Abbreviations and

significance notations are shown in Fig. 3.
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did not significantly affect sirtuin activity in strain D. It is worth noting,
however, that at the larval stadium, SIRT activity in the NDs group was
high. Still, due to large data variability, significant differences were
observed only between the RV and NDs groups (Fig. 7 a4).

3.3.2. SIRT 1

In the control group of strain H, the highest median SIRT1 activity
was observed in adult individuals on the 15th Day of adult life of life
(Supplementary Fig. 2F; Fig. 8 al-a3). A different trend was noted in
strain D, where SIRT1 activity was lowest in the oldest individuals, and
the highest median was recorded in adults on the 5th Day of adult life
(heatmap and Fig. 8 a4-a6). However, the differences between control
groups across time points in both strains were not statistically significant
(Supplementary Fig. 2F).

SIRT1 activity in both strains (H and D) in the C + E group (ethanol)
did not differ significantly from the control group - regardless of insect
age - indicating that ethanol as a solvent did not substantially affect this
parameter (Fig. 8 al-a6). Compared to the control, both RV and NDs led
to a significant decrease in SIRT1 activity only in 5-day-old individuals
of strain D (Fig. 8 a5). In other age stadia of strain D and across all age
stadia in strain H, supplementation with RV or NDs did not induce sta-
tistically significant changes in SIRT1 activity compared to the control
(Fig. 8 al-a6).

The temporal dynamics of SIRT1 activity exhibited distinct trends,
depending on the strain and the applied compound. In strain H, RV
increased SIRT1 activity with age, from the L stadium to the 15th Day,
with significantly higher activity observed on the 15th Day of adult life
than in the larval stadium (Supplementary Fig. 2F). In contrast, groups
receiving NDs showed an age-related decrease in SIRT1 activity in both
strains. In both strains, the difference between the L stadium and the
15th Day was statistically significant (Supplementary Fig. 2F).

Additionally, only a few differences in SIRT1 activity were identified
between strains. At the larval stadium, the median SIRT1 activity in the
NDs group was significantly higher in strain D compared to strain H
(Fig. 8 al, a4). The opposite trend was observed on the 15th Day of adult
life, where the median was higher in strain H than in strain D.

3.3.3. SIRT 6

SIRT6 activity was low at the L stadium and on the 5th Day of adult
life, but increased markedly in adult insects from the 15th Day group.
This pattern was observed in both strains — H and D. Importantly, the
results for the 15th Day groups showed high variability, which was re-
flected in the statistical analysis outcomes. Despite noticeably higher
medians in experimental groups on the 15th Day of adult life compared
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to the L stadium and 5th Day, these differences were not always statis-
tically significant. The absence of significant differences was observed
for the C + E and RV groups in strain H, as well as for all groups in strain
D (Supplementary Fig. 2G).

Ethanol as a solvent also had little impact on SIRT6 activity, except
for L stadium insects from strain D, where the median activity in the C +
E group was significantly higher than in the control (Fig. 9 a4).

Administration of RV or NDs did not lead to statistically significant
changes in SIRT6 activity, regardless of strain or developmental stadium
(Fig. 9 al-a6). Additionally, significantly higher enzyme activity was
found in 15th Day adults from strain D exposed to NDs compared to the
corresponding group from strain H (Fig. 9 a3, a6).

3.4. DNA damage

3.4.1. pATM

At the L stadium, in both strains, the %pATM levels were comparable
across all experimental groups. In both strains, the control group (C) did
not differ significantly from C + E, RV, or NDs (Fig. 10 a1). On the 5th
Day of adult life, %pATM levels in the control group (C) were not
significantly different from C + E. However, in strain H, %pATM levels
were significantly higher in C compared to RV and NDs. Additionally, in
strain H, the RV group showed lower levels than C + E (Fig. 10 a2). On
the 15th Day of adult life, %pATM levels in the control group (C) of
strain H were lower than in the RV group (Fig. 10 a3). Notably, the
highest percentage of pATM-positive cells was recorded in the RV group,
with the median significantly exceeding those of the other groups as well
as earlier time points (L stadium and 5th Day).

In strain D, at the L stadium, the %pATM level in the RV group was
significantly lower than in the NDs group (Fig. 10 a1). On the 5th Day of
adult life, the C group did not differ significantly from the other groups;
however, significant differences were observed between the remaining
groups, with the highest %pATM levels found in the NDs group (Fig. 10
a2). On the 15th Day of adult life, similar to strain H, strain D showed
significantly higher %pATM levels in the RV group than NDs (Fig. 10
a3). Regarding time-course analysis in strain D, the C group, median %
PATM levels were significantly higher on the 15th Day of the adult life
stadium compared to the L stadium and the 15th Day (Fig. 10 a3 vs. al,
a2).

In the between-strain comparison, at the L stadium, %pATM levels in
the RV group were significantly higher in strain H than in strain D. On
the 5th Day of adult life, significant inter-strain differences in %pATM
were observed in the C + E group (lower in strain D) and in the NDs
group (higher in strain D). On the 15th Day of adult life, %pATM levels
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Fig. 8. Box plots showing medians and IQRs for sirtuin 1 activity in Acheta domesticus strains H and D across experimental groups and time points. Abbreviations and
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in the G, C + E, and NDs groups were significantly higher in strain D
compared to strain H (Fig. 10).

3.4.2. DSB

In strain H, at the L stadium, no significant differences were observed
between the experimental groups Fig. 11 al). On the 5th Day of adult
life, the level of DSBs in the control group (C) was higher than in the
remaining groups; however, statistically significant differences were
found only when comparing the control to the RV and NDs groups
(Fig. 11 a2). On the 15th Day of adult life, DSB levels in groups C, C + E,
and NDs were lower than in the RV group, which showed the highest
level of DNA damage (Fig. 11 a3). In the NDs group, a significant in-
crease in %DSBs was also recorded, although this was explicitly
compared between the 5th and 15th Days (Fig. 11 a2 vs. a3).

In strain D at the L stadium, the DSB level in the control group (C)
was significantly lower than in the NDs group (Fig. 11al). On the 5th
Day of adult life, the control group showed higher DSB levels than the C
+ E group (Fig. 11 a2). On the 15th Day of adult life, no significant
differences were found between groups C and C + E (Fig. 11 a3).
However, the DSB level in the control group was significantly higher
than in the RV group, which in turn showed a significant increase
compared to the L stadium (Fig. 11 a3 vs. al).

In the between-strain comparison, on the 15th Day of adult life, the
DSB level in the control group was significantly higher in strain D than in
strain H. An opposite trend was observed for the RV group, where strain
H exhibited significantly higher DSB levels than strain D (Fig. 11).

3.4.3. H2A.X

In strain H, at the L stadium, yH2A.X levels were low across all
experimental groups (Fig. 12 al). Notably, in the NDs group, yH2A.X
levels were significantly higher compared to the 5th Day (Fig. 12 al, a2).
On the 5th Day of adult life, a significant decrease in yH2A.X levels was
observed in the NDs group relative to C + E, whereas no differences were
found between C + E and the control group (Fig. 12 a2). On the 15th Day
of adult life, yH2A.X levels remained similar across all groups, with no
significant changes compared to earlier time points (Fig. 12 a3).

In strain D, a similar trend to that observed in strain H was noted - at
the L stadium, yH2A.X levels were low in all groups (Fig. 12 al). On the
5th Day of adult life, the control group (C) exhibited lower yH2A X levels
compared to C + E and RV, with the difference between C and C + E
being statistically significant (Fig. 12 a2). On the 15th Day of adult life,
YH2A X levels in the NDs group were significantly lower than in the
control group (Fig. 12 a3).

In the between-strain comparison at the 15th Day, yH2A.X levels
were significantly higher in strain H than in strain D, both in the control
and NDs groups (Fig. 12 a3).
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4. Discussion

This study is a continuation of our previously published research
[21] in which we analysed the effects of RV and NDs on SIRT1 activity in
Acheta domesticus within two lines: the wild-type (H) and the
longevity-selected (D) line. In that study, SIRT6 activity was not
examined, and markers of oxidative stress (CAT, SOD, LPO) in larvae
were omitted; the assessment was limited to selected time points in adult
individuals. However, it was clearly observed that the response to the
tested compounds was complex and dependent on age and line, sug-
gesting the potential involvement of longevity-related regulatory
mechanisms and the need for more in-depth analyses. The present study
was therefore expanded to include earlier developmental stages
(larvae), added measurements of SIRT6 activity, assessed oxidative
stress markers, and conducted a detailed survival analysis under
long-term exposure conditions. This approach not only allowed us to
verify earlier conclusions but also to gain a better understanding of
whether and how RV and NDs influence aging and longevity processes in
a strain- and life stage-dependent manner.

4.1. Strain-specific differences in sirtuins

Variability and uniqueness are among the cornerstones of biology,
but they also constitute prerequisites for evolution, adaptation, and even
a challenge for experimental studies [30,31]. Even within a single spe-
cies and often within a single population, organisms exhibit significant
phenotypic and molecular differences, including variations in aging
rate, stress resistance, and DNA repair efficiency [32,33]. In the context
of aging, sirtuins are considered essential regulators that not only
potentially modulate metabolism but also influence genome stability
and responses to oxidative stress [1]. In recent years, particular atten-
tion has been paid to SIRT1 and SIRT6, whose activity in animal models
has been associated with longevity and resistance to cellular damage
[34-37]. Hypothesis H1 assumed that the expression and activity of
selected sirtuins, particularly SIRT1 and SIRT6, differ significantly be-
tween the wild-type (H) and longevity-selected (D) strains, with higher
activity in the D strain potentially supporting mechanisms that promote
longevity. However, neither total sirtuin activity nor the activity of
specific isoforms (SIRT1, SIRT6) showed consistent or significant dif-
ferences between the H and D strains. Only at isolated time points or in
specific experimental groups (e.g., universal sirtuin activity or SIRT1 in
the larval stage under NDs treatment) (Figs. 7 and 8 al vs a4) were
statistical differences observed, but these did not form a coherent
pattern. Importantly, inter-strain differences were not restricted to a
single developmental stage but occurred at different time points
depending on the analysed parameter. Nevertheless, for several markers
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Fig. 12. Line plots showing medians and interquartile ranges (IQRs) of yH2AX levels in Acheta domesticus strains H and D across three time points (larval stage, Sth
and 15th day of adulthood) and four experimental groups. Abbreviations and statistical notations are as shown in Fig. 10.
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the earliest differences appeared already at the larval stage, suggesting
that early developmental stages may be particularly sensitive to physi-
ological modulation. This may be because sirtuin activity is strongly
regulated post-translationally and via NADT [38], meaning that their
basal activity may be similar, while differences could emerge only under
conditions of severe stress or DNA damage, which were not induced
under our experimental conditions. It is worth noting that the levels of
the oxidative stress markers tested (LPO, SOD, and CAT) generally did
not indicate the presence of intense oxidative stress in either strain. The
changes observed were occasional and limited, lacking a consistent
temporal pattern or clear relation to supplementation (Figs. 3-6). This
aligns with findings by Santos et al. [39] who reported that oxidative
stress modulates sirtuin activity, mildly enhancing it as a protective
mechanism, but leading to dysfunction and degradation under more
severe stress conditions. Similarly, Webster et al. [40] demonstrated that
sirtuins regulate oxidative stress by controlling redox systems. Impor-
tantly, all experimental groups received the same base feed containing
identical levels of vitamins and antioxidants (A, C, E and B complex).
Therefore, potential effects of these food components were consistent
across treatments and did not influence the comparative assessment of
RV and NDs.

Thus, it can be observed that both strains display comparable basal
activity of total SIRT, SIRT1, and SIRT6. This suggests that the mecha-
nisms involving these enzymes are strongly genetically conserved, and
even long-term selection for longevity has not altered the baseline
pattern of their activity. Because sirtuin isoforms may differ among taxa,
the obtained results should be interpreted as relative changes in NAD*-
dependent deacetylase activity associated with SIRT1-and SIRT6-type
enzymes rather than direct measurements of specific orthologous pro-
teins in Acheta domesticus. At the same time, it should be noted that
sirtuin activity is highly dependent on environmental conditions, for
example, in Drosophila, dietary stress (protein deficiency) induces the
expression of the mitochondrial sirtuin dSirt4 in enterocytes, affecting
gut physiology and microbiota composition [41]. This highlights the
context- and species-dependent variability in sirtuin responses, as well
as the difficulty of unambiguously interpreting their activity.

In our study, an increase in SIRT6 activity was observed in older
individuals, which is consistent with broader observations suggesting
the role of this enzyme in maintaining genome stability and DNA repair
in aging organisms, as shown in SIRT6-deficient mice [42]. Notably, this
phenomenon occurred regardless of strain (Fig. 9 a3, a6), further sup-
porting the idea that SIRT6 may be activated in response to age-related
DNA damage and cellular stress, given its established role in DNA repair
and regulation [43]. Similar conclusions were reached by Taylor et al.
[44] in studies on Drosophila melanogaster, overexpression of dSirt6 led
to lifespan extension, increased resistance to oxidative stress, and
reduced protein synthesis rates.

It should also be emphasized that the Acheta domesticus used in this
study was bred through selection for delayed reproduction [45], align-
ing with the disposable soma theory [46]. However, the results of this
study suggest that sirtuin activity (both SIRT1 and SIRT6; Figs. 8§ and 9)
remained unchanged despite long-term selection, which may indicate
that these enzymes are not directly involved in the mechanisms
responsible for increased lifespan in this selection model. This may
complement the disposable soma theory, suggesting that not all mo-
lecular mechanisms involved in soma maintenance are necessarily
modified through evolutionary or breeding selection.

For comparison, SIRT1 activity did not show such a pronounced
association with age, which is consistent with previous observations in
insects. In studies on Drosophila melanogaster, SIRT1 activity remained
relatively stable over time, with any observed changes being more
dependent on environmental factors than on age itself [47]. Research on
C. elegans and Drosophila has suggested that an increase in sirtuin ac-
tivity alone does not necessarily translate directly into lifespan extension
unless accompanied by other metabolic changes [48]. Our findings
appear to support this observation, as selection for longevity did not
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alter the activity patterns of SIRT1 or SIRT6 (Figs. 8 and 9). This may
indicate that other mechanisms, such as energy metabolism or auto-
phagy, play a more critical role in longevity in A. domesticus.

4.2. The impact of RV and NDs on sirtuin activity and their potential
significance for longevity

Another hypothesis we tested assumed that RV and NDs modify
sirtuin  activity, thereby influencing the potential lifespan of
A. domesticus. We also hypothesized that organisms from the long-lived
strain might respond differently to these compounds. Our results indi-
cate that such an effect cannot be clearly confirmed. Importantly, the
lifespan-related effects observed in some experimental groups were not

panied by a consi or d increase in sirtuin activity.
This suggests that although sirtuin-related pathways may participate in
the physiological responses to RV or NDs, they are unlikely to represent
the sole mechanism underlying the observed survival patterns.

Researchers describe RV as a SIRT1 activator, acting, for example,
through mechanisms associated with caloric restriction [49,50], but also
via modulation of energy metabolism (PGC-1a, PPAR«), enhancement of
oxidative stress resistance (activation of FOXO and antioxidant genes),
as well as through effects on genome stability and inflammatory control
(p53, NF-kB) [51,52]. However, in our study, this effect was weak and
limited to isolated groups (Fig. 8 a2, a4). Notably, the most visible
response was observed in the wild-type strain (H) at the larval stage,
whereas the longevity-selected strain (D) showed little or no response to
RV supplementation. This may indicate that organisms selected for
longevity possess more stable regulatory mechanisms that limit the
responsiveness of sirtuin pathways to external modulators. Similar ob-
servations have been reported in insect models such as Drosophila, where
the effect of RV was highly dependent on diet and sex, and its influence
on lifespan was ambiguous or insignificant [53]. It can therefore be
assumed that RV does not always act as a universal “longevity elixir,”
and its effects are strongly dependent on biological context. Mansouri
[54] also reported that the impact of RV depends on both duration and
dosage of treatment. Furthermore, our supplementary data (LPO, CAT,
PATM, DSBs) did not confirm that RV protects against oxidative stress or
DNA damage. In some cases (e.g., elevated pATM levels in the RV group
on day 15; Fig. 10), RV was even associated with an increase in DNA
damage. Similar bifunctional (pro- and antioxidant) effects of RV,
depending on dose and exposure time, have been described in the
literature [55,56].

It should be emphasized that supplementation was maintained
throughout the insects’ entire lifespan in this experiment, which may
have led to physiological adaptation and attenuation of treatment effects
at later life stages. Survival analysis indicates that the most pronounced
differences between groups occurred during early and mid-life, while
the survival curves converged at later ages (Fig. 2). In the wild-type
strain (H), nanodiamonds primarily increased median lifespan, sug-
gesting an improvement in early-life survival rather than a substantial
extension of extreme longevity. In contrast, RV had a limited effect on
median lifespan but showed a tendency to extend maximum lifespan.
Interestingly, the C + E group exhibited a reduced median lifespan
compared with the control, although the maximum lifespan remained
similar. This pattern likely reflects a small shift in early survival events
rather than a consistent biological effect, as other physiological and
biochemical parameters did not differ between the C and C + E groups.
In the strain D, neither RV nor NDs significantly altered survival pat-
terns. Median lifespan remained similar across treatments, and only
minor differences in maximum lifespan were observed. This relative
stability suggests that organisms from the longevity-selected strain may
be less responsive to external modulators, possibly due to genetic
mechanisms already optimizing longevity-related physiological pro-
cesses (Fig. 2). Although biochemical and molecular analyses were
limited to early adult stages, these time points were selected to capture
initial physiological responses to long-term exposure. Future studies

acc

133

133:1074149246



134

ROZPRAWA DOKTORSKA | Patrycja Zietara-Krzyk

P. Zigtara-Krzyk et al.

extending the analysis to later life stages could further clarify how these
mechanisms relate to aging processes.

Correlation analysis (Supplementary Table 2) revealed several sig-
nificant associations between selected biochemical and molecular pa-
rameters. In particular, SOD activity was positively correlated with
SIRT1 and negatively correlated with SIRT6, while the percentage in-
hibition of the SOD-related reaction was positively correlated with total
SIRT activity. In addition, total SIRT activity was negatively correlated
with YH2A.X, and yH2A.X was positively correlated with pATM. How-
ever, these relationships were selective rather than uniform, indicating
partial links between oxidative stress, sirtuin-related responses and DNA
damage signaling, rather than one consistent pattern across all analysed
parameters.

Our previous research indicated that the differences in survival and
responses to RV and NDs between Acheta domesticus strains (H and D)
may result from distinct molecular and regulatory mechanisms shaped
by selection for longevity, and that the stimulation of SIRT1 activity by
both compounds depended on time and treatment type [21]. Similarly
[57], showed that RV supplementation at a dose of 500 pmol/L did not
affect lifespan, body composition, locomotor activity, or expression of
genes related to oxidative stress and longevity in Drosophila mela-
nogaster. Other studies on D. melanogaster by Wang et al. [58] also
demonstrated that the impact of RV on lifespan is highly dependent on
diet composition and sex, with effects appearing only under specific
nutritional conditions such as low-sugar and high-protein diets. These
findings confirm the context dependency and limited persistence of RV's
effects.

NDs, although increasingly investigated as potentially safe nano-
materials for nanomedicine, remain controversial [59]. In our study, no
apparent effect of NDs on SIRT1 activity was observed, except on day 5
in the D strain, where SIRT1 activity (Fig. 8) was significantly lower than
in the control. Nevertheless, the action of NDs is challenging to interpret
and often depends on dose, developmental stage, and particle charac-
teristics. Augustyniak et al. [27] showed that responses to NDs can vary
between strains and change with age, and that observed effects do not
always follow a consistent pattern. Other studies [60] di rated that
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domesticus, an insect species undergoing incomplete metamorphosis,
thereby filling a knowledge gap in the understanding of aging mecha-
nisms in hemimetabolous organisms. The analysis of SIRT1 and SIRT6
activity, as well as oxidative stress markers, in two genetic strains
revealed that the response to RV and NDs supplementation depends on
both life stage and strain but does not form a clear pattern that supports
the hypothesis of a lasting impact on lifespan. Fascinating is the obser-
vation that the longevity-selected strain did not show noticeable
changes in sirtuin activity or survival, which may suggest that longevity-
regulating mechanisms are strongly genetically conserved and resistant
to modulation by external factors such as RV or NDs.

Both RV and NDs, although often described as compounds with po-
tential health-promoting properties, showed limited and highly context-
dependent effects. The observed responses, particularly the transient
increase in sirtuin activity in larvae exposed to NDs and minor changes
in oxidative stress parameters, suggest adaptive rather than lasting ef-
fects. This interpretation is further supported by survival data, which
showed no differences in long-term survival between the NDs-treated
and control groups, suggesting low toxicity in this model but no evi-
dence of a protective or life-extending effect.

The results of this study represent a step forward in understanding
the biological basis of responses to environmental factors, while also
highlighting the need for caution. In an era of increasing use of dietary
supplements, pharmaceuticals, and bioactive compounds, it becomes
essential not only to conduct experiments but also to provide precise
characterization of the tested substances, their origin, and dosage. Many
studies fail to specify whether the examined RV is derived from natural
sources or chemical synthesis, which may be critical for interpreting
results, assessing safety, and ensuring interdisciplinary responsibility.
Our research integrates perspectives from developmental biology,
physiology, and toxicology, which are necessary to understand the
complexity of aging processes better and to evaluate the true potential
and limitations of compounds increasingly discussed in the context of
“elixirs of youth™.

low ND concentrations may act hormetically by inducing mild stress and
activating cellular defense mechanisms or sirtuins. Our results suggest
that the increase in general sirtuin activity observed in larvae exposed to
NDs (Fig. 7) may reflect such a short-term adaptive response to mild
stress, which in later developmental stages becomes compensated or
neutralized by other mechanisms. The increase in SIRT6 activity (Fig. 9)
observed in older individuals appeared to be independent of the com-
pounds administered (NDs, RV) and likely represents a general
aging-related physiological response.

In multigenerational studies with low ND concentrations (0.2 and
2 mg/kg), differences between strains were observed in CAT, TAC,
apoptosis, and ROS levels [11]. These findings indicate that NDs may
induce oxidative stress, but the effects depend strongly on dose, dura-
tion, and strain. In our experiment, the absence of clear changes in
oxidative stress markers (LPO, CAT, SOD) may be due to the relatively
low NDs dose, physiological adaptation during long-term exposure, or
comp y def mech At this dosage, NDs appear to be
relatively safe for chronic exposure, as Kaplan-Meier survival curves
(Supplementary Fig. 2) and log-rank test results indicate that NDs did
not show toxicity leading to reduced lifespan. In both strains (H and D),
survival in the ND groups was comparable to that of the controls. In the
H strain, it was even slightly higher during early life stages, suggesting a
potential protective effect.

5. Conclusions

This study offers new insights into the regulation of sirtuins in Acheta
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Supplementary materials

Supplementary Table 1. Results of Levene’s test for homogeneity of variances (p < 0.05;

STATISTICA®13, TIBCO Software Inc., Palo Alto, CA, USA)
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Supplementary Table 2. Correlation matrix between biochemical and molecular parameters (p < 0.05;

STATISTICA®13, TIBCO Software Inc., Palo Alto, CA, USA)
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Supplementary Fig. 1. Heatmaps of median values for oxidative stress and sirtuin activity markers across
experimental conditions: strain (H or D), and groups—Control (C), Control with ethanol (C+E; ~0.01%
ethanol in feed), RV group (23 mg/kg in feed), and NDs group (0.2 mg/kg in feed). Measurements were
taken during the larval stage and on days 5 and 15 of the adult stage. A - Lipid peroxidation (LPO; umol/g),
B - Catalase activity (CAT; catalase units/mg), C - Superoxide dismutase activity (SOD; units/mg), D - %
inhibition of superoxide reaction (SOD; %), E - Total sirtuin activity (mg/min/pg), F - SIRT1 activity (g/L),
G - SIRT6 activity (g/L). Statistical analysis was performed using PERMANOVA (p < 0.05, corrected) and
PERMDISP (p > 0.05) (Python, scikit-bio). Letters indicate statistically significant differences within the

same strain and group across different time points.
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Abstract

Sirtuinsare conserved proteins regulating oxidative stress and lifespan. While they enhance
cellular adaptability, the long-term biological consequences of combining bioactive com-
pounds with nanomaterials remain poorly understood. This study examined the effects of
combined resveratrol and nanodiamonds (RV+NDs) in two Acheta domesticusstrains: wild-
type (H) and longevity-selected (D). The impact was assessed across developmental stages,
focusing on survival, total sirtuin activity, specificisoforms (SIRT1, SRT6), oxidative stress,
antioxidant enzymes, and DNA damage markers. RV+NDs exposure did not result in con-
sistent lifespan extension or sustained oxidative stress. Molecular responses were strongly
dictated by genetic background and age, as reflected by significant survival differences
between strains H and D (p < 0.001) Notably, a persistent increasein total sirtuin activity
(~60% 1 across developmental stages) occurred exclusively in the longevity-selected strain,
though no stable activation of SIRT1 or SIRT6 was detected. While classical redox parame-
ters showed only transient changes, DNA damage response markers emerged as the most
sensitive indicators of RV+NDs exposure. Overall, the findings demonstrate that RV+NDs
treatment induces context-dependent, adaptive molecular responses. This highlights the
critical role of genetic background and age in shaping ageing-related pathways, suggesting
that nanodelivery systems do not produce universal effects across different genotypes.

Keywords: Achefa domesticus, resveratrol; nanodiamonds; sirtuins; longevity

1. Introduction

The ageing process is closely linked to cellular defence mechanisms and oxidative
stress [1]. It isan inherently interdisciplinary phenomenon that requires combining know |-
edge from molecular biology, physiology, biochemistry, and toxicology [2,3]. Its complexity
results from the involvement of many different cellular factors that together determine the
pace of ageing and the lifespan of an organism [1].

Attention from researchers has been drawn to sirtuins—enzymes often referred to
as “longevity enzymes” [4]. They form a family of NAD*-dependent deacetylases and
ADP-ribosyltransferases that regulate numerous cellular processes, including genome sta-
bility, metabolism, stress response, and apoptosis[5,6]. In mammals, seven sirtuin isoforms
(SIRT1-SIRT7) have been identified, which differ in their cellular localisation and biological
roles. SIRT1, SIRT6, and SIRT7 are primarily nuclear proteins, SIRT2 is mainly found in
the cytoplasm, whereas SIRT3-SIRT5 are predominantly localised in mitochondria [7,8].
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Through NAD*-dependent deacetylation or ADP-ribosylation, sirtuins regulate chromatin
structure, DNA repair, mitochondrial metabolism, and stress responses, linking cellular
energy status to ageing and longevity [8-10]. Studiesin model organisms (mainly verte-
brates: mice, rats) have shown that certain sirtuins—especially SRT1 and SIRT6—may play
adirect rolein regulating lifespan [11-13]. Moreover, it has been demonstrated that the
activity of these enzymes can be modulated by natural compounds such as resveratrol (RV),
w hich exhibits health-promoting and anti-ageing properties [14,15]. One of the significant
limitations of using RV isitslow bioavailability and short retention time in the body [16].
In humans, the bioavailability of RV is considered very low, and its rapid metabolism
significantly limits its potential biological effects [17,18]. Literature reportsindicate that
although nanodelivery systems can increase the bioavailability of bioactive compounds,
their pharmacokinetic and biological consequences do not always translate into changes
in lifespan and are more often reflected in the regulation of molecular processes rather
than in global longevity indicators [19,20]. Nevertheless, the need for drug carrier systems
that could enhance the effectiveness of this compound is emphasised [17,21]. Among
nanomaterials used as drug delivery vehicles, nanodiamonds exhibit several advantageous
properties, including high biocompatibility, large surface area for adsorption of bioactive
compounds, chemical stability, and relatively low cytotoxicity [22,23]. Nanodiamond sur-
face chemistry enables adsorption of polyphenols such asresveratrol viahydrogen bonding
and T—mrinteractions, potentially influencing its stability and release [24,25]. In this context,
nanodiamonds (NDs) appear to be a promising solution—biocompatible nanomaterials
capable of binding and gradually releasing active substances [23,26,27]. Previous stud-
iesindicate that nanodiamonds show low toxicity and can interact with insect biological
systems, including Acheta domesticus, without causing acute lethality [4,28]. However, the
effects of administering NDs combined with resveratrol (RV+NDs) through food on insect
organisms have not yet been investigated, either in terms of efficacy or preliminary safety.
Insects, including Drosophila melanogaster and Acheta domesticus (the house cricket), are
valuable models for studying the mechanisms of ageing and the response to pharmaco-
logical interventions due to the conservation of key pathways regulating oxidative stress
and longevity-related processes [29]. Although D. melanogaster appears to be the most
widely used insect model in ageing research, A. domesticus provides several complementary
advantages, including larger body size facilitating biochemical analyses, clearly defined
developmental stages, and genetically differentiated laboratory lines, including strains
selected for extended lifespan [30-32]. Notably, A. domesticus, unlike D. mdanogaster, un-
dergoes incomplete metamorphosis, offering an opportunity to gain additional insights
into insect ageing processes. In this context, A. domesticus emerges as a promising, yet
still underutilised, invertebrate model. Previous studies have shown that both dietary
factors and environmental conditions can significantly modulate survival and functional
parameters in this species, highlighting its potential in research on the mechanisms of
ageing [33,34]. In turn, reviews of nanodelivery systemsfor RV highlight that nanoformula-
tionsimprove the solubility and potentially the bioavailability of RV, but in vivo evidence
for their biological efficacy is still limited and requires further evaluation in the context of
mechanisms of action [20]. While numerous nanodelivery systemsfor resveratrol have been
investigated in mammalian and cellular models, their evaluation in insects remains very
limited. Although sirtuins play an essential role in the ageing process, they are not the sole
indicator of longevity-related changes. Oxidative stress, defined as an imbalance between
the production of reactive oxygen species (ROS) and the organism’s ability to neutralise
them, is widely recognised as one of the key drivers of cellular ageing [3,35,36]. Therefore,
the level of oxidative stress may serve as a sensitive marker of the potential biological
effectsinduced by RV+NDs, providing a starting point for toxicological risk assessment.
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In this study, two strains of A. domesticuswere used: a wild-type strain (H) and a
longevity-selected strain (D). Thelatter constitutes a valuable model for studying ageing-
related mechanisms, as selection for extended lifespan results in distinct physiological
and metabolic traits associated with longevity. This approach allowed comparison of
responses between organisms with different lifespan within the same species. In our
previous research, we demonstrated that NDsand RV individually affect survival, sirtuin
activity, oxidative stress parameters, and DNA damage markers in A. domesticus under
corresponding experimental conditions. Thesefindingsprovided thebiological rationale for
investigating whether their combined administration would result in additive, synergistic,
or qualitatively distinct molecular responses [4,37]. Based on the above, the main research
question isasfollows: how doesthe combination of RV+N Ds affect sirtuin activity in Acheta
domesticus? The primary aim of this study was to determine the impact of this combination
on overall sirtuin activity, with a particular focus on specific classes, such as SIRT1 and
SIRT6, and to assess potential changes in oxidative stress levels and genome stability using
complementary molecular markers, including antioxidant enzymes (SOD and CAT), lipid
peroxidation, and DNA damage response indicators (pPATM and yH2A .X). Accordingly,
the following hypotheses were tested:

H 1. Theapplication of RV+NDs positively influences molecular processes in Acheta domesticus,
leading to increased sirtuin activity, particularly SIRT1 and/or SIRT6. NDs may modulate the
biocavailability and duration of RV action, thereby enhancing its effect and potentially leading to
significant changes in sirtuin activity, especially in thelongevity-sdected insect strain.

H2. Exposure of Acheta domesticus to RV+NDs leads to an increase in oxidative stress at the
cdlular levd, regardless of observed changesin sirtuin activity (induding SIRT1 and/or SIRT6).
This effect may manifest as a disruption of antioxidant balance, indicating potential toxicity of this
combination even in the presence of activated SIRT-rdated pathways.

2. Results
2.1. This Survival Andysisin Acheta domesticus

In strain H, the survival curves of the individual experimental groups were largely
overlapping, indicating highly similar survival patterns (Figure 1a). Overall survival
in strain H was shorter compared with strain D. In contrast, strain D exhibited more
pronounced divergence among survival curves across experimental groups (Figure 1b). A
particularly critical period was observed between days 20 and 60, during w hich apparent
differences in the rate of survival decline were evident among groups. During the late
phase of the observation period, an extension of survival was noted, most prominently
in the RV+NDs group (Figure 1b). Quantitative survival parameters derived from the
Kaplan—Meier estimator indicated that in strain H, median survival was 14 days across
all groups, with maximum lifespan ranging from 105 to 112 days. In strain D, median
survival was 21 daysin C (control) and RV+NDs (resveratrol with nanodiamonds), 14 days
in C+E (control with ethanol), while the maximum lifespan reached 147 daysin RV+NDs
compared with 126 days in the control groups (Figure 1d’). The log-rank test identified a
statistically significant differencein survival exclusively between the C+E and RV+NDs
groups, and only within strain D (Figure 1b").
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Figure 1. Kaplan-Meier survival analysis: (a) survival curves for the wild-type strain (H) monitored
for up to 154 days; (b) survival curvesfor the long-lived strain (D) monitored for up to 154 days. The
analysed groupsincluded control (C), control with ethanol (C+E), and the combined resveratrol and
nanodiamond treatment (RV+NDs). (a’,b’) Log-rank test results comparing survival distributions
among experimental groups within each strain. (¢') Comparison of corresponding experimental
groups between strains H and D (Python, lifelines package). (d') Quantitative survival parameters
derived from the Kaplan—-Meier estimator implemented in Python (lifelines package), including
median survival time (95% confidence intervals based on Greenwood’s variance estimate) and
maximum observed lifespan for each experimental group.

A direct comparison between strains H and D revealed highly significant differences
(p<0.001). In both the control group and the RV+NDs group, strain D exhibited signifi-
cantly longer survival compared with strain H (Figure 1a,b).

2.2. Superoxide Dismutase (SOD)

In the larval stage of strain H, superoxide dismutase (SOD) activity in the RV+NDs
group was significantly higher than in the control (C) group, but it did not differ sig-
nificantly from the C+E group (Figure 2a). A similar pattern was observed on day 5 of
adulthood, when SOD activity in the RVv+NDs group was significantly higher than in both
the C and C+E groups (Figure 2b). However, this trend of elevated SOD activity in the
RV+NDs group was not maintained over time, asit was not reproduced in measurements
performed on day 15 of adulthood (Figure 2c). Concurrently, within the RVv+NDs group, a
significant temporal declinein SOD activity was observed, with SOD activity on day 15 of
adult life being significantly lower than during thelarval stage and on day 5 of adulthood
(Figure 2a—).

In insects of strain D, significant differencesin SOD activity were observed exclusively
betw een time points, indicating that RV+NDs treatment did not affect SOD activity within
agiven agegroup of strain D. In the control group, SOD activity measured on day 5was
higher than that recorded on day 15. Similarly, in both the C+E and RV+NDs groups,
SOD activity at the larval stage and on day 5 was higher than that observed on day 15
(Figure 2a,c).

Moreover, only on day 5 of adult life and exclusively in the control group, was SOD
activity significantly higher in strain H than in strain D (Figure 2b).
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Figure 2. Bar charts presenting mean + standard deviation of SOD activity (U/ mg) in two Achea
domesticus strains (H and D) across three experimental groups: control (C), control with ethanol
(C+E), and combined resveratrol and nanodiamond treatment (RV+NDs). Measurements were
performed at three developmental time points: larval stage (a), 5th day of adulthood (b), and 15th
day of adulthood (c). Statistical analysis was conducted using PERMANOVA (p < 0.05, corrected)
and PERMDISP (p = 0.05) in Python (scikit-bio). Low ercase letters denote significant differences
among experimental groups within the same developmental stage for strain H, whereas uppercase
letters indicate corresponding differences for strain D. Groups sharing at least one common letter do
not differ significantly (p 2 0.05), whereas groups marked with different letters differ significantly
(p < 0.05). Horizontal bars indicate significant differences between strains H and D within the
same experimental group (p < 0.05). Asterisks indicate significant pairwise differences between
developmental time points within the same experimental group; identical asterisks (e.g., (*)) mark
thetwo time points that differ significantly from each other.

2.3. Percent Inhibition of SOD Reection in Acheta domesticus

Across the analysed time points (larval stage, day 5, and day 15 of adult life), insects of
strain H exhibited comparable levels of superoxide reaction inhibition across all experimen-
tal groups (C, C+E, and RV+NDs), with no statistically significant differences attributable
to the applied treatments (Figure 3a—).
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Figure 3. Bar charts presenting mean + SD % inhibition of SOD reaction in Acheta domesticusstrains
H and D across experimental treatments and measurement points: (a) larval stage, (b) 5th day of
adulthood, and (c) 15th day of adulthood. Experimental groups were control (C), control with
ethanol (C+E), and combined resveratrol and nanodiamond treatment (RV+NDs). Low ercase and
uppercase |etters denote significant differences for strains H and D, respectively; identical asterisks
mark significantly different developmental time points within the same experimental group, as
defined in Figure 2.
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In strain D, significant intergroup differences were observed exclusively on day 5 of
adult life. Specifically, the percentage of superoxideinhibition in the C+E group was signif-
icantly lower than in the RV+NDs group, whereas no difference was observed compared
with the control group (Figure 3b). Temporal analysis revealed asignificant increase in %
inhibition in the control group of long-lived insects between the larval stage and day 15 of
adulthood (Figure 3a,c). A distinct temporal pattern was observed in the C+E group, in
which the highest level of superoxide reaction inhibition was recorded at the larval stage, a
lower level at day 15, and the lowest level at day 5 of adult life (Figure 3a—).

A significant difference between strains was detected only in the control group at
the larval stage, where the percentage of superoxide reaction inhibition was significantly
higher in strain H compared with strain D (Figure 3a).

2.4, Catalase (CAT)

In strain H, catalase (CAT) activity did not show statistically significant differences
among the experimental groups (C, C+E, and RV+NDs) at any of the analysed time points
(Figure 4a—). However, significant temporal changes were observed in the C+E group,
in which CAT activity on day 15 was significantly higher than on day 5 of adult life
(Figure4b,c). In strain D, a significant reduction in CAT activity was detected only on day 5
of adult life, where CAT activity in the C+E group was significantly lower than in the control
(C) group (Figure 4b). In addition, within the control group (C), a significant temporal
dedinein CAT activity was observed, with CAT activity on day 5 being significantly higher
than that recorded on day 15 of adult life (Figure 4b,c).
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Figure 4. Bar charts presenting mean + SD of catalase (CAT) activity in AchetadomesticusstrainsH and
D across experimental treatments and measurement points: (a) larval stage, (b) 5th day of adulthood,
and (c) 15th day of adulthood. Experimental groups were control (C), control with ethanol (C+E),
and combined resveratrol and nanodiamond treatment (RV+NDs). Lowercase and uppercase letters
denote significant differences for strains H and D, respectively; identical asterisks mark significantly
different developmental time points within the same experimental group, as defined in Figure 2.

2.5. Lipid Peroxidation (LPO)

In strain H, the only significant differencein lipid peroxidation (LPO) levels was the
lower LPO level observed in the C+E group at the larval stage compared with the C and
RV+NDs groups (Figure 5a). No significant differences among experimental groups were
detected on day 5 or day 15 of adult life (Figure 5b,c). However, within the C+E group of
strain H, LPO levels on day 15 of adult life were significantly higher than those measured
at the larval stage (Figure 5a,c).
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Figure 5. Bar charts presenting mean + SD of lipid peroxidation (LPO) level in Acheta domesticus
strains H and D across experimental treatments and measurement points: (a) larval stage, (b) 5th
day of adulthood, and (c) 15th day of adulthood. Experimental groups were control (C), control with
ethanol (C+E), and combined resveratrol and nanodiamond treatment (RV+NDs). Low ercase and
uppercase letters denote significant differences for strains H and D, respectively; identical asterisks
mark significantly different developmental time points within the same experimental group, as
defined in Figure 2.

In strain D, LPO levels did not differ significantly among experimental groups at the
larval stage or on day 5 of adult life. Changes were observed only on day 15 of adult life,
when LPO levelsin the RV+NDs group were significantly lower than thosein the C and
C+E groups (Figure 5c).

2.6. Sirtuins
2.6.1. Universal Sirtuin Activity

At the larval stage and on day 5 of adult lifein strain H, no significant differences
in sirtuin activity were detected among the experimental groups (C, C+E, and RV+NDs)
(Figure 6a,b). On day 15 of adult life, a significant reduction in sirtuin activity was observed
in the C+E group compared with the control group (Figure 6¢). Concurrently, in strain H,
sirtuin activity in the control group was significantly higher on day 15 than on day 5 of
adult life (Figure 6b,c).

In strain D, the first significant intergroup difference was observed on day 5 of adult
life, when sirtuin activity in the control group was significantly lower than in the RV+NDs
group (Figure 6b). This pattern persisted on day 15 of adult life (Figure 6¢). Moreover,
temporal analysisrevealed asignificant increase in sirtuin activity in the C and C+E groups
between thelarval stage and day 5 of adult life (Figure 6a,b), whereasin the RVv+NDs group,
sirtuin activity on day 15 was significantly higher than at thelarval stage (Figure 6a,c).

Numerous inter-strain differences were also observed. At the larval stage, sirtuin
activity in strain H was significantly lower than in strain D in both the control and RV+NDs
groups (Figure 6a). On day 15 of adult life, higher sirtuin activity was recorded in strain H
than in strain D in the control group; in contrast, the opposite relationship was observed in
the C+E group, where sirtuin activity was significantly higher in strain D than in strain H
(Figure 6c).

https:/ / doi.org/ 10.3390/ ijms27062786

155



156

ROZPRAWA DOKTORSKA | Patrycja Zigtara-Krzyk

Int. J Madl. Sci. 2026, 27, 2786

8of 28

L Stadium

SIRT Activity [ng/min/mg]

R
n

X
-

5th Day

15th Day

ab

AB

—

[ C+E RV+NDs

C+E
Group

RV+NDs

C+E RV+NDs
Group

Figure 6. Bar charts presenting mean + SD of sirtuin activity in Acheta domesticus strainsH and D
across experimental treatments and measurement points: (a) larval stage, (b) 5th day of adulthood,
and (c) 15th day of adulthood. Experimental groups were control (C), control with ethanol (C+E),
and combined resveratrol and nanodiamond treatment (RV+NDs). Lowercase and uppercase letters
denote significant differences for strains H and D, respectively; identical asterisks mark significantly
different developmental time points within the same experimental group, asdefined in Figure 2.

2.6.2. Sirtuin 1 Activity
At thelarval stagein strain H, sirtuin 1 activity in the control group was significantly

higher than in the RV+NDs group (Figure 7a). In contrast, on day 5 of adult life, sirtuin
1 activity in the C+E group was significantly higher than in the RV+NDs group, while
showing no significant difference relative to the control group (Figure 7b). On day 15
of adult life, sirtuin 1 activity in the control group was significantly higher than in both
remaining experimental groups (C+E and RV+NDs) (Figure 7c). Temporal analysisrevealed
asignificant decrease in sirtuin 1 activity in the control group on day 15 compared with the
control group at the larval stage and on day 5 of adult life (Figure 7a—c).
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Figure 7. Bar charts presenting mean + SD of Sirtuin 1 activity in Acheta domesticus strainsH and D
across experimental treatments and measurement points: (a) larval stage, (b) 5th day of adulthood,
and (c) 15th day of adulthood. Experimental groups were control (C), control with ethanol (C+E),
and combined resveratrol and nanodiamond treatment (RV+NDs). Lowercase and uppercase letters
denote significant differences for strains H and D, respectively; identical asterisks mark significantly
different developmental time points within the same experimental group, as defined in Figure 2.

In strain D, the only significant differencesin sirtuin 1 activity were observed at the

larval stage, where activity in the RV+NDs group was significantly higher than in the C+E
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group (Figure 7a). In addition, a significant temporal increase in sirtuin 1 activity between
thelarval stage and day 5 of adult life was detected in the C+E group (Figure 7a,b).

Differences between strains H and D were observed exclusively on day 5 of adult life
in the control group, where sirtuin 1 activity was significantly higher in strain H compared
with strain D (Figure 7b).

2.6.3. Sirtuin 6 Activity

In both strain H and strain D, no statistically significant differences were observed
among the experimental groups (C, C+E, and RV+NDs) at any of the analysed time points
(Figure 8a—). Nevertheless, in strain H, a significant temporal increase in activity was
recorded in the control group between the larval stage and day 5 of adult life (Figure 8a,b).
In strain D, significant temporal changes were also observed in the control group, including
asignificant increasein activity between thelarval stageand day 15 of adult life (Figure 8a,c)
and between day 5 and day 15 of adult life (Figure 8b,c).
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Figure 8. Bar charts presenting mean + SD of Sirtuin 6 activity in Acheta domesticusstrainsH and D
across experimental treatments and measurement points: (a) larval stage, (b) 5th day of adulthood,
and (c) 15th day of adulthood. Experimental groups were control (C), control with ethanol (C+E),
and combined resveratrol and nanodiamond treatment (RV+NDs). Lowercase and uppercase letters
denote significant differences for strains H and D, respectively; identical asterisks mark significantly
different developmental time points within the same experimental group, as defined in Figure 2.

2.7. DNA Damage
2.7.1. Double-Strand Break (DSB)

At thelarval stagein strain H, thelevel of DNA double-strand breaks (DSBs) differed
significantly among the experimental groups. The lowest percentage of DSBs was observed
in the control group, whereas significantly higher values were detected in the C+E and
RV+NDs groups (Figure 9a). Another significant intergroup difference in DSB levelsin
strain H was observed only on day 15 of adult life, when the highest level of DNA damage
was detected in the RV+NDs group and the lowest in the control group (Figure 9c). In
addition, temporal analysis revealed that at the larval stage, the percentage of DSBsin the
control group was significantly lower than the valuesrecorded on days 5 and 15 of adult
life (Figure 9a—).
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Figure 9. Bar charts presenting mean + SD of double-strand break (DSB) in Achda domesticusstrains
H and D across experimental treatments and measurement points: (a) larval stage, (b) 5th day of
adulthood, and (c) 15th day of adulthood. Experimental groups were control (C), control with
ethanol (C+E), and combined resveratrol and nanodiamond treatment (RV+NDs). Low ercase and
uppercase letters denote significant differences for strainsH and D, respectively; identical asterisks
mark significantly different developmental time points within the same experimental group, as
defined in Figure 2.

In strain D, no significant differences among the experimental groupswere detected at
any of the analysed time points (Figure 9a). Nevertheless, temporal analysis demonstrated
asignificant increasein DSB levels on day 5 of adult life compared with thelarval stagein
the RV+NDs group (Figure 9a,b), followed by a significant decrease on day 15relative to
day 5 of adult life (Figure 9b,c).

Comparison between strains revealed that, on day 5 of adult life, DSB levels were
significantly lower in strain H than in strain D in the RV+NDs group (Figure 9b).

272 H2A X

In strain H, no significant differences in H2A X levels were detected among the ex-
perimental groups (C, C+E, and RV+NDs) at any of the analysed developmental stages
(Figure 10a—c). Temporal analysisindicated a significantly higher level of H2A .X phospho-
rylation in the RV+NDs group on day 15 compared with individuals on day 5 of adult life
(Figure 10b,c).

In strain D, significant intergroup differences were observed only on day 5 of adult life,
with the highest H2A X level detected in the RV+NDsgroup, which was significantly higher
than that in the control group (Figure 10b). A significant increasein H2A X levels on day 5
compared with the larval stage was also observed in the RV+NDs group (Figure 10a,b).

Comparison between strainsH and D revealed that at the larval stage, H2A X levels
were significantly higher in strain D than in strain H in the C+E group (Figure 10a). On day
5 of adult life, H2A X levelsin the RV+NDs group were also significantly higher in strain D
compared with strain H (Figure 10b).
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Figure 10. Bar charts presenting mean + SD of H2A X in Acheta domesticusstrains H and D across
experimental treatments and measurement points: (a) larval stage, (b) 5th day of adulthood, and
(c) 15th day of adulthood. Experimental groups w ere control (C), control with ethanol (C+E), and
combined resveratrol and nanodiamond treatment (RV+NDs). Lowercase and uppercase letters
denote significant differences for strainsH and D, respectively; identical asterisks mark significantly
different developmental time points within the same experimental group, as defined in Figure 2.

2.7.3. pATM

In strain H, at the larval stage the highest pATM activity was recorded in the C+E
group, where it was significantly higher than in the control group (Figure 11a). Subse-
quently, on day 15 of adult life, pATM levels exhibited significant intergroup variation,
with the highest values observed in the RV+NDs group and the lowest in the control group
(Figure 11c). Temporal analysis revealed a significant decreasein pATM levelsin the C+E
group on day 15 compared with the larval stage (Figure 11a,c) as well as in the control
group, where pATM levels were significantly lower in 15-day-old insects than in 5-day-old
individuals (Figure 11b,c).
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Figure 11. Bar charts presenting mean + SD pATM in Acheta domesticus strains H and D across
experimental treatments and measurement points: (a) larval stage, (b) 5th day of adulthood, and
(c) 15th day of adulthood. Experimental groups were control (C), control with ethanol (C+E), and
combined resveratrol and nanodiamond treatment (RV+NDs). Lowercase and uppercase letters
denote significant differences for strains H and D, respectively; identical asterisks mark significantly
different developmental time points within the same experimental group, as defined in Figure 2.

In strain D, asignificant differencewasobserved only at thelarval stagein theRV+NDs
group, where pATM levels were increased relative to both the control and C+E groups
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(Figure 11a). Temporal analysis demonstrated a significant decreasein pATM levels on day
15 compared with the larval stage exclusively in the RV+NDsgroup (Figure 11a,c).

Comparison between strains H and D revealed significant differences only at the
larval stage. pATM levels were significantly higher in strain H than in strain D in the C+E
group (Figure 11a). In contrast, in the RV+NDs group at the same developmental stage,
an opposite pattern was observed, with pATM levels being significantly lower in strain H
compared with strain D (Figure 11a).

To further examine the potential relationship between sirtuin activity and DNA dam-
age markers, Spearman’s rank correlation analysis was performed separately for strains
H and D. The obtained correlation coefficients between total sirtuin activity, Sirtuin 1,
or Sirtuin 6 and DNA damage markers (pPATM, H2A X, and DSB) were weak and not
statistically significant (p 2 0.05) (Supplementary Figure S1).

3. Discussion

Previous studies on ageing in Acheta domesticus have focused primarily on describ-
ing age-related behavioural and functional changes, as well as on analyses of individual
environmental or dietary factors. In contrast, the impact of combined interventions on
molecular mechanisms associated with longevity mainly remains unexplored [33,38]. Con-
sequently, an important step was to investigate the effects of individual bioactive factors
that may influence broadly defined “longevity”.

In our earlier studies, RV and NDs were analysed exclusively asindependent treat-
ments under analogous experimental conditions, which allowed for separate assessment of
their effects on sirtuin activity, oxidative stress parameters, and markers of DNA damage.
The present work extends this framework by examining whether their combined adminis-
tration generates a distinct regulatory profile rather than a simple additive response [4,37].
Theresultsindicated that both compounds elicited transient responses that were strongly
dependent on age and strain, without a clear or sustained effect on lifespan or stable
modulation of sirtuin activity. At the same time, the occasionally divergent directions of
changeinduced by RV and NDs suggested that their simultaneous administration might
influence the pattern of the analysed parameters. On this basis, two research hypotheses
were formulated: first, that combined administration of RV and NDs (RV+NDs) may mod-
ulate molecular processes associated with longevity in Acheta domesticus, including sirtuin
activity (SIRT1and/ or SIRT6); second, exposure to RV+NDs may lead to an enhancement
of oxidative stress at the cellular level, independently of changes in sirtuin activity. Given
that NDs are considered potential modifiers of the bioavailability of bioactive compounds
and as carriers [23,39], a subsequent stage of research was therefore designed to evaluate
the effects of simultaneous RV and NDs administration on the analysed parameters.

3.1. Influenceon Mdecular Processes in Acheta domesticus

Verification of the hypotheses began with an analysisof survival, treated asan indicator
of the long-term effects of the studied factors (Figure 1). The results showed that combined
administration of RV and NDs did not significantly affect thelifespan of individuals from
strain H (Figure 1a), whereas in strain D (Figure 1b), significant differences in the survival
curves were observed. This outcome suggests that the effects of RV+NDs may differ across
geneticbackgroundsand do not necessarily reflect asimple additive effect of the two factors.
It should also be noted that ethanol was used as a solvent for resveratrol preparation and
was therefore included in the C+E group as an additional control. Although all feed
variants werethoroughly dried prior to administration, which may haveresulted in ethanol
evaporation, the C+E group was intentionally retained to control for potential solvent-
related effects. The inclusion of a vehicle control helps to distinguish the biological effects
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of the tested compound from potential responses associated with the solvent used for its
preparation [40,41]. Importantly, no consistent differences betw een the C and C+E groups
were observed across the analysed parameters, suggesting that the contribution of ethanol
to the observed responses was likely limited. In this context, it is first worth referring
to reports on resveratrol administered alone, which have demonstrated that its impact
on lifespan is strongly dependent on genotype, environmental conditions, and age, and
that the absence of an apparent pro-longevity effect is more the rule than the exception.
For example, studies by Staats et al. showed that dietary RV did not significantly affect
survival, oxidative stress, or the expression of longevity-related genes under standard
conditionsin D. melanogaster [42]. In contrast, Wang et al. demonstrated that the effect of
RV on D. mdanogaster lifespan was observed only under strictly defined dietary conditions,
particularly those with altered nutrient composition, and that the response depended on
sex and the protein-to-carbohydrate ratio. By contrast, no such effect was observed under
standard, dietary restriction, or high-sugar low-protein diets [43].

Similarly, studies on nanodelivery systems have shown that improved bioavailability
of bioactive compounds does not necessarily translate directly into changesin survival but
may instead manifest at the level of molecular process regulation [44,45]. Although various
types of nanomaterials, including polymeric, metallic, and lipid-based carriers, enhance
the stability, solubility, and absorption of RV, their actual biological effectiveness remains
dependent on the type of carrier and the application context and does not always result
in unequivocal therapeutic effectsin in vivo studies [17,46]. Moreover, pharmacokinetic
studies have demonstrated that encapsulation of RV in nanoparticles significantly increases
its pharmacokinetic bioavailability (AUC, t1/ ), without assuming a direct translation of
this effect into improved survival [47]. Considering these findings, further analyses focused
on molecular responses, including sirtuin activity, oxidative stress markers, and indicators
of DNA damage. Recent studies also highlight that nanodiamonds exhibit favourable
biological properties, including high biocompatibility and a large surface area enabling
interaction with bioactive molecules, which supports their increasing exploration in various
biomedical applications, particularly in drug delivery systems [48-50].

This analysis showed that simultaneous administration of RV+NDsresulted in a qual-
itatively different molecular response compared with that observed when each factor was
applied separately. In contrast to previous studiesin which RV and NDsinduced numerous,
often inconsistent changesin oxidative stress parameters and DNA damage markers [37],
the RV+NDs combination did not cause a sustained increase in lipid peroxidation (Figure 5)
or significant deregulation of SOD and CAT activity (Figures 2 and 4). The observed
changes were transient and strongly dependent on age and strain. Thisis consistent with
reportsindicating that the in vivo action of RV may not involve a persistent reduction in
reactive oxygen species levels but rather modulation of signalling pathways and stress
responses in a manner dependent on dose, organismal age, and metabolic state [43,51].
From this perspective, the presence of NDsin the RV+NDs system may stabilise RV and
modify itsinteraction kinetics, thereby limiting the variability of oxidative responses ob-
served when the compound is administered in its free form [22,45,52]. Beyond acting as a
carrier, NDs may exert a hormetic effect, where their presence induces a mild mechanical
or chemical stress that may prime the antioxidant defence system of A. domesticus. This
potentially explainsthelack of sustained lipid peroxidation in the RV+NDsgroup (Figure 5).
Furthermore, the large surface area of NDs, characterised by various functional groups,
may actively scavenge free radicals or interact with cellular proteins, further modulating
theredox state and limiting the variability of oxidative responses [53,54].

HR-TEM image (Figure 12) revealed well-defined lattice fringesforming aregular crys-
talline pattern typical for nanodiamond nanocrystallites. This interpretation is supported
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by TEM and EDSanalyses, which demonstrated changes in the degree of aggregation and
surface characteristics of NDsin the presence of RV (Figures 13 and 14). Similar ordered
arrangements corresponding to the cubic crystal structure of diamond and parallel crystal-
lographic planes have been widely described in HR-TEM studies of NDs [55,56]. UV-Vis
spectra confirmed the characteristic absorption of RV and enabled estimation of the fraction
of non-bound RV in the supernatant, allowing determination of the loading efficiency of
RV on NDs (Supplementary Figures S2 and S3). Moreover, DLSand zeta potential analy-
ses together provided additional evidence suggesting interactions between RV molecules
and the NDs surface (Supplementary Figures $4 and S5). The Raman spectrum of NDs
showed broad bands in the region of approximately 1350 and 1580-1600 cm~ ', which is
characteristic of detonation nanodiamonds and is commonly attributed to D and G bands
of surface-related sp2 carbon surrounding the diamond core [57-60]. The absence of a
sharp bulk-diamond peak at 1332 cm~ 1 should not be considered unexpected, since in
very small NDs, particularly sub-10 nm particles, this band is often broadened, shifted,
or poorly resolved due to phonon confinement and the complex core-shell structure of
detonation NDs[57,58]. In the RV+NDs, attenuation of ND-related bands together with the
appearance of a shifted feature in the high-wavenumber region may suggest modification
of the nanodiamond surface environment following RV adsorption. Although Raman
spectroscopy alone does not provide definitive proof of a stable complex, these changes,
together with UV-Visloading analysis and thereduction in zeta potential, are consistent
with the formation of an RV associated with NDs based on surface interaction. The reduced
Raman intensity may reflect adsorption-induced changesin Raman scattering efficiency
related to modificationsin molecular polarizability and the local electronic environment
at the nanodiamond surface [61,62]. At the same time, it should be emphasised that for
NDs, the size and degree of aggregation observed by electron microscopy do not neces-
sarily directly correspond to particle behaviour in solution. The DLSmethod determines
the hydrodynamic diameter, which includes the hydration layer and loosely associated
particle clusters, often resulting in values substantially larger than the sizes observed by
TEM [28,63,64]. These physicochemical analyses provide an initial characterisation of the
RV+NDs and confirm the interaction betw een both components, including changesin ag-
gregation behaviour and surface properties. More detailed characterisation of parameters
such as encapsulation efficiency and release kinetics would require additional targeted
experiments and therefore remains a direction for futureinvestigation.

Additionally, a clear activation of DNA damage response markers (pATM, yH2A X,
and DSBs) was observed (Figures 9-11). The concurrent activation of DNA damage re-
sponse markers such as pATM and yH 2A .X suggests that this response may initiate DDR
(DNA damage response) mechanisms, which may secondarily modulate total sirtuin activ-
ity without selectively activating individual isoforms[65-67]. Dobbin et al. demonstrated
that ATM activation in response to DNA damage leads to secondary regulation of SIRT1 ac-
tivity [68]. Furthermore, Tang et al. described a mechanism in which SIRT7 regulates ATM
activity during the attenuation phase of the DNA damage response, indicating functional
coupling between DDR pathways and sirtuin activity [69]. In turn, according to Song et al .,
SIRT6 may be activated in responseto DNA damage, with its enzymatic activity depending
on the nature and dynamics of the damage [70]. Rizzo et al. further showed that SIRT6isin-
volved in regulating the DNA damage response by influencing the stability of components
that maintain genome integrity, particularly under conditions of replication stress [71].
Thesefindingsindicatethat SIRT6'srolein DDRisregulatory and context-dependent rather
than sustained activation. Although no statistically significant correlations were detected,
the concurrent activation of DNA damage response markers and increased total sirtuin
activity in strain D suggests a potential indirect relationship betw een these processes. How-
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ever, this observation requires further investigation to clarify the underlying mechanisms.
Importantly, in contrast to the effects observed following administration of RV or NDs
alone, these changes did not show atendency to accumulate with age [37], suggesting that
theresponseinduced by RV+NDs may reflect adaptive mechanismsrather than progressive
damage. It should also be noted that the present analysis was limited to an early time
window (up today 15 of adult life). Therefore, potential long-term effects such as gradual
ND accumulation and its possible influence on DN A repair processes cannot be excluded,
especially considering that studiesin mammalian modelsindicate that nanodiamonds may
persist in tissues during prolonged exposure [72,73]. Accordingly, in the subsequent stage,
an attempt was made to evaluate sirtuin activity as a potential mechanistic contributor to
the observed changes.

Figure 12. HR-TEM micrograph of nanodiamonds (NDs; Single-Digit Nanodiamonds, 50 mg mL~",
PlasmaChem GmbH, Germany) showing lattice fringes characteristic of crystalline nanodiamond
structures (TITAN Cubed, Thermo Fisher Scientific, USA).
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Figure 13. TEM micrographs of nanodiamonds (NDs; Single-Digit Nanodiamonds, 50 mg mL~ ",
PlasmaChem GmbH, Germany) at scales (a) 20 nm and (a') 50 nm, aswell as RV+NDs (resveratrol
with nanodiamonds) at scales (b) 20 nm and (b') 50 nm (TECNAI G2 X-TWIN, Thermo Fisher
Scientific, USA).

3.2 Observed Changesin Sirtuin Activity

The analysis of total sirtuin activity (Figure 6) revealed differential responses to com-
bined RV+NDs administration in the examined A. domesticusstrains (H and D). The absence
of a pronounced responsein strain H and the sustained sirtuin activation in strain D in-
dicate that the effect of RVv+NDs may depend on genetic background and manifest only
under specific conditions. This suggests that selection for longevity is associated with
altered sensitivity of regulatory systems controlling sirtuin activity and the molecular stress
response, which may underliestrain D’s susceptibility to the modulatory effects of RV+NDs.
Notably, the literature has highlighted a significant influence of genetic background on
the observed effects of factors modulating SIRT pathway activity, which may account for
their manifestation in only a specific strain [74]. Importantly, the distinct nature of this
response compared with the effects of RV or NDs administered individually indicates that
the simultaneous application of both substances leads to altered sirtuin regulation rather
than a simple amplification of the effects of each alone [37].
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Figure 14. EDSspectrum of (a) NDs; (b) RV+NDs (SEM-FIB Helios NanoLab 450HP, Thermo Fisher
Scientific, USA). Abbreviations provided in Figure 13.

The analysis of the examined sirtuin isoforms showed that the observed increase
in total sirtuin activity was not associated with unequivocal activation of either SIRT1
or SIRT6 (Figures 7 and 8). The activities of both sirtuins showed only limited, stage-
specific changes, which, in strain D, were not sustained over time. Moreover, SIRT6 activity
remained essentially unchanged across experimental groups, and the observed differences
were primarily attributable to individual age. This distribution of effects suggests that
the RV+NDs combination does not selectively activate individual sirtuin isoforms but
may instead modulate the activity of this enzyme family indirectly in a developmentally
dependent manner. It should also be considered that total sirtuin activity reflects the
combined contribution of multiple sirtuin isoforms, not exclusively SIRT1 or SIRT6. In
addition to nuclear sirtuins, cytoplasmic and mitochondrial members of this family (e.g.,
SIRT2, SIRT3, SIRT4, and SIRT5) are involved in cellular stress responses and metabolic
regulation [75,76]. In invertebrate models, mitochondrial sirtuins have been shown to
participate in the regulation of oxidative metabolism and ROSdetoxification, particularly
under conditions of metabolic or oxidative stress [77,78]. For example, SIRT3-related
pathways are associated with the regulation of mitochondrial antioxidant enzymes and
metabolic adaptation, while SIRT2 has been linked to cytoskeletal dynamics and cellular
stress responses [79,80]. Therefore, the observed increasein total sirtuin activity may reflect
a broader activation of the sirtuin family rather than selective modulation of SIRT1 or
SIRT6 alone.

In contrast to previous studies [37], the present results indicate that simultaneous
administration of RV+N Ds is associated with a distinct regulatory profile of SSIRT1 and
SIRT6. The observed effect may result from the cumulative regulation of multiple SIRTs
or from changes in the availability of the NAD™ cofactor, which constitutes a common
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determinant of the enzymatic activity of the entire sirtuin family, irrespective of selective
activation of SIRT1 or SIRT6[81].

Literaturereviews on sirtuin activators emphasise that many compounds previously
regarded as activators (including resveratrol) act through indirect mechanisms, often by
modulating NAD* and AMPK levels rather than directly activating a specific enzymatic
isoform [7,82,83]. However, SIRT1 activation is not always correlated with these factors
or with metabolic or stress-related effects, as demonstrated in rat models [84]. The tran-
sient changesin SIRT1 activity observed here appear to be consistent with findings from
mammalian models, in which SIRT1 expression and activity have been shown to vary in
an age- and physiological state-dependent manner, often declining during later stages of
life [85]. In insect models, the role of the SIRT1 ortholog (dSir2) in lifespan regulation has
been shown to be highly context dependent. In D. mdanogaster, alterationsin dSir2 activity
are not linearly correlated with lifespan and may reflect adaptive metabolic responses
rather than sustained activation of longevity pathways [86]. At the sametime, in C. degans
and D. melanogaster, when genetic background and appropriate controls were considered,
dSir2 overexpression did not result in persistent lifespan extension, and previously re-
ported effects were largely attributable to confounding factors unrelated to thissirtuin’s
activity [87].

Smilarly, regarding SIRT6, Kanfi et al. demonstrated that SIRT6 activity and function
in mice are dependent on organismal age and physiological context, and that its overexpres-
sion or activation does not alwaysresult in linear pro-longevity effects [88]. In turn, Zhao
and Wu showed in a chondrocyte model that SIRT6 regulates mitochondrial number, ROS
levels, and antioxidant enzymes, while SIRT6 activity itself changes with the progression
of ageing [89]. In the Drosophila melanogaster model, it has been shown that the SIRT6
ortholog (dSirt6) regulates lifespan, and that its overexpression extends median survival
and increases resistance to oxidative stress, whereas reduced expression leads to lifespan
shortening. These findings underscore the biological importance of thisisoform in insects
and highlight the genetic and environmental dependence of SIRT6-related effects on or-
ganismal conditions [30]. Theresults obtained in the present study suggest that the lack of
pronounced SIRT6 activity during the larval stage and early adult life (Figure 8a,b) indicates
that this enzyme does not constitute adominant component of molecular regulation at these
stages, or that its function becomes apparent only in later phases of life or under different
physiological conditions. Thisis particularly relevant given that, in A. domesticus, a gene
homologous to mammalian SIRT6 has not yet been unequivocally described; nevertheless,
the applied approach allows for a functional assessment of enzymatic activity attributed to
this class of sirtuins. It should also be considered that, although A. domesticusrepresents
a useful model organism, knowledge of the molecular basis of sirtuin regulation in this
species remains limited, underscoring the need for further studies. The present study
focused on molecular responses to RV+NDs exposure. Quantification of RV accumulation
in insect tissues (e.g., using HPLC) would require dedicated analytical approaches and
therefore remains an interesting direction for future studies addressing the biodistribution
of RV delivered by nanodiamonds.

4. M aterials and M ethods
4.1. Nanodiamonds and Resveratrol

For the experiments, commercially available Single-Digit Nanodiamonds (NDs) were
used in aqueous suspension form (50 mg mL~ ") as provided by the manufacturer (Plas-
maChem GmbH, Berlin, Germany), who specifies the material as detonation nanodiamonds
possessing a diamond crystalline structure. As a source of resveratrol (RV), natural RV
with amolecular weight of 228.24 g mol~ ' was used (Pol-Aura®, Zabrze, Poland; catalogue
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number: PA-03-2549-P; CAS number: 501-36-0). The RV+NDs dispersion was prepared by
physical adsorption. The nanodiamond suspension was first sonicated to ensure homoge-
neous dispersion, after which the RV solution was added and the mixture was stirred using
amagnetic stirrer and subsequently sonicated for 15 min to promote interaction betw een
RV and the ND surface.

High-resolution transmission electron microscopy (HR-TEM) was used to visualisethe
structural features of NDs (TITAN Cubed, Thermo Fisher Scientific, Waltham, MA, USA).
HR-TEM analysis enabled visualisation of nanoscale crystalline domains and characteristic
lattice fringes typical for NDs particles (Figure 12).

The comparative analysis of TEM images (TECNAI G2 X-TWIN, Thermo Fisher Scien-
tific, USA) revealed differencesin ND aggregation. Nanodiamonds alone formed looser
and more porous structures (Figure 13a,a'), whereasin the presence of RV, more compact
agglomerates were observed (Figure 13b,b'). Similar differences in aggregate morphol-
ogy were noted at both lower (50 nm) and higher (20 nm) magnification, confirming the
reproducibility of the observed effect (Figure 13avs. Figure 13a’; Figure 13b vs. Figure 13b").

In turn, EDSanalyses revealed clear differences between NDsand RV+NDs (Figure 14).
Both samples were characterised by adominant carbon content; however, in the presence
of RV, a systematic decrease in the carbon fraction was observed—from 93.68 wt% for
NDsto 85.17 wt% for RV+NDs (Figure 14a,b)—accompanied by an increased contribution
of elements typical of organic compounds, particularly nitrogen (2.13 wt%) (2.13 wt%)
(Figure 14b). These changes, together with the TEM-observed modification in the degree
of ND aggregation (Figure 1), suggest that the presence of RV may influence the system’s
surface characteristics while preserving the carrier’s carbon-based nature.

Thisinterpretation is further supported by DLS and zeta potential (Figure 15) mea-
surements, which indicate that the addition of RV does not induce NDs aggregation, as the
hydrodynamic diameter remains comparable (~126 nm). At the same time, adecreasein
zeta potential from approximately —49 mV to ~— 34 mV is consistent with RV interaction
with the ND surface and a slight reduction in surface charge while maintaining overall
system stability (Litesizer 500, Anton Paar, Warsaw, Poland) (Supplementary Figure S5).
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Figure 15. Zeta potential of RV+NDs dispersion in water (Litesizer 500, Anton Paar, Poland). Abbre-
viations provided in Figure 13.

UV-Vis spectroscopy was used to verify the absorbance characteristics of resvera-
trol (RV), nanodiamonds (NDs), and the RV+NDs dispersion in the wavelength range
240-900 nm. Measurements were performed using a UV-Vis spectrophotometer (TECAN
Infinite M 200, Tecan Austria GmbH, Grédig, Austria) with appropriate blank correction
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(H20 or H,0O/ EtOH depending on the sample composition). The obtained spectra con-
firmed the characteristic absorption maximum of RV at 305 nm and allowed verification
that NDs do not introduce interfering absorbance in the wavelengths used in subsequent
colorimetric assays (Supplementary Figure S2).

To quantify the amount of non-bound RV in supernatants after centrifugation of
RV-ND mixtures, a calibration curve was constructed based on absorbance measured at
A =305nm using standard RV solutions. Linear regression was applied to determine the
relationship between RV concentration and absorbance (Supplementary Figure S3).

Additionally, Raman spectroscopy was used to assess the structural characteristics of
nanodiamonds and the RV+NDs. Raman spectra of RV, NDs, and RV+NDs were recorded
using a Raman spectrometer (WITec Alpha 300 R, WITec GmbH, Ulm, Germany) equipped
with a 100x objective and a 600 g mm~? grating. Spectra were acquired with multiple
accumulations and integration times depending on the sample (Supplementary Figure $4).
The interpretation was focused on the carbon-related spectral region, with particular
attention to broad features observed in the ~1340-1390 cm™ " and ~1580-1620 cm™ ' ranges,
which are typically used to evaluate structural disorder and surface carbon species in
detonation NDs.

4.2. Characteristics of Acheta domesticus

Acheta domesticusis a valuable model organism dueto its short life cycle, typically liv-
ing around four months from hatching, its high reproductive rate, and its accessibility for
laboratory research [90,91]. At the University of Silesiain Katowice, we have maintained a
breeding programme for this species for over 30 years, asreported in our previous publica-
tions [4,92,93]. The breeding includes a long-lived strain (D), selectively bred for longevity,
and a wild-type strain (H). Achela domesticus is easy to maintain in laboratory conditions
and exhibits well-defined developmental stages, making it suitable for studiesin physiology,
ageing, and developmental biology. Additionally, its relatively large size compared to other
insects facilitates experimental manipulations and tissue sampling [33,91].

4.3. Experimental Mode

All experiments were performed under standardised environmental conditions. Crick-
etswerereared at a stable temperature of 28 + 1°C, with relative humidity maintained
at 43.80 + 6.72%, and subjected to a controlled light—dark cycle of 12 h each (12:12 L:D).
For feeding, the insects were provided with a commercially available rabbit feed (KTD,
produced by UNIPASZ, Semiatycze, Poland), which isroutinely used to sustain laboratory
cultures of Achetadomesticusat our facility. Thediet isrich in readily absorbable nutrients,
with approximately 55% of its carbohydrates derived from plants. It includes proteins,
fibre, fats, as well as essential minerals (such as Ca, Na, P, Zn, and Fe), and it is supple-
mented with vitamins, amino acids, and antioxidants. In the treatment groups, the feed
was supplemented with RV at 23 mg kg‘1 and NDsat 0.2mg kg‘1. The doses of RV and
NDs were selected based on our previous studies conducted in the same A. domesticus
strains under comparable experimental conditions, where both compounds were analysed
separately [4,28]. Prior to feed supplementation, RV (pre-dissolved in ethanol) and NDs
were co-dispersed in an aqueous solution. Before administration, all feed variants were
thoroughly dried and stored in airtight containers to maintain their quality and stability.
Crickets were randomly assigned to three experimental groups: Control (C), fed with the
standard KTD diet; C+E, receiving feed containing ethanol (~0.01%) as a vehicle control
for RV; and RV+NDs, receiving feed enriched with both RV and NDs. The experimental
period spanned 22 weeks. Individuals were sampled at the larval stage and at two defined
time points during adulthood: the 5th and 15th days. Intestinal tissues were dissected
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and processed according to previously established protocols using phosphate-buffered
saline (PBS, 0.1 M, pH 7.4) [4,92]. Tissue homogenisation was performed using a Minilys
homogeniser (Bertin Technologies, Montigny-le-Bretonneux, France) to obtain intestinal
cell suspensions for further analyses.

4.4. Biochemical Andlysis
4.4.1. Antioxidant Enzymes Measurements

Oxidative stress markers were evaluated using a set of colorimetric assays. Lipid per-
oxidation levels were measured with the Lipid Peroxidation (LPO) Assay Kit (Abbexa Ltd.,
Cambridge, UK, abx096010), which detects lipid hydroperoxides reacting with a chromogenic
substrate to indicate membrane damage. Catalase activity, responsible for neutralising hy-
drogen peroxide, was assessed using the Catalase Colorimetric Activity Kit (Thermo Fisher
Scientific, CA, USA, EIACATC) according to the manufacturer’s protocol. The function of su-
peroxide dismutase (SOD), crucial for converting superoxide radicals into less reactive species,
was determined using the Superoxide Dismutase (SOD) Activity Assay Kit (Merck KGaA,
Darmstadt, Germany, CS0009). Results were expressed as percent inhibition or enzymatic
units based on a standard curve. Absorbance for all assays was measured using a TECAN
Infinite M 200 spectrophotometer (Tecan Austria GmbH, Grédig, Austria).

4.4.2. Cell Nuclei Extraction and SIRT Activity Measurements

Nuclear proteins were extracted from Acheta domesticus intestinal tissue using the
Nuclear Extraction Kit (Abcam, Cambridge, UK, ab113474) according to the manufacturer’s
protocol. The procedure involved multiple buffer treatments and centrifugation steps,
enabling the selectiveisolation of the nuclear fraction while minimising contamination from
cytoplasmic components. Protein concentrations in the nuclear extracts were determined
using the Bradford assay [94], and absorbance was measured with a UV-Vis spectrometer
(TECAN Infinite M200, Tecan Austria GmbH, Grodig, Austria).

Sirtuin activity was assessed at three levels—total sirtuin activity, SSRT1, and SIRT6—
each analysed using a specific assay. General sirtuin activity was measured using the
Universal SIRT Activity Assay Kit (Colorimetric) (Abcam, Cambridge, UK, ab156915),
which detects the deacetylation of a target substrate in the presence of NAD™* through a
colorimetric change, as recorded via spectrophotometry. For isoform-specific analyses, the
SIRT1 Activity Assay Kit (fluorometric) (Abcam, Cambridge, UK, ab156065) and the SIRT6
Activity Assay Kit (fluorometric) (Abcam, Cambridge, UK, ab156068) were employed.
These assays use fluorescent substrates that, upon enzymatic deacetylation, release a
fluorophore. Fluorescence intensity was measured using a Fluorescence Spectrometer Plate
Reader (HITACHI F-7000, Hitachi, Ltd., Tokyo, Japan), allowing for sensitive quantification
of enzyme activity.

4.4.3. DNA Damage Measurements

DNA damage was assessed using the Muse® Multi-Colour DNA Damage Kit (Lu-
minex Corporation, Austin, TX, USA, Part Number: MCH200107), which allows concurrent
evaluation of ATM and H2A .X activation. The assay is based on phospho-specific, directly
conjugated antibodies targeting ATM (Ser1981)-PE and Histone H2A .X PECy5, enabling
detection of their phosphorylation status. Sample preparation and staining were performed
according to the manufacturer’s protocol, including fixation, permeabilisation, and anti-
body incubation. Following washing and resuspension in assay buffer, measurements were
obtained using the Guava® Muse® cell analyser (Luminex Corporation, TX, USA).
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4.5. Data Visualisation and Statistical Procedures

Kaplan—Meier survival analysis was used to evaluate survival in the experimental
groups, with survival probabilities over time presented as survival curves. The variance
of the Kaplan-Meier survival estimator was calculated using Greenwood’s formula. Dif-
ferences betw een groups w ere assessed using the Log-Rank test (Chi-squared, p < 0.05).
The analysis was conducted on the wild-type strain (H) and the long-lived strain (D) over
147 days. Individuals were maintained separately within each experimental group, with
approximately n ~ 80 individuals per strain (Python, lifelines package).

Data visualisation and statistical analyses were performed using Python (version
3.13.2). Dataprocessing was conducted with thefollowing Python libraries: Pandas (version
2.2.3) for data management, NumPy (version 2.2.4) for numerical computations, and
Matplotlib.pyplot (version 3.10.1) for graphical representation. Experimental datasets were
imported from CSV files, and group labels and measurement timepoints were standardised
to ensure clarity and consistency in subsequent analyses. Descriptive statistics, including
means and standard errors of the mean (SEM ), were calculated for each strain, treatment
group, and time point. The results were visualised as grouped bar plots, enabling direct
comparison across experimental conditions.

Preliminary statistical assumptions were verified using STATISTICA® 13 (TIBCO Soft-
ware Inc.,, Palo Alto, CA, USA), where the data were tested for normality (p < 0.05) and
homogeneity of variances using Levene'stest. LPO, CAT, SOD, percentageinhibition, total sir-
tuin activity, SIRT1, SIRT6, pATM, yH2A X, and DSBs were quantified using fiveindependent
biological replicates per treatment group (n = 5 per group: C, C+E, RV+NDs). Subsequent
multivariate analyses were conducted in Python (version 3.13.2). Group-level differences
were assessed using PERMANOVA (Permutational Multivariate Analysis of Variance) with
999 permutations, followed by PERMDISP to assess multivariate dispersion homogeneity.
PERMANOVA revealed significant effects (p < 0.05), whereas PERMDISP was not significant
(p 2 0.05), confirming that observed differences were not driven by variance heterogeneity.
Associations between sirtuin activity and DNA damage markers were assessed using Spear-
man’s rank correlation (rs; p < 0.05), calculated separately for strainsH and D (SciPy, Python
3.13.2). These analyses were conducted using the Pandas, NumPy, SciPy, scikit-bio, and
tqdm libraries. All pairwise comparisons were automated, and the resulting matriceswere
exported to Excel (Microsoft, Redmond, WA, USA) for further interpretation. The complete
analytical workflow wasimplemented and executed in the Jupyter Notebook (version 4.3.6)
environment (Project Jupyter, San Luis Obispo, CA, USA).

5. Conclusions

The overall resultsindicate that hypothesis H1 was only partially confirmed, and this
effect was strictly dependent on the genetic background of the studied organism. The si-
multaneous administration of resveratrol and nanodiamonds (RV+NDs) led to a sustained
increasein total sirtuin activity exclusively in the long-lived strain of Achetadomesticus (strain
D), without clear selective activation of SIRT1 or SIRT6 and without a universal translation
into lifespan extension. Thesefindings indicate that modulation of sirtuin activity by RV+NDs
is context-dependent and does not constitute a simple pro-longevity mechanism.

Hypothesis H2 was not unequivocally confirmed, as combined RV+NDs administra-
tion did not result in a persistent enhancement of oxidative stress. The observed changes
in parameters were transient and age- and strain-dependent, indicating the absence of a
cumulative pro-oxidative effect of this combination. Further studies are therefore required,
particularly within a single species.

Atthesametime, it was demonstrated that the most sensitiveindicators of theresponse
to combined RV+NDs administration were markers of the DNA damage response and
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total sirtuin activity, whereas classical oxidative stress parameters as well as SIRT1 and
SIRT6 activity exhibited greater stability and a stronger dependence on organismal age.
This suggests that the RV+NDs combination induces a qualitatively distinct molecular
response profile, involving activation of adaptive mechanisms rather than progressive
cellular damage.

Thesefindings also highlight theimportance of considering genetic background and or-
ganismal age when evaluating nanodelivery strategies aimed at modulating ageing-related
pathways. The results suggest that nanodiamond-based systems may alter molecular
responses to bioactive compounds without necessarily producing universal longevity ef-
fects. Future studies should therefore address long-term exposure, biodistribution, and
tissue accumulation of nanodiamonds, as well as the bioavailability and release kinetics of
resveratrol delivered by nanocarriers.

In an era of growing interest in life-extending strategies and the search for factors mod-
ulating the rate of ageing, the present study highlights the need for cautious interpretation
of the effects of long-term supplementation with substances considered potentially pro-
longevity. Moreover, it indicates that even compounds with a presumed beneficial and safe
action profile may, when used chronically, induce complex and context-dependent molec-
ular responses w hose biological consequences are not always unequivocally favourable.
These studies constitute a valuable contribution to knowledge on the biological effects of
combined application of bioactive compounds and nanocarriersin the insect model organ-
ism Acheta domesticus, for which the mechanisms regulating sirtuins and molecular stress
responses remain poorly understood. Such an approach may lead to subtle yet biologically
significant modulation of molecular processes without disrupting cellular homeostasis.
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/| www.mdpi.com/ article/ 10.3390/ ijms27062786/ s1.
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Abbreviations

The following abbreviations are used in this manuscript:

AMPK AMP-activated protein kinase

ATM Ataxiatelangiectasia mutated kinase

AUC Areaunder the curve

CAT Catalase

DDR DNA damage response

DSBs Double-strand breaks

EDS Energy-dispersive X-ray spectroscopy

H Wild-type strain

D Longevity-selected strain

H2A X (yH2A.X) Phosphorylated histone H2A .X

L:D Light—dark cycle

LPO Lipid peroxidation

NAD* Nicotinamide adenine dinucleotide (oxidised form)
NDs Nanodiamonds

PBS Phosphate-buffered saline

PERMAN OVA Permutational multivariate analysis of variance
PERMDISP Permutational analysis of multivariate dispersions
pATM Phosphorylated ATM

ROS Reactive oxygen species

RV Resveratrol

SEM Scanning electron microscopy

SEM (statistics) Standard error of the mean

SIRT Sirtuin

SIRT1 Sirtuin 1

SIRT6 Sirtuin 6

SOD Superoxide dismutase

TEM Transmission electron microscopy

wt% Weight percent
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Figure S1. Spearman correlation analysis between sirtuin activity (Sirtuin total, Sirtuin 1, and Sirtuin 6) and DNA damage
response markers (PATM, H2A X, and DSB) in Acheta domesticus. Correlation coefficients (rs) and corresponding p-values were
calculated separately for the wild-type strain (H) and the long-lived strain (D). Each point represents an individual measurement
from experimental groups (C, C+E, RV+NDs) across different developmental stages (L stadium, Day 5, Day 15). Statistical analyses
and visualisation were performed in Python (version 3.13.2) using the Pandas, NumPy, SciPy, and Matplotlib libraries.
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Figure S2. UV-Vis absorption spectra of nanodiamonds (NDs), resveratrol (RV), and the RV-NDs mixture after blank correction.
Measurements were performed using a UV-Vis spectrometer (TECAN Infinite M200, Tecan Austria GmbH, Grodig, Austria) over
the spectral range of 240-900 nm, with a 5 nm scanning interval. Spectra are shown for NDs (0.2 mg kg feed) measured against
a water blank (H;0), RV (23 mg kg feed) measured against a water-ethanol blank (HO/EtOH), and the RV+NDs mixture (23 mg
kg? RV +0.2 mg kg! NDs) corrected either with an HO/EtOH blank or with an H,O blank. The dashed grey vertical lines indicate
wavelengths used for spectrophotometric assays (450, 560, 586, and 655 nm). The red dashed line marks the maximum absorption
wavelength of RV (Amax = 305 nm). Absorbance values represent mean spectra after blank subtraction. The plot was generated
in Python (version 3.13.2; NumPy, Pandas, Matplotlib, SciPy).
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Figure S3. Calibration curve of resveratrol (RV) determined from UV-Vis absorbance at A = 305 nm after blank correction.
Standard solutions of RV were prepared in the concentration range of 0.49-250 mg L' and measured using a UV-Vis spectrometer
(TECAN Infinite M200, Tecan Austria GmbH, Grodig, Austria). The linear regression equation obtained for the calibration curve
was y = 0.0123x + 0.1290 (R? = 0.9908). The calculated concentrations of non-bound RV in the supernatants obtained after
centrifugation of RV-NDs mixtures are indicated on the plot 250 mg L™ RV with 2 mg kg! nanodiamonds (NDs) and 23 mg L
RV with 0.2 mg kg™ NDs, respectively. Loading efficiency (LE) of RV on nanodiamonds (NDs) was determined based on the
difference between the initial RV concentration and the concentration of free RV in the supernatant. The plot was generated in
Python (version 3.13.2; NumPy, Matplotlib, SciPy).
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Figure S4. Raman spectra of resveratrol (RV), nanodiamonds (NDs), and the RV+NDs recorded using a Raman spectrometer
(WITec Alpha 300 R, WITec GmbH, Ulm, Germany). Measurements were performed using a 100x objective (Zeiss LD EC Epiplan-
Neofluar, NA 0.75) and a 600 g mm-! grating. The excitation wavelength was 531.951 nm for RV and NDs, and 487.982 nm for the
RV+NDs sample. Spectra were collected with 10 accumulations and integration times of 5 s for RV and 3 s for NDs and RV+NDs.
The Rayleigh scattering region below 45 cm™! was excluded from the spectra prior to visualization. The spectra were processed
and plotted in Python (version 3.13.2; NumPy, Matplotlib, SciPy).
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Figure S5. Particle size distribution and zeta potential of nanodiamonds (NDs) and the RV+NDs system measured by dynamic
light scattering (DLS). (a) Hydrodynamic diameter distribution of NDs and (a) RV+NDs dispersion. (b) Zeta potential distribution
of NDs and (b’) RV+NDs (Litesizer 500, Anton Paar, Poland).
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INFORMACJE DODATKOWE

Wykaz pozostalych publikacji, konferencji, finansowanych badan i osiagnie¢

Publikacje

1.

Augustyniak M, Babczynska A, Dziewigcka M, Flasz B, Karpeta-Kaczmarek J,
Kedziorski A, Mazur B, Rozpedek K, Seyed Alian R, Skowronek M, Swierczek
E, Swietek A, Tarnawska M, Wisniewska K, Zietara P. Does age pay off? Effects
of three-generational experiments of nanodiamond exposure and withdrawal in
wild and longevity-selected model animals. Chemosphere. 2022: 135129. doi:
10.1016/j.chemosphere.2022.135129.

IF: 8.1; MNiSW: 140

Augustyniak M, Ajay AK, Kedziorski A, Tarnawska M, Rost-Roszkowska M,
Flasz B, Babczynska A, Mazur B, Rozpedek K, Seyed Alian R, Skowronek M,
Swierczek E, Wisniewska K, Zietara P. Survival, growth and digestive functions
after exposure to nanodiamonds - Transgenerational effects beyond contact time
in house cricket strains. Chemosphere. 2024: 140809. doi: 10.1016/
j.chemosphere.2023.140809.

IF: 8.1; MNiSW: 140

. Flasz B, Dziewiecka M, Ajay A.K, Tarnawska M, Babczynska A, Kedziorski A,

Napora-Rutkowski I, Zietara P, Swierczek E, Augustyniak M. Age- and
Lifespan-Dependent Differences in GO Caused DNA Damage in Acheta
domesticus. International Journal of Molecular Sciences. 2022 Dec 24;24(1):290.
doi: 10.3390/ijms24010290.

IF: 4.9; MNiSW: 140

Bere$s PK, Zietara P, Nakonieczny M, Kontowski L., Grzbiela M, Augustyniak
M. Cydalima perspectalis in Poland - 8 Years of Invasion against the Background
of Three Other Invasive Species. Diversity 2022, 14, 22. https://doi.org/10.3390/
d14010022.

IF: 2.3; MNiSW: 70
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Konferencje
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1.

Zietara-Krzyk P. (2025). LA Tech Week - czynne uczestnictwo w wydarzeniach.
Rubicon Bridge Ltd. Santa Monica, CA, USA, 13-19.10.2025.

Flasz B., Zietara-Krzyk P, Babczynska A, Tarnawska M, Kedziorski A, Napora-
Rutkowski L., Augustyniak M. (2025). Multigenerational effects on DNA stability
in organisms with different life strategies after carbon-based nanomaterials
intoxication. NanoMed Europe, Barcelona, Spain, 27-30.05.2025. Book of
Abstracts, pp. 134-135.

Zietara-Krzyk P, Flasz B, Augustyniak M. (2025). Stressed out - Oxidative stress
and sirtuin activity in Acheta domesticus treated with resveratrol or
nanodiamonds. NanoMed Europe, Barcelona, Spain, 27-30.05.2025. Book of
Abstracts, pp. 231-232.

Zietara-Krzyk P. (2024-2025). Ogoélnopolska Noc Biologow 2025. Organizator
ds. komunikacji - przygotowanie korespondencji do patronéw i sponsorow,
opracowanie treSci komunikatow do mediow spotecznosciowych, medidw
tradycyjnych oraz serwisow US i zewnetrznych. Katowice, 10.2024-01.2025.
Zietara-Krzyk P. (2024). UNPA Expert Insights: AI or Humans: Who Owns
Intellectual Property? Technology and Intellectual Property Group at Vorys, Sater,
Seymour and Pease LLP, webinar online, 27.06.2024.

Zietara-Krzyk P. (2023). Biostacje - warsztaty naukowe. 7. Slaski Festiwal
Nauki KATOWICE, Katowice, 9-11.12.2023. Udzial czynny - prowadzenie
warsztatow.

Zigtara-Krzyk P. (2023). AI<>BA Conference. Silesian Museum, Katowice,
Polska, 25.10.2023.

Flasz B, Tarnawska M, Babczynska A, Dziewigcka M, Zietara P, Napora-
Rutkowski L, Kedziorski A, Augustyniak M. (2023). Multigenerational effects of
graphene oxide nanoparticles on Acheta domesticus DNA stability. NanoToday
Conference, konferencja miedzynarodowa, San Diego, USA, 22-25.04.2023.
Flasz B, Dziewigcka M., Tarnawska M, Babczynska A, Napora-Rutkowski L.,
Zietara P, Kedziorski A, Augustyniak M. (2022). Different susceptibility to DNA
damage caused by graphene oxide in two strains of model organism Acheta
domesticus. International Forum on Research Excellence (IFORE), konferencja

mig¢dzynarodowa, Waszyngton, USA, 4-6.11.2022. Poster.
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10. Zietara P. (2022). VII Krajowa Konferencja Arachnologiczna. Uniwersytet
Slqski w Katowicach. Konferencja krajowa, Katowice, Polska, 23.09.2022.

11. Zietara P. (2022). Perspektywy Women in Tech Summit 2022. Konferencja
ogolnopolska, Warszawa, Polska, 7-8.06.2022.

12. Zietara P, Seyed Alian R, Dziewigcka M. (2022). Ocena toksycznos$ci tlenku
grafenu z réznych zrddet pochodzenia z uzyciem standardowych biotestow.
Konferencja naukowa NATURE 2022, Stowarzyszenie Mtodych Naukowcow,
konferencja ogdlnopolska, online, 21.05.2022. Poster.

13. Beres, PK, Zietara P, Nakonieczny M, Kontowski £, Grzbiela M, Augustyniak
M. (2021). Eight years of Cydalima perspectalis in Poland - From the first finding
to the status of invasive species. Proceedings of 1st International Electronic
Conference on Biological Diversity, Ecology and Evolution session Invasive
Species and Diversity. 16.03.2021. 68, 9 pp, DOI: doi.org/10.3390/BDEE2021-
09474.

14. Zietara P. (2020). Stanowisko pokazowe ,Loza przyrodnikow”. 4. Slaski
Festiwal Nauki KATOWICE, Katowice, 26-17.01.2020.

15. Zietara P. (2019). Stanowisko pokazowe ,Stanowisko Pokazowe
Interdyscyplinarnego Kota Naukowego PLANETA”. 3. Slaski Festiwal Nauki
KATOWICE, Katowice, 13-14.01.2019.

Projekty naukowe

Rodzaj projektu: Preludium 22, NCN

Tytul: Droga do dlugowiecznosci - Efekty oddzialywania resweratrolu
lub/i nanodiamentow na aktywnosc¢ sirtuin u Acheta domesticus

Numer projektu: 2023/49/N/NZ7/01058

OKkres realizacji: 01.2024 - 01.2027

Kierownik projektu: Patrycja Zietara-Krzyk

Opiekun Naukowy: prof. dr hab. Maria Augustyniak

187



ROZPRAWA DOKTORSKA | Patrycja Zigtara-Krzyk

Kursy i szkolenia

1.

2022-2026 - Kursy programowania 1 technologii web/Al: podstawy
programowania, data science, HTMLS5 (semantyczny markup), CSS3, Python,
wprowadzenie do uczenia maszynowego i Al, LLM (Large Language Models).
25.11-21.12.2019 - Warsztaty ,,Bezpieczenstwo radiologiczne” w ramach
projektu Innovative Start, SPZOZ Zaglebiowskie Centrum Onkologii im. Sz.
Starkiewicza w Dabrowie Gornicze;.

13.12.2019 - ,,Funkcjonowanie oczyszczalni $ciekéw 1 gospodarowanie osadami
sciekowymi”.

W ramach projektu Innovative Start, Chorzowsko-Swietochtowickie

Przedsiebiorstwo Wodociggéw i Kanalizacji.

. 4-13.12.2019 - Warsztaty ,,Bezpieczenstwo radiologiczne”, projekt Innovative

Start.

08-09.06.2019 - Szkolenie w zakresie CITES w ramach projektu NEW, Slaski
Ogréd Zoologiczny w Chorzowie.

19.12.2018 - Szkolenie ,Profesjonalna prezentacja” w ramach projektu

Innovative Start.

Nagrody i wyrdznienia

188

1.

Laureatka konkursu na zwigkszenie stypendium doktoranckiego (rok akademicki
2024/2025). Wpyrodznienie przyznane w ramach programu Inicjatywy

Doskonatosci Badawczej (IDB).

. Nagroda za najlepszy poster w kategorii Environmental Sciences (2022).

International Forum on Research Excellence (IFoRE), International Conference,
Washington, USA. Tytut pracy: ,,Different susceptibility to DNA damage caused
by graphene oxide in two strains of model organism Acheta domesticus”. Nagroda

przyznana zespotowi badawczemu; prezentujaca: dr Barbara Flasz.

. Nagroda publicznosci - III miejsce (05.2022). Ogoélnopolska Konferencja

Naukowa NATURE Polish Scientific Conference 2022 za prezentacj¢ posteru pt.
»Ocena toksycznosci tlenku grafenu z réznych Zrodet pochodzenia z uzyciem
standardowych biotestow”.

Laureatka programu ,Najlepszy Absolwent 20217, Uniwersytet Slaski
w Katowicach (12.2021).
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Funkcje, dzialalnos$¢ organizacyjna i popularyzatorska

1. Cztonkostwo w zespole projektowym T4EU - Uniwersytet Slaski w Katowicach.
Okres: 11.2023 1. - 10.2024 1.

2. Prowadzenie warsztatow w ramach Uniwersytetu Mtodziezy US (02.2023).

3. Przedstawiciel URSD podczas rozmoéw kwalifikacyjnych w ramach naboréw do
MSSD.

4. Ambasador kierunku Biologia (2021/2022). Udziat w kampanii wizerunkowej

promujacej studia na Uniwersytecie Slaskim.
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