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Wykaz stosowanych skrotow

CAT Katalaza

CHA Chakonina

CS Syntaza cytrynianowa

EXT Ekstrakt z lisci pomidora

GA Glikoalkaloidy

GC-MS Chromatografia gazowa sprzezona ze spektrometrig mas
HADH Dehydrogenaza hydroksyacylo-CoA

LC-MS Chromatografia cieczowa sprz¢zona ze spektrometrig mas
PFK Fosfofruktokinaza

ROS Reaktywne formy tlenu

RT-gPCR Ilosciowa reakcja fancuchowa polimerazy w czasie rzeczywistym

SOD Dysmutaza ponadtlenkowa
SOL Solanina

TAG Triglicerydy

TOM Tomatyna
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Schemat badan
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Streszczenie i stowa kluczowe

Srodki ochrony ro$lin sg stosowane W ogromnych ilociach do ograniczania populacji
szkodnikéw, €O przyczynia si¢ do zanieczyszczenia srodowiska i stanowi zagrozenie dla innych
organizméw. Zwigzki pochodzenia roslinnego daja mozliwos¢ ograniczenia uzycia
pestycydow. Sg to substancje biodegradowalne, bardziej bezpieczne w stosowaniu, a takze
stosunkowo tatwe i tanie w pozyskaniu. Glikoalkaloidy (GA) to wtorne metabolity roslinne,
ktore wykazuja znaczng aktywno$¢ biologiczna, takze w organizmach owadow. Mechanizmy

ich dziatania nie zostaly jednak precyzyjnie poznane. Celem przedstawionej rozprawy

doktorskiej bylo okre$lenie wptywu wybranych GA na kluczowe procesy metaboliczne larw

chrzaszcza Tenebrio molitor. W tym celu przeprowadzono szereg badan, w ktorych testowano

wplyw solaniny, chakoniny i tomatyny oraz ekstraktu uzyskanego z liSci pomidora.
Analizowano efekty dziatania GA po ich aplikacji za pomocg iniekcji w dwoch stgzeniach
108 i 10°° M. Testowane tkanki izolowano po 2 i po 24 godzinach od aplikacji GA. Z racji
funkcji troficznej, skupiono si¢ na analizie zmian w obrgbie jelita, ciata tluszczowego
i hemolimfy. Pozwolilo to réwniez na okreslenie specyficznosci tkankowej GA. Prace
badawcze rozpoczeto od analizy zmian poziomu GA w poszczegdlnych tkankach w czasie,
po ich wczeséniejszej aplikacji na drodze iniekcji. Nastgpnie okreslono wpltyw testowanych
zwigzkéw na poziom substratow energetycznych (lipidow, weglowodanow i aminokwasow)
w tkankach owada. Ponadto, dokonano pomiaru zmian poziomu ekspresji genéw kodujgcych
kluczowe enzymy szlakéw metabolicznych: glikolizy (fosfofruktokinaza), cyklu Krebsa
(syntaza cytrynianowa) i B-oksydacji kwasow tluszczowych (dehydrogenaza hydroksyacylo-
CoA), a takze glownych enzymow antyoksydacyjnych (dysmutaza ponadtlenkowa, katalaza)
I bialek szoku cieplnego HSP70 po aplikacji GA. Dodatkowo, okreslono wpltyw GA
na aktywno$¢ wymienionych enzyméw oraz proces peroksydacji lipidow. Na podstawie
uzyskanych wynikéw stwierdzono, ze mechanizmy dzialania testowanych zwigzkow
w tkankach macznika r6znig si¢ w zaleznosci od rodzaju i stezenia GA, czasu inkubacji oraz
typu badanej tkanki. Zwigzki te wptywaja na poziom ekspresji genéw i aktywno$¢ biatek
zaangazowanych w kluczowe $ciezki metaboliczne. Poza tym, GA zmieniaja zawarto$¢
sktadnikow odzywczych w tkankach owadow, prawdopodobnie w wyniku zwiekszonego
zapotrzebowania energetycznego podczas wzmozonego procesu detoksykacji. Badane zwigzki
znaczgco wpltywaja na metabolizm chrzaszczy, co sugeruje mozliwos¢ ich potencjalnego

zastosowania jako naturalnych bioinsektycydow.

Stowa kluczowe: macznik miynarek; owady; metabolizm; bioinsektycydy; wtorne metabolity roslinne
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Abstract and keywords

Plant protection products are used in huge quantities to reduce pest populations, which
contributes to environmental pollution and poses a threat to other organisms. Plant-derived
compounds offer an opportunity to reduce the use of classic pesticides. They are biodegradable,
safer to use, easy and inexpensive to obtain. Glycoalkaloids (GAs) are secondary plant
metabolites that exhibit significant biological activity, also in insect organisms. However, their

mechanisms of action have not been precisely studied. The aim of the presented PhD thesis was

to determine the effects of selected GAs on key metabolic processes in larvae of the beetle

Tenebrio molitor. For this purpose, a series of experiments were carried out, in which solanine,

chaconine, tomatine, and tomato leaf extract were tested at two concentrations, 108 and 10° M.
The selected compounds were administered to larvae by injection. Tissues were isolated 2 and
24 hours after GA application. Tested samples were prepared separately from the gut, fat body
and hemolymph to determine the tissue specificity of the observed effects, because of trophic
function of these tissues. The study began with quantitative analysis of GAs over time after
their injection. Subsequently, the effects of these compounds on nutrient levels (lipids,
carbohydrates and amino acids) in the insect's tissues were determined. In addition, changes
in the expression of genes encoding key enzymes of metabolic pathways: glycolysis
(phosphofructokinase), Krebs cycle (citrate synthase) and fatty acid p-oxidation (hydroxyacyl-
CoA dehydrogenase), as well as major antioxidant proteins (superoxide dismutase, catalase)
and heat shock protein HSP70 after GA application were measured. In addition, the effect
of GAs on lipid peroxidation process and the catalytic activity of the mentioned enzymes was
determined. Based on the results, it was found that the mechanisms of action of the tested
compounds in mealworm tissues vary depending on the type and concentration of GA,
incubation time and the type of tissue tested. These compounds regulate gene expression
and activity of proteins involved in key metabolic pathways. Besides, GAs alter the nutrient
content of insect tissues, probably as a result of increased energy requirements during
detoxification. The tested compounds significantly affect beetle metabolism, suggesting their

potential use as natural bioinsecticides.

Keywords: mealworm; insects; metabolism; bioinsecticides; secondary plant metabolites

15



Wstep

Srodki ochrony roslin, zwane potocznie pestycydami, sg szeroko stosowane w produkeji
rolnej. Stuza do ograniczenia populacji organizméw wyrzadzajacych szkody, migdzy innymi
w celu zwiekszenia plondw upraw rolnych, zmniejszenia strat zywnosci 1 ograniczenia chorob
zakaznych. Ich dziatanie powinno by¢ skierowane tylko wzgledem okreslonych gatunkéw
organizméw. Stosowanie $§rodkow ochrony roslin niesie jednak ze soba zagrozenie
zanieczyszczenia wod 1 gleb, uodpornienia si¢ organizmow na szkodliwe substancje,
oddziatywania na organizmy pozyteczne i nieb¢dace celem aplikacji, a takze stanowig
bezposrednie zagrozenie dla zdrowia i zycia czlowicka (Kowalska & Kowalski, 2019).
Z danych EUROSTAT wynika, ze w 2021 roku w Polsce nastgpit wzrost zuzycia srodkéw
ochrony ro$lin w poréwnaniu z rokiem 2013 0 21,4%. Z tego powodu poszukuje si¢ zwigzkoéw
bardziej bezpiecznych, o nizszym stopniu oddziatywania na srodowisko.

Jednym ze sposobow ograniczenia stosowania pestycydow jest wykorzystanie
zwigzkdéw pochodzenia roslinnego. Substancje te moga stanowi¢ mniejsze zagrozenie dla ludzi
1 srodowiska, poniewaz sg latwiej biodegradowalne 1 produkowane w naturalny sposob przez
ro$liny. Poza tym, czgsto dziatajg bardziej selektywnie na okreslone grupy organizmoéw. Zaleta
jest rowniez aspekt finansowy, poniewaz ich pozyskanie jest stosunkowo tanie w poréwnaniu
z chemiczng syntezg pestycydow (Souto i in., 2021). Grupg zwigzkow wytwarzanych przez
rosliny sa glikoalkaloidy (GA) - wtérne metabolity produkowane gtéwnie przez gatunki
z rodziny Solanaceae, takie jak ziemniak, Solanum tuberosum L., pomidor, Solanum
Lycopersicum L. oraz psianka czarna, Solanum nigrum L. Sg to cukrowe pochodne alkaloidow
0 budowie pierscieniowej. Przyktadami GA sa: chakonina (CHA), solanina (SOL) i tomatyna
(TOM). Synteza tych zwigzkow znacznie wzrasta w warunkach stresowych. U roslin stanowig
one naturalng obrong¢ przed patogenami i roslinozercami. GA wykazuja szeroki zakres
aktywnosci biologicznej u réznych gatunkow zwierzat, takze u owadoéw (Chowanski i in., 2016;
Friedman, 2002, 2006; Milner i in., 2011).

Mechanizmy dziatania i dystrybucja GA w réznych tkankach owadow pozostaja
W znacznym stopniu niepoznane. Aby méc wykorzystaé GA przy opracowywaniu nowych,
bezpiecznych metod zwalczania owadoéw, bedacych szkodnikami, niezbgdna jest wiedza o tym
jak dziataja one na poziomie komorki. Zaburzenia metabolizmu komorki moga prowadzi¢
do jej $mierci, a w konsekwencji do zakldcenia funkcjonowania i $§mierci calego organizmu.
Dlatego celem przedstawionej pracy bylo okreslenie wplywu wybranych GA na kluczowe

procesy metaboliczne chrzaszcza Tenebrio molitor (macznika miynarka).
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Sposdéb dystrybucji ksenobiotykow w tkankach owadow ma istotne znaczenie
w konteks$cie mechanizméw ich dzialania. Moga by¢ one wydalane z organizmu w réznym
tempie, a takze charakteryzowaé si¢ zmiennym powinowactwem do poszczego6lnych tkanek.
Ponadto ksenobiotyki, po dostaniu si¢ do organizmu owada, mogg by¢ transportowane
pomi¢dzy tkankami, zanim ulegng przemianom i wydaleniu na zewnatrz ciata (Gao i in., 2022).
W wickszosci badan GA byty podawane owadom z pozywieniem i/lub w postaci ekstraktu,
dlatego nie wiadomo, jakie st¢zenia wywotujg zmiany w procesach fizjologicznych u tych
zwierzat. Z tego powodu jednym z zadan badawczych zaplanowanych w ramach tej pracy byto
przeprowadzenie analizy ilosciowej GA w poszczegdlnych punktach czasowych po podaniu

tych zwigzkow do ciata larw T. molitor (Praca Il Analysis of glycoalkaloids distribution in the

tissues of mealworm larvae (Tenebrio molitor)). Umozliwito to oceng, jak szybko sa one

eliminowane i/lub metabolizowane przez chrzgszcza. Dodatkowo, oceniono przezywalno$é
larw po aplikacji GA, aby okresli¢ potencjalng toksyczno$¢ i dtugoterminowe skutki dziatania
tych zwigzkow.

Wiedza dotyczaca dystrybucji GA w tkankach owadoéw pozwolila na zaplanowanie
kolejnych badan. Wprowadzenie ksenobiotyku do organizmu owada moze skutkowaé
zaburzeniem  zawarto$ci  substratow  energetycznych ~w  tkankach, koniecznych
do prawidtowego metabolizmu komorek. Kluczowymi zwigzkami chemicznymi stuzacymi
do przetwarzania energii sg lipidy. To szeroka grupa substancji, obejmujgca m.in. kwasy
thuszczowe, triglicerydy (TAG), fosfolipidy i steroidy. Oprocz funkcji energetycznej, biorg
udziat m.in. w tworzeniu bton komoérkowych czy przekazywaniu sygnatow w komorkach
(Arrese & Soulages, 2010; Canavoso i in., 2001; Stanley-Samuelson i in., 1988). Aby oceni¢
potencjalny wplyw GA na metabolizm lipidow, przeanalizowano poziom wolnych kwasow
thuszczowych, steroli, estrow | TAG, a takze aktywnos$¢ kluczowego enzymu [-oksydacji
kwasow thuszczowych, HADH, ktory katalizuje utlenianie 3-hydroksyacylo-CoA
do 3-ketoacylo-CoA (Chandel, 2021b) (Praca | Solanaceae glycoalkaloids disturb lipid

metabolism in the Tenebrio molitor beetle). Zmiany ekspresji HADH opisano w Pracy Il11.

Istotnymi metabolitami energetycznymi sg takze we¢glowodany i aminokwasy. Owady
magazynuja energi¢ w postaci glikogenu w ciele tluszczowym. Z kolei glownym
weglowodanem kragzacym w hemolimfie jest trehaloza, ktéra zbudowana jest z dwoéch
czasteczek glukozy (Arrese & Soulages, 2010; Tellis i in., 2023). Glukoza jest przeksztalcana
w procesie glikolizy do pirogronianu, a enzymem limitujagcym ten proces jest fosfofruktokinaza

(PFK), ktora fosforyluje fruktozo-6-fosforan do fruktozo-1,6-bisfosforanu. Z kolei kluczowym
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enzymem cyklu Krebsa jest syntaza cytrynianowa (CS), ktéra katalizuje reakcj¢ kondensacji
szczawiooctanu i acetylo-CoA (Chandel, 2021a). Podstawowa funkcje budulcowa
w organizmach zywych pelnig biatka zbudowane z aminokwasow. Zwiazki te moga by¢
wykorzystywane u owadoéw rowniez jako zrodto energii (Chen, 1966). Analiza poziomu
weglowodanow 1 aminokwaséw w tkankach owadow, a takze pomiar ekspresji genow
kodujacych PFK i CS oraz ich aktywno$¢ enzymatyczna byty Kkolejnymi zadaniami
wykonanymi w ramach przygotowania tej rozprawy doktorskiej (Praca 111 A tomato a day keeps

the beetle away — the impact of Solanaceae glycoalkaloids on energy management in the

mealworm Tenebrio molitor). Uzyskane wyniki pozwolity okresli¢, czy potencjalne zmiany

w aktywnosci metabolicznej komorek wplywaja na dostepnos¢ substancji odzywczych
dla innych tkanek.

Detoksyfikacja ksenobiotykéw wprowadzonych do organizmu owada czg¢sto zwigzana
jest z tworzeniem reaktywnych form tlenu (ROS). Zwiazki te w niskich ilo$ciach sg wynikiem
prawidlowego funkcjonowania komoérki, poniewaz petnig m.in. funkcje sygnalizacyjne. Jednak
zbyt wysokie stezenie ROS w tkankach i zbyt niska efektywno$¢ dzialania systemu
antyoksydacyjnego moga skutkowac wystapieniem stresu oksydacyjnego. Jednym z elementow
tworzacych wspomniany system obronny sg enzymy antyoksydacyjne, takie jak katalaza (CAT)
i dysmutaza ponadtlenkowa (SOD). Enzym SOD katalizuje reakcj¢ dysmutacji anionorodnika
ponadtlenkowego, natomiast CAT przeprowadza hydrolize nadtlenku wodoru do wody i tlenu.
Stres oksydacyjny prowadzi do degradacji lipidow, biatek i kwaséw nukleinowych, a wiec
kluczowych sktadnikow energetycznych i budulcowych kazdej komorki (Chaitanya i in., 2016;
Felton & Summers, 1995). Dlatego celem kolejnej pracy byta ocena wpltywu GA na poziom
ekspresji MnSOD, CAT i HSP70, a takze na aktywno$¢ katalityczng SOD i CAT oraz proces

peroksydacji lipidow (Praca IV Modulation of antioxidant system by glycoalkaloids in the

beetle Tenebrio molitor L.). Umozliwito to analize dziatania systemu antyoksydacyjnego

pod wptywem testowanych GA.

Zaburzenia energetyczne komorki moga skutkowac jej $miercig, dlatego precyzyjne
poznanie mechanizmow dziatania GA na metabolizm owadéw jest niezwykle istotne, gdyz
moze umozliwi¢ zaprojektowanie nowych srodkow ograniczania populacji szkodnikow.
Ponadto, wyniki badan maja kluczowe znaczenie poznawcze i przyczynity si¢ do poszerzenia
wiedzy dotyczacej fizjologii owadow w kontekscie radzenia sobie ze stresem $srodowiskowym

tj. odpowiedZ organizmu na ksenobiotyki. Dodatkowo, uzyskana wiedza bedzie mogta zostaé
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wykorzystana np. w farmakologii, poniewaz wiele alkaloidow jest stosowanych jako leki
(Heinrich i in., 2021).
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Cel pracy

Celem przedstawionej rozprawy doktorskiej bylo okre§lenie wplywu wybranych GA

na procesy metaboliczne chrzaszcza T. molitor na poziomie gendéw oraz bialek.

W tym celu przeprowadzono szereg badan obejmujacych analize dystrybucji
aplikowanych GA w tkankach larw, a takze okreslenie wptywu testowanych zwigzkoéw
na poziom substratow energetycznych u owadow. Ponadto, dokonano pomiaru zmian ekspresji
genow kodujacych kluczowe enzymy szlakow energetycznych: glikolizy (PFK), cyklu Krebsa
(CS) 1 P-oksydacji kwasow tluszczowych (HADH), a takze glownych biatek
antyoksydacyjnych (MnSOD, CAT) i opickunczych (HSP70) po aplikacji GA. Analizie
poddano rowniez aktywno$¢ wymienionych enzymow po iniekcji testowanych zwigzkoéw
larwom T. molitor. Okreslono zalezno$¢ zaobserwowanych efektow od stgzenia testowanych
GA (108 i 10° M), czasu inkubacji (2 i 24 godziny), a takze analizowanej tkanki owadow

(hemolimfa, jelito, ciato ttuszczowe).
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Materialy i metody

Badania przeprowadzono na larwach chrzaszcza Tenebrio molitor L. Jest to popularny
gatunek modelowy, czesto wykorzystywany w  badaniach  farmakologicznych,
toksykologicznych, fizjologicznych i $srodowiskowych (Adamski i in., 2019). Jest latwy
w hodowli ze wzgledu na niewielkie wymagania zyciowe. Ponadto T. molitor jest szkodnikiem,
ktory przyczynia si¢ do powstania strat w magazynach zbozowych (Hagstrum
i in., 2013). Hodowla chrzgszcza byta prowadzona w Zaktadzie Fizjologii i Biologii Rozwoju
Zwierzat UAM.

Do badan wykorzystano syntetyczne GA: SOL, CHA i TOM oraz ekstrakt z lisci
pomidora (EXT) uzyskany od grupy badawczej Prof. Sabino A. Bufo z Uniwersytetu Basilicata
w Potenzie, ktory zawierat 2.95 + 0.25% TOM (Ventrella i in., 2016). Testowane zwiazki
inickowano larwom owadow za pomocg mikrostrzykawki Hamilton w formie roztworoéw
o stezeniach 10® i 10° M w ptynie fizjologicznym dla T. molitor. Stezenia TOM w roztworze
ekstraktu odpowiadaty stezeniom czystych GA w aplikowanych roztworach. Kontrole
stanowily owady iniekowane roztworem fizjologicznym.

Po iniekcji larwy inkubowano 2 lub 24 godziny. Nast¢pnie, za pomocg narz¢dzi
mikrochirurgicznych izolowano kluczowe tkanki budujace o$ troficzng owada: hemolimfe,
jelito 1 ciato tluszczowe. Odpowiednio  przygotowane probki  wykorzystano
do przeprowadzenia nastepujacych analiz za pomocg wymienionych metod:

e dystrybucja GA (LC-MS),

e zawarto$¢ lipidow i aminokwaséw (GC-MS) oraz poziom weglowodanow
(spektrofotometria),

e zmiany ekspresji genéw PFK, CS, HADH, CAT, MnSOD i HSP70 (RT-qPCR),

e aktywno$¢ enzymatyczna PFK, CS, HADH, CAT i SOD oraz proces peroksydacji
lipidow (spektrofotometria).

Uzyskane wyniki poddano analizie z uzyciem odpowiednich testow statystycznych.
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Wyniki | wnioski

Analiza dystrybucji SOL i CHA zostala przeprowadzona w hemolimfie, jelitach
(zawierajacych pokarm) i w pozostatych tkankach owadow (tagcznie) z dominujagcym udziatem
ciala thuszczowego. Pomiar zawartoSci GA okreSlono po 30 minutach, po 1.5 godziny,
po 8 godzinach oraz po 24 godzinach. Najwickszy udzial procentowy wprowadzonej do ciata
owadow ilosci testowanych zwigzkow zaobserwowano w probkach ciata tluszczowego.
Najwickszym stezeniem w przeliczeniu na mas¢ tkanki charakteryzowala si¢ z kolei
hemolimfa, w ktorej stezenie GA zmniejszato si¢ z uptywem czasu. Nie wykryto zadnego
z produktow hydrolizy GA, dlatego jednym z mozliwych mechanizméw ich detoksykacji moze
by¢ utlenianie i/lub sekwestracja. Zwiazki te moga by¢ wydalane przez cewki Malpighiego
z odchodami lub z kutikulg podczas linienia. Co wigcej, procesy wydalania GA zachodza
stosunkowo wolno, poniewaz po 24 godzinach nadal oznaczono znaczng ilos¢ SOL i CHA
(odpowiednio ponad 60 i 70% zaaplikowanej ilosci), jednak nie zaobserwowano $miertelnosci
wsrod owadow w ciggu 10 dni od podania GA. Szybkos¢ eliminacji CHA w calym organizmie
owada byta najwyzsza bezposrednio po wstrzyknieciu (0-0.5 godziny), natomiast SOL byta
eliminowana najszybciej w przedziale 0.5-1.5 godziny. Zaprezentowane wyniki sg istotne
w kontekscie interpretacji danych otrzymanych w kolejnych z przeprowadzonych badan
zwigzanych z wplywem GA na metabolizm owadow.

Znajac dystrybucje GA w tkankach chrzaszczy, w kolejnym etapie badan dokonano
oceny wplywu testowanych GA na metabolizm lipidow. Zaobserwowano zwigkszong ilo$¢
kwasow ttuszczowych w ciele ttuszczowym 24 godziny po iniekcji tych zwigzkow. W tym
samym czasie, stezenie TAG zmniejszylo si¢, CO moze §wiadczy¢ o zwigkszeniu intensywnosci
hydrolizy tych zwiazkow. Skutkowato to uwolnieniem kwasow tluszczowych. Jednoczesnie
odnotowano obnizenie aktywno$ci HADH, co moglo spowodowa¢ zahamowanie procesu
-oksydacji i nagromadzenie kwasow thuszczowych w badanej tkance. W hemolimfie owadow
réwniez nastgpil wzrost poziomu kwasow thuszczowych, co moze wskazywac na transport tych
zwigzkow z innych tkanek i narzadéw. Substancje te mogg by¢ wykorzystywane do syntezy
feromondow lub/i sktadnikow kutikuli. Uzyskane wyniki wskazuja na zmiane profilu lipidowego
w tkankach macznika oraz zmiane aktywno$ci kluczowego enzymu katalizujacego jeden
z etapow B-oksydacji kwasow tluszczowych. Zaobserwowane zmiany zalezg jednak od stezenia
SOL, CHA 1 TOM, a takze czasu inkubacji oraz rodzaju badanej tkanki. Co wigcej, dziatanie
EXT rozni si¢ od efektow powodowanych przez TOM. Wyniki te przyczynity si¢
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do poszerzenia wiedzy dotyczacej wptywu GA na metabolizm kluczowych substratow
energetycznych, ktorymi sg lipidy.

Waznymi substratami energetycznymi sa takze weglowodany. Wyniki wskazuja,
ze TOM i EXT wplywajg na stezenie trehalozy w hemolimfie macznika. Co ciekawe, testowane
GA nie zmieniajg zawartosci trehalozy, glukozy i glikogenu w ciele thuszczowym. Zmierzono
réwniez poziom aminokwasow i stwierdzono, ze TOM i EXT powodujg akumulacje wiekszosci
oznaczonych aminokwasow w tkance tluszczowe] 24 godziny po iniekcji, jednoczes$nie
zmniejszajgc ich zawartos¢ w hemolimfie. Sugeruje to potencjalny transport aminokwasow
pomigdzy tkankami. Efektu tego nie zaobserwowano po zastosowaniu SOL 1 CHA, co wskazuje
na odmienny mechanizm dziatania tych zwigzkdéw. Zaobserwowane zmiany moga wynikac
z degradacji biatek i/lub wzmozonych reakcji katabolicznych, w trakcie ktorych powstaje ATP
niezbedne jako zrodto energii w procesach detoksykacji. Co ciekawe, testowane GA reguluja
takze aktywnos¢ i ekspresje gendéw kodujacych Kluczowe enzymy waznych szlakow
metabolicznych, tj. PFK, CS i HADH. Réwniez w przypadku tych analiz, zaobserwowany efekt
zalezy od stgzenia GA, rodzaju badanej tkanki oraz czasu inkubacji, jaki uptynat od iniekcji.
Wyniki wskazujag rowniez na istnienie mozliwych mechanizmow kompensacyjnych.
Zmniejszona aktywnos$¢ badanych enzymoéw po aplikacji GA korelowata czesto ze wzrostem
poziomu ekspresji PFK, CS i HADH, szczegélnie w ciele tluszczowym owada.
Przeprowadzone badania sugeruja wptyw testowanych GA na proces glikolizy, cykl Krebsa,
a takze szlak B-oksydacji kwasow tluszczowych, co moze przeklada¢ si¢ na zmieniony
metabolizm energetyczny u larw macznika.

Wprowadzenie ksenobiotyku do organizmu owada czesto skutkuje zwigkszong
produkcja ROS, a takze wzmozonym dziataniem systemu antyoksydacyjnego w celu uniknigcia
wystgpienia stresu oksydacyjnego. Po iniekcji GA zaobserwowano zwigkszong aktywno$é¢
SOD w ciele tluszczowym larw. Co ciekawe, aktywnos$¢ tego enzymu W jelicie zmniejszyta sig,
a takze nastgpit wzrost aktywnosci katalitycznej CAT w tej tkance. Wyjasnieniem r6znic moze
by¢ wigksza odpornos¢ jelita na stres oksydacyjny spowodowana szybkim przemieszczaniem
si¢ pokarmu. Z drugiej strony, by¢ moze poziom ROS po aplikacji GA jest na tyle duzy,
ze hamuje to aktywno$¢ SOD w jelicie. Poza tym, odnotowano brak zmian ekspresji MnSOD
na skutek traktowania GA, przy jednoczesnym wzroscie ekspresji CAT i HSP70. Wzrost
ekspresji tych genow moze by¢ wynikiem zwiekszonego zapotrzebowania na degradacj¢ ROS,
ktore powstaja na skutek dziatania GA, oraz mechanizmem przyczyniajacym si¢ do wzrostu

odporno$ci komodrek na potencjalny stres oksydacyjny (King & MacRae, 2015). Stan
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ten skutkuje degradacja lipidow, weglowodanow 1 kwaséw nukleinowych, prowadzac
do zaburzen w funkcjonowaniu komorki i calego organizmu. By¢ moze GA zwigkszaja
produkcje ROS w komoérkach owadow (Adamski i in., 2014; Biyiikgiizel i in., 2013), poniewaz
zaobserwowany w przedstawionych badaniach wzrost zawartosci kwaséw tluszczowych
(Winkiel i in., 2023) moze w rezultacie prowadzi¢ do ich wzmozonej produkcji. Dodatkowo
ROS, a takze produkty peroksydacji lipidow dziataja destrukcyjnie na bialka i prowadza
do ich degradacji, a takze utraty aktywnos$ci katalitycznej (Pardini, 1995). Jest to zgodne
z uzyskanymi wynikami, poniewaz GA nie tylko wptywaly na poziom malondialdehydu,
markera peroksydacji lipidow, ale takze prowadzity do zmniejszonej aktywnosci wielu
analizowanych enzymow, takich jak PFK czy HADH. Dodatkowo, odnotowane zmiany
w poziomie ekspresji genéw rowniez mogg by¢ wynikiem zaburzen powodowanych przez
powstaty stres oksydacyjny (Pardini, 1995).

Celem przedstawionej pracy bylo okreslenie wptywu wybranych GA na procesy
metaboliczne u chrzaszcza T. molitor. Na podstawie wynikéw uzyskanych w ramach
przygotowania przedstawionej rozprawy doktorskiej stwierdzono, ze mechanizmy dzialania
testowanych zwigzkow w tkankach macznika mtynarka sg ztozone. Efekty powodowane przez
stosowane metabolity roslinne sa zréznicowane, poniewaz zaleza zaro6wno od rodzaju
testowanego GA, jego stezenia, czasu inkubacji, jak i od typu badanej tkanki. Generalnie GA
zmieniajg ekspresje gendw 1 aktywnos¢ biatek zaangazowanych w kluczowe S$ciezki
metaboliczne komorek. Poza tym, testowane metabolity roslinne wplywaja na zawarto$¢
substratow energetycznych u owadoéw, prawdopodobnie w wyniku zwigkszonego
zapotrzebowania energetycznego, spowodowanego koniecznosciag detoksykacji aplikowanych
zwigzkow. Substancje te sa metabolizowane i/lub wydalane z organizmu owada w stosunkowo
wolnym tempie, co stwarza mozliwos$¢ ich akumulacji w tkankach i1 zwieksza szanse
potencjalnego zastosowania jako bioinsektycydow. Mimo ze badane stezenia zwigzkoéw
nie powoduja efektéw letalnych, to na podstawie wynikow przedstawionych badan mozna
stwierdzi¢, ze znaczgco zmieniaja one metabolizm chrzaszczy, co w konsekwencji moze
prowadzi¢ do zaburzenia rozwoju i reprodukcji szkodnikoéw, a tym samym do ograniczenia ich
populacji. Ponadto, potencjalne zastosowanie GA w postaci dodatku do chemicznych srodkéw
ochrony roslin pozwoli zwiekszy¢ efektywnos$¢ i bezpieczenstwo stosowania, a takze
zmniejszy¢ zuzycie tradycyjnych pestycydow (Spochacz i in., 2020). Niezbedne s3 jednak
kolejne badania, ktore pozwolg powigzaé prostszy, w kontekscie szerokiej skali zastosowania,

sposob aplikacji GA (np. oprysk roslin) z rzeczywista zawartoscig tych zwigzkéw w organizmie
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owada, a takze przetestowa¢ wyzsze, letalne dla macznika miynarka stezenia GA,
przy jednoczesnej kontroli bezpieczenstwa tych substancji dla innych organizmoéow, w tym dla

cztowieka.
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Podsumowanie

Badania przeprowadzone w ramach przedstawionej rozprawy doktorskiej wskazuja,
ze SOL, CHA, TOM i EXT wplywajg na metabolizm energetyczny larw T. molitor poprzez
zmian¢ poziomu wybranych lipidow, weglowodanéw i1 aminokwasow. GA wplywaja takze
na kluczowe szlaki metaboliczne: glikolizeg, cykl Krebsa, jak rowniez szlak -oksydacji kwasow
thuszczowych. Zmiany zaobserwowano dla istotnych enzyméw tych proceséw, zarowno
na poziomie genow, jak i biatek, a uzyskany efekt jest tkankowo-specyficzny. Przyczyng tych
efektow moze by¢ zaburzone funkcjonowanie systemu antyoksydacyjnego, a takze
zréznicowany sposob dystrybucji 1 kumulacji GA w tkankach owada. Zmiany w poziomie
metabolitow istotnych z punktu widzenia funkcjonowania komorki oraz modyfikacje
aktywnosci 1 ekspresji enzymow wywolane przez GA moga prowadzi¢ do zaburzen rozwoju,
reprodukcji 1 metamorfozy, a w konsekwencji zmniejszy¢ populacje szkodnikow. Wyniki
badan przestawionych w ramach tej pracy przyczyniaja si¢ zatem do zrozumienia
mechanizmoéw dziatania wtdérnych metabolitow roslinnych na owady i wskazuja na mozliwo$¢

wykorzystania GA jako potencjalnych naturalnych bioinsektycydow.
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ktéry jest czescig mojej rozprawy doktorskiej, polegat na zaplanowaniu badan, pozyskaniu
funduszy, zebraniu materiatu do analiz i przygotowaniu prébek, przeprowadzeniu analiz
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Abstract

Solanine (SOL) and (CHA) are glycoalkaloids (GAs) produced mainly by Solanum plants. These plant secondary
metabolites affect insect metabolism; thus, they have potential to be applied as natural plant protection products.
However, it is not known which GA concentration induce physiological changes in animals. Therefore, the aim of
the study was a quantitative analysis of SOL and CHA in the larvae of Tenebrio molitor using LC-MS technique
to assess how fast they are eliminated or metabolised. In the experiment, the beetles were injected with 2 puL of
10> M SOL or CHA solution, which corresponds to dosage range 0.12-0.14 ng/mg body mass. Then, 0.5, 1.5, 8
and 24 hours after GA application, hacmolymph (H), gut (G), and the rest of the larva body (FB), were isolated.
GA was reported in all samples tested during 24 hours with the highest percentage of the amount applied in the
FB, while the highest concentration was measured in the H sample. The SOL and CHA concentration decreased
in the hemolymph over time, while it did not change in other tissues. CHA has the highest elimination rate
immediately after injection, while SOL slightly later. None of the GA hydrolysis products were detected in the
tested samples. One possible mechanism of detoxification of GA may be oxidation and/or sequestration. They may
be excreted by Malpighian tubules, with feces or with cuticles during molting. The results presented are significant
because they facilitate the interpretation of studies related to the effects of GAs on insect metabolism.
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Introduction

Plants produce many compounds, called primary metabolites, which are essential for their growth, development,
and metabolism. During primary metabolic reactions, by-products called plant secondary metabolites (PSMs) are
created. PSMs are frequently involved in the defence mechanisms activated as a reaction to many different stresses
such as changes in environmental conditions, infections, or herbivore feeding . Alkaloids are one of a major group
of PSMs with around 10,000 derivatives reported 2. In particular, steroidal glycoalkaloids (GAs), such as solanine
(SOL) and chaconine (CHA), contain glycoside residues attached to the nitrogenous aglycone part and are
produced mainly by Solanaceae crop plants, such as potato (Solanum tuberosum L.) and tomato (Solanum
Iycopersicum L.). GAs can be found almost in all plant organs, including leaves, stems, roots, and tubers 3. GAs
demonstrate high biological activity *; they are toxic to cells from various groups of organisms; thus, GAs are the
defence against herbivores and pathogenes. On the other hand, their cytotoxic, antioxidant, antivirial and
antimicrobial properties can be used in the drug industry >¢.

GAs are biologically active substances, and their effects on cells were reviewed by many researchers ™*. For
example, GAs are strong inhibitors of acetylcholinesterase and butyrylcholinesterase, which catalyse the
hydrolysis of the acetylcholine neurotransmitter in the nervous system . They can affect the cell division process
by inducing the ornithine decarboxylase enzyme and can modulate Ca?" and Na* transport across cell membranes.
Moreover, GAs form complexes with cholesterol what leads to cell disruption and leakage of content of the cell.
Some reports indicate teratogenicity effects in animals caused by GAs with CHA being more toxic than SOL 7.
The toxic effect of GAs depends on many factors, such as the type of carbohydrate chain in the structure, the
presence of a nitrogen atom in the GA ring, and the pH value 7. In mammals, the LDs values for GAs are similar
in different species. In rodents, the metabolism of GAs is defined by low absorption, rapid excretion, and
hydrolysis to alkaloids, which are less toxic. Due to poor absorption, the intraperitoneal LDs values are much
lower than the values calculated after GA consumed orally. For example, intraperitoneal LDso for SOL is 34 mg/kg
body weight in mice, while for GA consumed orally, the LDs is more than 1000 mg/kg body weight 7.

GAs also have a wide range of insecticidal activity #%!°. Pure GAs and leaf extracts of S. fuberosum and S.
lycopersicum added to the culture medium caused malformations and reproduction disturbances in Drosophila
melanogaster M. '*. More specifically, SOL, CHA, and tomatine were found to be toxic against stored product
insects: the red rust flour beetle (Tribolium castaneum H.), and the rice weevil (Sitophilus oryzae L.) 2. Similarly,
SOL and its extract from tomato leaves administered with food affected fertility, fecundity and survival of Galleria
melonella L. . In this species, the impact of solasonine and Solanum nigrum L. extract was also studied. These
substances were found to affect the composition of hemolymph metabolites, as well as the ultrastructure of fat
body and midgut cells ( et al., 2021). GAs and their extracts also exhibit cardioactive properties that were shown
in 7. molitor and Zophobas atratus B. beetles '*'7. Sublethal effects of GAs, such as disturbed development, food
intake, and reproduction, were observed in 1. molitor after addition of pure GAs and S. nigrum fruit extract to the
food 8. Injection of GAs and tomato leaf extract into 7. molitor larvae affects their lipid metabolism ', in turn
administration of S. nigrum fruit extract modulates insect immune system activity 2 in this species.

SOL and CHA are the main GAs of potato tuber, which is one of the most important agricultural products.
According to FAO data, a total of 376 million tons of potatoes were produced worldwide in 2021 (FAOSTATS,
2021). Colorado potato beetle (Leptinotarsa decemlineata S.), potato ladybird (Henosepilachna
vigintioctopunctata, F.), and potato tuber moth (Phthorimaea operculella, Z.) belong to the most dangerous potato
pests 2. Thus, it is crucial to discover mechanisms of GAs action in insccts, because it might to develop new
strategies against crop pests.

As GAs affect insect metabolism, they have potential to decrease insect survival or by disturbing fecundity reduce
insect population thereby they can be applied as natural plant protection products *2. However, it is not known
exactly which GA concentrations induce the mentioned physiological changes in animals, because in most studies,
the GAs were administered with food, in the extract form or/and incubation time was chosen arbitrarily. Therefore,
the aim of the study was to perform a quantitative analysis of these compounds at particular time points
after the injection of GAs into the body of the larvae of T. molitor to assess how fast they are eliminated or
metabolised by the beetle. Additionally, the survivability of larvae after GAs injection was measured to assess the
potential lethality and long-term effects of GAs treatment.
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Results
Mass spectrum

The SOL and CHA amount in the tested samples of haemolymph (H), gut (G) and the remaining part of the larvae
(FB) from the insects injected with tested GAs were measured using LC-HRMS. More in detail, the sample mass
spectrum is shown on the Fig. 1. For SOL and CHA, the arca of the M+H ions of m/z were 868.5053 and 852.5104
m/z (Dppm<3), respectively. The calibration curves were established with appropriate analytical standards.
Retention time for SOL was 10.8 min, while for CHA — 11.1 min.

Changes of SOL content over time

0.5 h after SOL application, almost all of the applicated GA amount 69.54+2.95 ng (~100%) was still present in the
insect body (Fig. 2). During the next 1 hour, the total amount of SOL started to drop by around 12.2+2.50 ng
(~17.5%) and it was the highest decrease in total SOL content in time. Therefore, we observed a delay in starting
the elimination of SOL from the insect body. During the next 6.5 h we observed a further decrease on average by
only 3.0+4.00 ng (~4.4%) and another 3.042.19 ng (~4.3%) drop in the quantity of SOL at 8 h of the analysed
period. After 24 h, 51.3+8.76 ng (~73.9% of the administered amount of SOL) still remained in the insect body.
The distribution of SOL in different tissues also changed during the time analysed. At the first time point (0.5 h
after injection), the lowest amount of total GA was located in the gut (10.4+1.55 ng, ~15.0% of the applied amount
of GA). Two times more SOL was detected in the haemolymph — 20.0+7.24 ng (~28.9% of applicated SOL) and
39.1+5.23 ng (~56.3% of injected GA amount) was spread across remaining parts of the larvae body, mainly in the
fat body. One hour later, the compound level in the gut drops to 9.4+1.91 ng (what constitute ~13.5% of applicated
amount) but increased to 15.9+2.30 ng (~22.9%) in the next time point and finally reached the level of 9.4+1.17
ng (~13.5%) after 24 h. In the samples obtained from haemolymph, the amount of SOL systematically dropped to
15.943.97 ng (~22.9%), 7.7+0.67 ng (~11.1%) and 5.3+0.90 ng (~7.6%) 1.5, 8 and 24 h after application,
respectively. In the FB sample, we observed the lowest fluctuation in the content of SOL. At each time point, the
SOL content in the samples was similar and reached the value 32.1£7.26 ng, 30.6£10.15 ng and 36.7+8.89 ng
(between ~44.1 and ~52.8% of applied SOL) after 1.5, 8 and 24 h injection.

The highest total amount of SOL at 0.5 time-point was noticed in the FB when the whole mass of tissue was taken
into account (Fig. 2). Knowing the total mass of each tissue used for sample preparation, we also calculated the
concentration of SOL in each of them. The results (Fig. 3) showed that in FB we noticed the lowest and constant
concentration (between 0.08+0.018 and 0.09+£0.015 ng/mg). That indicates a low affinity of SOL for that tissue.
The highest concentration 0.5 h after GA injection was observed in haemolymph (0.85+0.244 ng/mg). It was more
than 9 times higher than in FB (0.09+£0.015 ng/mg) and four times higher than in gut (0.21£0.031 ng/mg) in that
time point. During 24 h, the concentration of SOL in haemolymph decreased over 4-times (to 0.20+0.018 ng/mg),
but still, at each time point, it was higher than in FB (Fig. 3). The SOL concentration in the gut ranges between
0.16+0.035 and 0.22+0.028 ng/mg and it does not change with time. The ratio of SOL concentration in different
tissues changed from 1.0:9.3:2.3 (FB:H:G) to 1.0:7.8:1.5, 1.0:3.7:2.8 and 1.0:2.4:2.0 (Table 1), respectively at each
next time point. Equalization of concentrations in haemolymph (H) and gut (G) sample at 8 h and 24 h time-point
can be the reason why the elimination of SOL slowed down significantly after 8 and 24 h. Whereas, the lack of
significant changes in SOL concentrations in FB may result from the fact that during the whole tested period, the
concentration in that tissue was lower than in the hemolymph.

Changes of CHA content over time

At the first checked time point (0.5 hour after injection), there was 59.9+1.75 ng (~87.9%) of the applicated CHA
amount (68.2 ng) in the entire insect body; therefore, the elimination of CHA has started just after application (Fig.
4). During the next 1 hour, its level decreased to 58.8+4.34 ng (~86.3%), and at the next time points we measured
56.949.45 ng (~83.0%) and 43.0+4.16 ng (~63.1%) of applicd CHA as still presented in the insect body, 8 and 24
h after application.

Regarding the distribution of GAs in tested tissues, at the beginning of the experiment (0.5 h variant), the lowest
total level of GA was in the gut (9.5£1.50 ng, ~13.9% of the applicated amount). Almost two times higher level of
CHA was observed in the haemolymph (16.6+2.04 ng, ~ 24.3% of applied CHA), and 33.9+4.72 ng (~49.7% of
the amount of GA amount) was located in the FB sample. In the gut, CHA level increased slightly 1.5 h after
injection to 10.9+1.64ng (~16.0% of the applicated amount), but decreased to 10.0+1.77ng (~14.7%) at the next

3
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time point and reached the 11.0+0.62 ng amount (~16.2%) again after 24 h. In haemolymph samples, CHA amount
decreases systematically during the whole experiment to 12.4+2.06 ng (~18.2%), 10.7+2.61 ng (~15.7%), and
6.5£0.91 ng (~9.5%) 1.5, 8 and 24 h after injection respectively. In FB samples, the amount of CHA increases
during 8 hours after application, reaching 36.2+3.63ng (~53.1%), while it decreases at the 24 time point to
25.5+3.28 ng (~37.3% of injected CHA).

Similarly to SOL, when we consider the whole mass of tissue, the highest amount of CHA was detected in the FB
samples (Fig. 4). However, the lowest concentration expressed as ng per mg was calculated in these samples and
was between 0.06+0.010 and 0.09+0.013 ng/mg (Fig. 5). There were no significant changes in CHA concentration
during the whole experiment neither in FB nor in gut samples (0.16+0.014-0.20+0.037 ng/mg). The highest GA
concentration at all time points tested was observed in the haemolymph (0.28+0.058-0.77+0.129 ng/mg). It was
more than 9 times higher than in FB (0.084+0.012 ng/mg) and almost 4 times higher than in the gut (0.20+0.037
ng/mg) at the 0.5 time point (Table 2). The greatest changes in CHA concentration during 24 h were also detected
in that tissue (almost 3-times). The proportion of GA concentration in gut samples (G) with other tissues increased
at the 24 time point. The ratio of CHA concentration in different tissues changed from 1.0:9.3:2.4 (FB:H:G) to

Changes of GAs elimination/accumulation rate

The concentration of SOL and CHA in the samples changed with a different rate (Fig. 6). SOL started to be
eliminated from FB already during 0.5 and 1.5 h after injection with a rate 2.01-10*+1.319-10"* ng/mg/min (Fig.
6A). Furthermore, the elimination rate tends to be higher during this period than between 1.5 and the next time
point of 8 h (9.79-10%+£3.233-10° ng/mg/min). During the last period (8-24 h), GAs slowly accumulated slowly
(9.12:10°£7.160- 10" ng/mg/min). On the other hand, CHA accumulated in FB during all the tested periods; at the
beginning of the experiment (0.5-1.5 h) with a rate 6.04-10-°+1.941-10* ng/mg/min, during the next tested period
1.14:10£1.092-10* ng/mg/min and in the last one 1.84-10+3.264-10" ng/mg/min.

The elimination rate of SOL in haemolymph (Fig. 6B) tends to be highest during the first tested period 0.5-1.5 h
(3.78:10+3.532- 10" ng/mg/min), and it is almost 19 times higher than in FB. In the next timespans, SOL was
removed from haemolymph more slowly (8.82-10+8.588:10"° and 8.13-10°+3.081-10"° ng/mg/min). Changes in
CHA elimination rate in the hemolymph are very similar to SOL but slightly lower (2.97-103+2.278-1073; 5.44-10"
4+5.035-107 and 1.07-10%+8.223-10-° ng/mg/min in the subsequent tested periods). However, the changes are not
statistically significant.

During 0.5-1.5 h, the elimination rate of SOL in gut (G) was the highest (1.50-10+£9.079-10* ng/mg/min).
However, it accumulated between 1.5 and 8 h with a rate 2.46-10+1.609- 10" ng/mg/min (p<0.001). In the next
timespan, SOL tends to be eliminated again with 5.27-10°£6.186-10 ng/mg/min rate. CHA was eliminated from
the gut during the whole experiment with the highest rate during the 0.5-1.5 period (2.18:10%+4.066-10*
ng/mg/min). SOL is eliminated from the gut during the first period tested faster than CHA (p<0.01).

The changes of the calculated, detected amount of GAs in the whole larvae (the sum of GAs in FB, G, and H) are
shown in Fig. 6D. In total, SOL and CHA were eliminated from the larvae body throughout the entire experiment.
During the first period tested, CHA is eliminated faster (0.275+0.0584 ng/min) than during the next one
(0.012+0.0659 ng/min) (p<0.0001) and with the highest rate in the whole experiment. SOL is eliminated the fastest
0.5-1.5 h after injection with a rate 0.135+0.0278 ng/min. This value is higher than in the first tested period
(»<0.05) and higher than in the next one (p<0.01). CHA is eliminated over 7 times faster (0.275+0.0584 ng/min)
than SOL (0.037+0.0386 ng/min) during 0.5 h after injection (»p<0.0001). However, in the next tested period (0.5-
1.5 h), the elimination rate of SOL is more than 11 times higher (0.135+0.0278 ng/min) than CHA (0.012+0.0659
ng/min) (p<0.01). During the next timespans (1.5-8 h and 8-24 h) the elimination rates of GAs are much slower
than before and reached values between 0.003+0.0023 and 0.014+0.0157 ng/min.

Survivability of larvae after GAs application

The survivability of the 7. molitor larvae after 2 pL of SOL and CHA 107> M application were analyzed for 10
days (Fig. 7). In the three replicates together, there was one dead larva observed in the control with physiological
saline application, four larvae for variant with SOL and two larvae after CHA injections. However, there were no
significant changes in survival compared to the control. The first dead larva in the experimental variant with SOL
was observed one day after injection, while for CHA treatment — after two days.
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Discussion

Xenobiotics are chemical compounds that are not natural components of a living organism but are exposed to
them. They undergo metabolic processes, including absorption, distribution, biotransformation, and excretion. The
xenobiotic can enter the insect organism through the cuticle, eggshell or orally. Then, the detoxification processes
begin. The compounds undergo modifications and degradations, including oxidation-reduction reactions that
increase compounds solubility and facilitate their elimination from the organism. After that, the modified
xenobiotic is excreted firstly from cells and finally from the organism by different types of transporters 2.

Many insects that are crop pests are exposed to glycoalkaloids. The purpose of the study was to perform a
quantitative analysis of GAs at particular time points in different tissues after their injection to assess how
they are distributed and accumulated through the insect organism, as well as how fast they are metabolised
and eliminated by the insect.

Under natural conditions, GAs can enter the insect body with food. Most studies concerning feeding the insects
with plants containing GAs or of preparation of artificial diet with the addition of GAs '3 15182¢ However, without
knowledge about the exact concentration of these compounds in insects, it is impossible to understand the precise
mechanism of GA action. Thus, in this research we applied SOL and CHA by injection to deliver the exact amount
of the compound to the larvae. We have tested samples of haemolymph, gut and samples obtained from the
remaining part of the insect body, mainly consisting of fat body, Malphighian tubules, and cuticle. The insect
haemolymph is composed of fluid plasma containing hemocytes, and it circulates around the other tissues in the
insect body. The fat body tissue fills the body cavity, surrounding the digestive tract. It is immersed in the
hemolymph, which facilitates the exchange of metabolites. It is the main organ of the intermediary metabolism of
insects. Therefore, it is not surprising that the applicated GAs were detected in the fat body sample and
haemolymph (Fig. 2, 4 ). However, the results also indicate that the GAs were transported to the insect gut (Fig.
2, 4). They might be transported from haemolymph directly, or/and with Malpighian tubules. It may be one of the
explanations of the GAs loss in haemolymph with time. The Malpighian tubules are long tubes which are connected
to the gut between midgut and hindgut. They build up the excretory system, which is responsible for maintaining
homeostasis .

When a xenobiotic enters the insect organism, it may undergo different detoxification reactions. The type of
process depends on the chemical nature of the compound. GAs are classified as glycosides, because they are
composed of carbohydrate chain and the aglycon part connected with glycosidic bond. Glycosides, in turn, belong
to acetal compounds with the general formula R,C(OR"), '°. Acetals are obtained during the nucleophilic addition
of two molecules of an alcohol to an aldehyde or ketone in the presence of an acid catalyst . This condensation
reaction is called acetalisation. Acetals are stable to bases, reducing agents, as well as nucleophiles; however, they
break down in acid environment 2. SOL and CHA are produced in plants through the cholesterol pathway, in a
glycosylation reaction of carbohydrates (carbonyl compounds) with solanidine (alcohol) 7*. Additionally, GAs are
derived from alkaloids.

The biotransformation of GAs involves the hydrolysis process, which leads to a few different products.
Carbohydrate groups are susceptible to hydrolysis in acids as well as to hydrolysis catalysed by enzymes.
Detaching particular sugar molecules lead, first, to B-compounds, then y-derivatives are formed. The aglycon part
called solanidine remains, when all sugar chains are cut off from the SOL or CHA molecule (Fig. 8) 7. Hydrolysis
of the glycosidic bond results in the loss of the GAs activity '°, thus, the biotransformation is an ability of many
organisms (to avoid the toxicity), as well as of different plant species (to climinate autotoxicity risk), although,
nitrogen-containing chain often shows high resistance to transformation. Many bacteria species have the ability to
metabolise GAs by detaching the carbohydrate group or oxidising the hydroxyl groups ?’. Plants and
phytopathogenic fungi contain glycosidases that hydrolyse GA molecules. However, it is not known whether
mammals glycosidases also have such properties ’*. Glycosidases were identified in insects of various orders, such
as Orthoptera, Hymenoptera, and Coleoptera >%. These enzymes were also reported in adults of 7 molitor * as well
as in larvae ** were also reported. However, contrary to expectations, any of the GA hydrolysis products were
detected in the study. One possible explanation is that glycosidases present in 77 molitor larvae have high substrate
specificity and do not react with GA compounds.
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Anyway, insects developed complex protection systems for defence against different xenobiotics 2. Some toxic
molecules can be metabolised into easily excreted compounds and eliminated from the body by the excretory
system. Other xenobiotics can be modified to safer chemicals to facilitate their accumulation in tissues **. The
tested GAs do not cause lethal toxicity during 10 days after application (Fig. 7), thus, insects can use a variety of
strategies to deal with the xenobiotics. One of the physiological adaptation of the organism to prevent poisoning
is the rapid intestinal passage, which protects against the accumulation of toxins 3. Usually, in detoxification
processes, cytochrome P-450 is involved. It catalyses the oxidation of different xenobiotics, such as
phytochemicals and insecticides *2. For example, nicotine (another alkaloid of Solanaceae plants) given with food
to Manduca larvae induces the P-450 cytochrome in the midgut epithelium. Nicotine presented in the haemolymph
was metabolized and the product of its oxidation was actively transported to Malpighian tubules with a nonspecific
alkaloid pump and excreted 253, Active transport of alkaloids to urine was also reported in larvae of Rhodnius and
Pieris **. However, G-strophanthin, a cardiac glycoside, is also actively transported in Zonocerus, while in Locusta
it moves passively into the Malpighian tubules 3. The detoxification enzymes act in the fat body and Malpighian
tubules; however, they are the most active in the insect midgut »*3¢. Some species, for example butterfly Danaus
plexippus, maintain the oxidising conditions in the midgut to defend against plant-derived compounds *’. In
Spodoptera litura, many detoxification-related genes were up-regulated after tomatine treatment. In addition to
the P450 genes, glutathione S-transferases, ABC transport enzyme, UDP-glucosyltransferases and
carboxylesterases were also upregulated, mainly in the midgut and fat body **. The molecular mechanisms
involved in the action of all these enzymes in Spodoptera were described in the review *%, while regulation of their
expression in insects was described in the study *. Besides the oxidation system, xenobiotics which enter the insect
body can be sequestered and stored in the cuticle, glands or in the haemolymph 240, For example, Oncopeltus

Jasciatus (Hemiptera) is able to sequester g-strophanthin .. Thus, one possible mechanism of detoxification of

GAs can be oxidation and/or sequestration.

Various xenobiotics are removed from the insect organism in a different way. The elimination path depends on the
type of detoxification processes that take time. This is the first study to analyse changes in GA concentration in 7.
molitor tissues over time. The change in applied SOL percentage in different time points shows Fig. 2. The
oxidation/excretion processes do not occur during the first 30 minutes after application because almost all the
amount of GA was detected in the samples. At the end of the experiment (24 hours after injection), 73.9% of the
applied SOL still remained in the larvae. On the other hand, the CHA content was much lower than the SOL
percentage after 0.5 h (87.9% of the applicated CHA) and 24 h after injection (63.1%) (Fig. 4). The results indicate
that CHA are eliminated immediately after injection, while there is a delay in SOL elimination. Moreover, GAs
excretion processes are relatively slow because 24 hours is not enough to remove all GA amounts from the larvae
organism.

According to expectations, the highest percentage of applied GA among the tissues tested was in the FB sample
(Fig. 2, 4), which mainly contained a fat body and Malpighian tubules, due to the function of these tissues described
above. Furthermore, these results are consistent with other studies, because the lipid droplets in the fat body of the
I molitor larvae, as well as the G. melonella larvae treated with the extract of S. nigrum, solasonine, and
solamargine showed decreased homogeneity and lysis of the content of lipid droplets '>!¥. Thus, GAs can alter fat
body structure. Moreover, SOL, CHA and tomatine affect lipid metabolism '°. Despite GA delivery by injection
through the cuticle, the compounds were also detected in the gut tissue. It indicates that GAs can be transferred to
the gut, which is involved in GA metabolism and/or elimination. This finding was also reported by (Li et al., 2023),
in which GA accumulation was studied in the potato tuber moth P. operculella. In this research, the concentration
of GAs applied to the insects with food were analyzed in head, foregut, midgut, hindgut, cuticula and feces of
larvae. In the insects fed with potato leaves, SOL was detected in feces and midgut, while CHA was excreted with
feces and accumulated in hindgut, head, midgut and cuticle (order of decreasing GA content). In the insects fed
with 0.3% GAs containing artificial diet (1 mL of CHA and 0.75 mL of SOL), SOL was found in midgut and feces,
while CHA was detected in midgut, hindgut, feces, head and cuticula (order of decreasing GA content). None of
these GAs was detected in the foregut. Unfortunately, neither haemolymph nor fat body was studied in this
research. The excretion of GAs with feces might be the most effective method of their detoxification. These results
are consistent with our suggestions that SOL and CHA are excreted by I. molitor mainly with feces and cuticle.

The concentration of GAs in insects depends on the type of tissue (Fig. 3,5), and these compounds are eliminated
at different rates (Fig. 6). The concentration of GAs in the FB sample is relatively low and does not change with
time (Fig. 3,5), thus showing a low affinity for that tissue. Moreover, their concentration change rate is almost
constant (Fig. 6A). In the haemolymph, SOL and CHA concentrations decreased during 8 h after application (Fig.
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3,5), and the elimination rate tends to be the highest at the beginning of the experiment (Fig. 6B). In the gut,
similarly to FB sample, the GAs concentration is also quite low and there are no changes in its concentration with
time (Fig. 3,5). On the other hand, during the first tested period (0.5-1.5 h), SOL is eliminated at the fastest rate in
the whole experiment, and significantly quicker than CHA (Fig. 6C). A possible explanation of this finding might
be that GAs present in haemolymph are transported to the gut (directly, or/and with the Malpighian tubules),
maintaining the constant, maximum level. This result can also be explained by the direct transfer of these
compounds to the cuticle. Taking into account the whole insect, tested GAs were eliminated from the larvae body
throughout the entire experiment (Fig. 6D). Thus, in addition to GA transport between tested tissues, SOL and
CHA must be eliminated outside the body, for example, with feces. These results corroborate the findings of 2
who reported the GA excretion with feces as well as with the cuticle. It is possible that the GA amount in the gut
as well as in the fat body samples would decrease when it would reach the saturated concentration in the
haemolymph. The observed changes might be attributed to the sequestration of some of these plant secondary
metabolites in the insect body as well.

In the present study, SOL and CHA were injected into the larvae of 7. molitor and the percentage amount of GAs
was analysed in different tissues within 24 hours at particular time points. Tested GAs were reported in the samples
of gut, haemolymph and the remaining tissues together (mainly fat body and Malpighian tubules), with the highest
percentage in the last ones. The present study raises the possibility that SOL and CHA are not hydrolized in the
larvae of 7. molitor by glycosidases because none of the hydrolysis products were detected in the tested samples.
One possible mechanism of detoxification of GAs can be oxidation and/or sequestration. On the other hand, the
GAs concentration was the highest in the haemolymph. SOL and CHA concentration decreased in the haemolymph
during the experiment, while it did not change in other tissues. Thus, they may be excreted by Malpighian tubules,
with feces or with cuticles during molting. Moreover, GAs excretion processes are relatively slow because 24
hours is not enough to remove all the applicated GAs amount from the larvae organism. Despite this, there are no
lethal effects during 10 days since GAs administration. The rate of CHA elimination in the entire insect was the
highest immediately after injection (0-0.5 h), while SOL was eliminated the fastest later (between 0.5-1.5 h). The
presented results are significant because they facilitate the interpretation of the conducted research and future
research related to the effects of GAs on insect metabolism. Further work is needed to explore the longer-term
excretion of GAs in insects, as well as to evaluate the impact of the way in which insects are exposed to GAs on
the detoxification processes of these compounds.

Methods
Insects

The larvae of 7. molitor beetles were obtained from the colony cultured at the Department of Animal Physiology
and Developmental Biology at the Faculty of Biology of Adam Mickiewicz University in Poznan, Poland at
constant temperature (26 + 0.5 °C), humidity (65 + 5%) and photoperiod 12:12 h light to dark. The food consisted
of oat flakes and fresh carrots. Only feeding larvae from the 15th to 16th instar of approximately 120 to 140 mg
of weight were selected for the experiments.

Compounds and Treatment Procedure

Saline solutions of synthetic SOL (=95.0%, Cat. No. S3757) and CHA (>95.0%, Cat. No. PHL80075) (Sigma-
Aldrich, Merck, Darmstadt, Germany) were used in experiments at a concentration of 10° M. The insects were
injected with 2 pL of GAs solution, which corresponds to 69.45 ng of SOL or 68.17 ng of CHA per one sample
composed of 4 larvae (dosage range 0.12—-0.14 ng/mg body mass). This concentration was selected based on the
literature and our previous studies and causes different metabolic and developmental disorders '3!¢!%19 The tested
compounds were administered to larvae by injection using a microsyringe (Hamilton). The injection was made on
the abdominal side of the larva behind the last pair of legs after 8 min of CO, anaesthesia.

Tissue Isolation and Samples Preparation for MS analyses

Samples of selected tissues (haemolymph (H), gut (G), and the rest of the larva body (FB), which mainly consists
of the fat body), were isolated 0.5, 1.5, 8 and 24 hours after GA injection. Before isolation, larvac were
anaesthetised with CO,. We chose those tissues because of their role in the distribution, metabolism, and
detoxification of xenobiotics within insect body *>#. Haemolymph was collected using an automatic pipette after
cutting the legs of the first pair. After decapitation and cutting off the last segment of the abdomen, the gut was
isolated. Guts were not cleaned of food residuals. The rest of the larva body was then placed in Eppendorf tubes.
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The isolation was performed on ice to avoid sample degradation. After isolation, gut and fat body samples were
weighed to determine the fresh mass of tissues and the volume and weight of the haemolymph in each sample
were measured. In the next step, the samples were homogenized in the fresh prepared extraction buffer (methanol
1% acetic acid with daidzein 1 pg/mL) using a pestle homogenizer (Fisherbrand, Ottawa, ON, Canada) and mixed
at RT OV with a laboratory cradle (KL-942). Finally, the samples were centrifuged (10.000 RPM, 20 min, 4°C),
filtered with syringe filters (0.22 um), and the supernatant was transferred to a new tube for LC-HRMS analyses.

LC-HRMS analyses

Samples of isolated tissues extracts were transferred (0.5 ml) into vials for LC/MS analysis (Mini-UniPrep®
syringeless filters with 0.2 pum pore size, PTFE membrane, Whatman) and analyzed with a LC system equipped
with a photodiode array detector (Dionex) and coupled to a Q-exactive Mass Spectrometer (Thermo Fisher
Scientific). LC separation was performed with (A) water (0.1% formic acid) and (B) acetonitrile:H,O 90:10 (0.1%
formic acid) injecting 5 pL of sample on a C18 Luna column (Phenomenex), 2.1 x 100 mm, 2.5 pm particle size.
Column hoven temperature was set at 40°C. Total run time was 32 min and flow rate 0.250 ml/min, with an elution
system as follows: 0 to 0.5 min 95% A/5% B, 24 min 25% A/75% B, and 26 min 95% A/5%, as previously
described **. Tonization was obtained by Heated Elettrospray Source (HESI) operating in both positive and negative
ionization mode. Sheath and auxiliary gas 40 and 10 units, respectively. Probe heater temperature was 330 °C, the
capillary temperature was 250 °C, and the S-lens RF level was set at 50. The acquisition was performed in the
mass range 110-1600 m/z both in positive and in negative ion modes with the following parameters: resolution
70,000, microscan 1, AGC target 1 x 106, maximum injection time 50. SOL and CHA were quantified by LC-MS
in HESI positive ionization mode, integrating the area of the M+H ions of m/z 868.5053 and 852.5104 m/z
(Dppm<3), respectively, using calibration curves established with analytical standards SOL (>95.0%, Cat. No.
S3757) and CHA (=95.0%, Cat. No. PHL80075) , and normalizing on the on the weight of tissue used for the
extraction. Standard solutions were prepared in methanol 1% acetic acid at a concentration of 50 ng/ml and then
serially diluted to working concentrations. All the solvents used were LC-MS grade (Merck, Darmstadt, Germany).

Survivability

The survivability of 7 molitor larvae during 10 days after GA injection. The numbers of living and dead larvae
were recorded every day for each experimental variant and each repetition. Each experiment was repeated three
times with 15 larvae per replicate.

Statistical analysis

Statistical calculations were made using Graphpad Prism 8.0.1 and two-way ANOVA test, Log-rank test (Mantel-
Cox). The normality was checked with the Shapiro—Wilk test.

Data Availability Statement
The data analysed during this study are included in this published article.
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Figure legends and Tables

Mass spectrum

A Alpha-solanine (MoK}, 868.5053 m/z) B Alpha-chaconine (Mol 852 5308 m/z)
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Fig. 1 Accurate MS spectrum of SOL (A) and CHA (B) extracted from the haemolymph (H), gut (G) and the
remaining part of the larvae (FB) 0.5 hour after injection and analyzed by LC-HESI_MS alongside authentic
standards (STD).

Changes of SOL content over time
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Fig. 2 Percentage content of total applied SOL in each of the samples obtained from the haemolymph (H), gut (G)
and the remaining part of the larvae (FB) 0.5, 1.5, 8 and 24 hours after injection. Data are shown as mean with
SEM. The pooled samples were used with n = 4, and for each experimental variant, three independent replicates
were performed.
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Fig. 3 Concentration of SOL in analyzed tissues as ng/mg in haemolymph (H), gut (G) and the remaining part of
the larvae (FB) 0.5, 1.5, 8 and 24 hours after injection. Data are shown as mean with SEM. The pooled samples
were used with n = 4, and for each experimental variant, three independent replicates, a two-way ANOVA test,
were performed.

Table 1 SOL concentration ratio in haemolymph (H), gut (G) to the concentration in the remaining part of the
larvae (FB) 0.5, 1.5, 8 and 24 hours after GA injection. For better clarity, the concentration in FB was considered
as 1.

Time after GA injection Sample
[h] FB H G
0.5 1.0 9.3 2.3
15 1.0 7.8 1.3
8 1.0 339 2.8
24 1.0 2.4 2.0
12
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Changes of CHA content over time
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Fig. 4 Percentage content of total applied CHA in each of samples obtained from haemolymph (H), gut (G) and
the remaining part of the larvae (FB) 0.5, 1.5, 8 and 24 hours after injection. Data are shown as mean with SEM.
The pooled samples were used with #n = 4, and for each experimental variant, three independent replicates were
performed.
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Fig. 5 Concentration of CHA in analyzed tissues as ng/mg in haemolymph (H), gut (G) and the remaining part of
the larvae (FB) 0.5, 1.5, 8 and 24 hours after injection. Data are shown as mean with SEM. The pooled samples
were used with n = 4, and for each experimental variant, three independent replicates were performed, the two-
way ANOVA test.
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Table 2 CHA concentration ratio in haemolymph (H), gut (G) to the concentration in the remaining part of the
larvae (FB) 0.5, 1.5, 8 and 24 hours after GA injection. For better clarity, the concentration in FB was considered

as 1.
Time after GA injection Sample
[h] FB H G
0.5 1.0 9.3 2.4
1.5 1.0 6.8 2.1
8 1.0 4.6 2.1
24 1.0 4.4 25
Changes of GAs elimination/accumulation rate
A B
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Fig. 6 Rate of changes in SOL and CHA concentration in each tissues (A), H (B), G (C) samples as ng/mg/min
and in the whole larva (D) as ng/min 24 hours after GA injection. Values above zero mean accumulation, while
negative values mean elimination rate compared with the previous tested time period. The lower the negative
values, the higher the elimination rate. Higher positive values mean higher accumulation rate. The pooled samples
were used with n = 4, and for each experimental variant, three independent replicates were performed.
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535 Fig. 7 The survivability of larvae after GA injections. The error bars are shown as mean with SE, n=15, for each
536 experimental variant, three independent replicates were performed, log-rank test (Mantel-Cox).
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539 Fig. 8 Hydrolysis products of GAs.
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Abstract

Solanine (SOL), chaconine (CHA), and tomatine (TOM) are plant secondary metabolites, produced
mainly by the species of Solanaceae family, such as tomato Solanum lycopersicum L. These
glycoalkaloids (GAs) have a wide range of biological activity, also in insects. However, their
mechanisms of action are not precisely understood. The purpose of the study was to investigate how
pure GAs and tomato leaf extract (EXT) affect glycolysis, Krebs cycle and B-oxidation of fatty acid
pathways in Tenebrio molitor L. beetle. For this purpose, the larvae were injected with SOL, CHA,
TOM, and EXT at two concentrations (10 and 10 M). For experiments, fat body, gut, and
heamolymph samples were collected 2 and 24 hours after injection. Then, the changes in the
expression level of phosphofructokinase, citrate synthase, and B-hydroxyacyl-CoA dehydrogenase
were measured using the RT-gPCR technique. The catalytic activity of these enzymes and the
carbohydrate level in insects after GA treatment were determined by spectrophotometric method.
Furthermore, the analysis of the amount of amino acids in tissues was performed with a GC-MS
technique. The results obtained show that the GAs changed the activity and expression of the genes
encoding key enzymes of crucial metabolic pathways. The effect depends on the type of GA
compound, the tissue tested, and the incubation time after treatment. Furthermore, TOM and EXT
affected trehalose concentration in the insect hemolymph and led to accumulation of amino acids in
the fat body. The observed changes may indicate a protein degradation and/or enhanced catabolism
reactions for the production of ATP used in detoxification processes. These results suggest that GAs
alter energy metabolism in the mealworm T. molitor. The study contributes to our understanding of
the mechanisms of action of secondary metabolites of plants in insects. This knowledge may allow
the design of new natural biopesticides against insect pests because proper energy metabolism is
necessary for the survival of the organism.

Keywords: citrate synthase; phosphofructokinase; metabolic pathway; nutrients; plant secondary
metabolite; glycoalkaloid

1. Introduction

Glycoalkaloids (GAs) are plant secondary metabolites produced primarily by many Solanaceae
plants, such as tomato Solanum lycopersicum L., potato Solanum tuberosum L., and eggplant
Solanum melongena L. These compounds are composed of a steroidal carbon skeleton connected to
1-4 carbohydrates. For example, solanine (SOL) and chaconine (CHA) contain solanidine as an
aglycon part, while tomatine (TOM) is built from a tomatidine skeleton. Carbohydrate chains in SOL,
CHA and TOM are called solatriose, chacotriose, and lycotetraose, respectively (Zhao et al., 2021).
GAs play a defensive role against various pathogens and herbivore species. These plant secondary
metabolites exhibit a wide range of biological activities, such as anti-inflammatory, cytotoxic, and
antimicrobial activity (Zhao et al., 2021). GAs disrupt cell membranes through binding to cholesterol
molecules and inhibit acetylcholinesterase and butyrylcholinesterase enzymes. Moreover, these
compounds impact the process of cell division, as well as the ion transport (Ca*, Na*) across cell
membranes (Friedman, 2006; Milner et al., 2011). GAs may inhibit the growth of cancer cells, for
example, by inhibiting angiogenesis, as well as apoptosis induction, because of their antiproliferative
and pro-apoptotic activity. They affect many signalling pathways in tumour cells acting through
different molecular mechanisms (Winkiel et al., 2022). Recent evidence suggests that SOL regulates
glycolytic pathway in vitro in non-small cell lung cancer, decreasing the expression level of the genes
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encoding glycolysis-related proteins, such as glucose-6-phosphate isomerase, aldolase A and lactate
dehydrogenase A (Zou et al., 2022), and in human renal cancer, reducing the expression of HIF-1a
protein (Wang et al., 2021).

Insects store energy reserves in the form of glycogen and triglycerides (TAGs) in adipocytes, the fat
body cells. Moreover, this tissue synthesizes most of the metabolites. Glycogen is a polymeric form
of glucose, which is used as a glycolytic substrate and, for example, for chitin production. This
polysaccharide is synthesized from dietary carbohydrates and amino acids. Glycogen is utilized
mostly in the form of trehalose which is the main circulating sugar in the haemolymph. It is secreted
into that tissue by adipocytes with cellular membrane transporters (Arrese and Soulages, 2010).
Glucose may be used for the synthesis of trehalose, glycogen and lipids. Fatty acids, which serve for
ATP production during B-oxidation, are stored in the fat body in the form of TAGs, which are
constituted of glycerol and three fatty acid molecules. By conversion into diglyceride, trehalose, or
proline can be used in some insects as a key energetic substrates in flight muscle (Arrese and
Soulages, 2010). The proline amino acid is produced in the fat body from acetyl-CoA and alanine and
is released to the haemolymph. This amino acid synthesis is often connected to the fatty acid B-
oxidation because inhibition of B-oxidation blocks the release of trehalose induced by adipokinetic
hormone (Arrese and Soulages, 2010; Bursell, 1981). In general, insects were found to contain higher
amino acid amounts compared to the other animal species. Amino acids are utilized for proteins
production, therefore, they fulfill structural and developmental functions (Chen, 1966). The
following amino acids: arginine, histidine, lysine, tryptophan, phenylalanine, methionine, threonine,
leucine, isoleucine, and valine considered essential for mammals are also necessary for the growth
of Tenebrio molitor L. larvae (Chen, 1966; Davis, 1975).

The main substrate for glycolysis is glucose, which is converted into pyruvate during the glycolysis
that occurs in the cytosol. In this pathway, two ATP moieties are generated. One of the three key
regulatory glycolysis reactions is the process catalyzed by phosphofructokinase-1 (PFK). This enzyme
is necessary for irreversible phosphorylation of fructose 6-phosphate to fructose 1,6-bisphosphate.
The reaction is regulated by a feedforward activation mechanism, as well as by citrate, the
intermediary metabolite of the Krebs (tricarboxylic acid —TCA) cycle. Some glycolytic intermediates
can enter other biosynthetic pathways. For example, the product of the reaction catalyzed by PFK
can be converted to dihydroacetone phosphate, which, in turn, in the next step is transformed into
glycerol 3-phosphate, a substrate for TAGs production (Chandel, 2021a). In the presence of oxygen,
pyruvate is usually oxidized to acetyl-CoA during oxidative decarboxylation, and then converted to
two CO, moieties in the Krebs cycle which occurs in mitochondria. The reaction of citrate synthesis is
catalyzed by citrate synthase (CS) which is a marker enzyme of the TCA cycle, at the gateway into the
cycle from pyruvate via acetyl-CoA. Besides the pyruvate generated in the glycolysis process, fatty
acids can be used as the substrate for the TCA cycle. These compounds are the main source of ATP
during the low glucose level in the cell. One of the steps of B-oxidation of fatty acids is the
conversion of L-B-hydroxyacyl-CoA to B-ketoacyl-CoA, catalyzed by B-hydroxyacyl-CoA
dehydrogenase (HADH) (Chandel, 2021b).

As glycolysis, Krebs cycle, and B-oxidation of fatty acids are important processes of ATP production in
cells, the question is, if GAs can affect these reactions. The first study on the effect of GAs on blood
sugar levels was reported already in 1967 year (Satoh, 1967). At that time, it was predicted that SOL
may act as a hyperglycemic agent in rats. However, later this issue did not attract interest among
scientists, who focused on other effects caused by GAs. In insects, GAs were found to alter the
functioning of numerous processes from feeding through reproduction to behaviour (Chowariski et
al., 2016). Only recently have some relationships between GAs and lipid metabolism been
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established. We have previously reported that the application of GAs and tomato leaf extract into T.
molitor larvae affects the content and composition of lipid compounds in the insects' haemolymph
and fat body. Furthermore, HADH activity decreased after GA application, especially in the fat body,
which may affect ATP production (Winkiel et al., 2023). After treatment with solamargine,
solasonine and Solanum nigrum L. extract, a loss of homogeneity of lipid droplets and their regularity
of shape were observed in the T. molitor beetle and Galleria mellonella L. moth (Spochacz et al.,
2021, 2018). These compounds also affected the ultrastructure of midgut cells, as well as
carbohydrate, lipid, and amino acid content in the fat body and haemolymph of insects (Spochacz et
al., 2021, 2018). However, it is still unknown which mechanisms underlie these metabolic
fluctuations in insects. We do not know if the observed changes are a result of the impact of GAs on
the level of genes encoding crucial enzymes of metabolic pathways or their influence on the protein
level.

ATP production is necessary for the survival of cells and the entire organism. Thus, the study aimed
to verify if SOL, CHA, TOM, and EXT may alter key steps of glycolysis, Krebs cycle and B-oxidation
of fatty acids at the gene and protein levels, and the content of energy substrates in tissues of T.
molitor larvae. Exploring the effects of GAs on energy-producing processes in insects, especially in
pests that cause significant losses in crops, as well as grain stores, seems especially important.
Umbalancing of energetic homeostasis by GAs can impact the condition of individual insects and, in
consequence, reduce the population of harmful insect species (Manosathiyadevan et al., 2017). The
obtained data extends the knowledge about GAs mechanisms of action what is necessary to
consider these compounds as potential promising biopesticides.

2. Materials and methods
2.1 Insects

The larvae of T. molitor beetles were obtained from the colony cultured at the Department of
Animal Physiology and Developmental Biology at the Faculty of Biology of Adam Mickiewicz
University in Poznan, Poland at constant temperature (26 + 0.5 °C), humidity (65 + 5%) and
photoperiod 8:16 h light to dark. The food consisted of oat flakes and fresh carrots. Only feeding
larvae from the 15th to 16th instar of approximately 120 to 140 mg of weight were selected for the
experiments.

2.2 Compounds and treatment procedure

Saline solutions of synthetic GAs: SOL (295.0%), CHA (295.0%), and TOM (>95.0%) (Merck Sigma-
Aldrich) were used in experiments at concentrations of 10°® M (dosage range for SOL and CHA 0.12—
0.14 pg/mg body mass, for TOM 0.15-0.17 pg/mg body mass) and 10~° M (dosage range for SOL and
CHA 0.12-0.14 ng/mg body mass, for TOM 0.15-0.17 ng/mg body mass). The concentrations of GAs
were selected based on the literature and our previous studies in which we observed different
metabolic and developmental disorders (Spochacz et al., 2021, 2018; Winkiel et al., 2023). The GA
extract from tomato leaves (EXT) was obtained from the research group of Prof. Sabino A. Bufo from
Basilicata University in Potenza, Italy, and tested by our group (Marciniak et al., 2019; Ventrella et
al., 2016, 2015). EXT displayed the presence of the major GAs (2.95 + 0.25%), tomatine, and two
other minor GAs lycotetraose, namely, dehydrotomatine and filotomatine (Ventrella et al., 2016).
EXT contained the same concentration of tomatine as the 107 and 10~ M solutions of this GA, which
allowed comparing the effects of the extract and the pure GA. The physiological solution, isosmotic
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for T. molitor, was used as a control (NaCl 16 mg/mL, KCl 1.4 mg/mL, CaCl, 1 mg/mL). The tested
compounds were administered to larvae by injection using a microsyringe (Hamilton) in a volume of
2 pL, and the final concentration in the haemolymph was 107° and 107° M. The injection was made
on the abdominal side of the larva behind the last pair of legs after 8 min of CO, anaesthesia.

2.3 Tissue isolation

Depending on the experimental variant, tissue isolation was performed 2 or 24 h after GA injection.
The tissues were isolated after 8 min of anaesthesia with CO,. The trophic tissues (haemolymph, gut,
and fat body) that play a key role in maintaining metabolic balance, as well as detoxification, were
used for analysis. Haemolymph also distributes lipids and applied substances through the entire
organism of insects, while the fat body is involved in GA hydrolysis/metabolism, and the gut is
responsible for the removal of waste metabolites. The hemolymph was collected after cutting the
legs of the first pair using an automatic pipette. After decapitation and cutting off the last segment
of the abdomen, the larvae were cut along the dorsal side and then spread on the Petri dish with
pins. Afterward, the fat body and gut were washed with saline, isolated with microsurgical tweezers,
and placed in Eppendorf tubes. Additionally, guts were cleaned of food residues. The isolation was
performed on ice to avoid sample degradation. Before further preparation, the samples were stored
at —80 °C. In the experiments, samples pooled from several individuals were used.

2.4 Concentration of carbohydrates

The analysis of glucose, trehalose, and glycogen levels was performed using samples prepared as
previously described for triacylglyceride (TAG) determination (Winkiel et al., 2023). Fat body tissue
from 2 larvae and 16 uL of haemolymph were homogenized on ice using a pestle homogenizer in 300
pL and 150 pL of PBS-Tween 0.05%, respectively. Next, after incubation at 70 °C for 10 min, the
samples were centrifuged (10,000 RPM, 5 min, 4 °C), and the supernatant was transferred to new
tubes. For each experimental variant, four independent replicates were performed. The samples
were frozen in liquid nitrogen and stored at -80 °C until the measurements were made.

The tested carbohydrates were determined spectrophotometrically in undiluted haemolymph
samples. The fat body samples were used undiluted for glucose analyses, while diluted 10-fold with
PBS-Tween 0.05% for trehalose and glycogen level determination. For glucose level analyses, the
Glucose Assay Kit (Merck Sigma-Aldrich; GAGO20) was used according to the manufacturer’s
protocol. Each sample (15 pL) and 50 pL of the Assay Reagent were placed on a clear-bottom 96-well
plate and incubated at 37 °C for 60 min. Then 50 pL of sulfuric acid (Merck Sigma-Aldrich; 339741)
was added as a reaction inhibitor. After 10 min, the absorbance was measured at wavelength A =
540 nm at RT with a Synergy H1 Hybrid MultiMode Microplate Reader (BioTek). The glucose level in
each sample was calculated using the standard curve. However, it was not detected in haemolymph,
and it was very low glucose concentration in fat body samples. Therefore, it was neglected and the
concentration of trehalose was determined after the addition of trehalase (Merck Sigma-Aldrich;
T8778-1UN) to the Assay Reagent (1:1000), and for glycogen analyses, aminoglucosidase (Merck
Sigma-Aldrich; A1602) was added to the Assay Reagent (3:1000). The standards of trehalose (Merck
Sigma-Aldrich; T9449) and glycogen (Merck Sigma-Aldrich; G8751) were used to prepare the
standard curves. The carbohydrate level is expressed in pg per 1 mg of fresh tissue.

2.5 Concentration of amino acids

Gas chromatography—mass spectrometry (GC—MS) was used to measure the level of amino acids in
the haemolymph and fat body. For analysis, pooled samples were used with n > 15 (haemolymph) or
n > 10 (fat body), and the analyses were performed in triplicate. Each sample contained a minimum
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of 120 plL of haemolymph or 160 mg of the fat body. After isolation, tissues were transferred into 1.5
mL glass bottles with chloroform and methanol 2:1 (v/v). The prepared samples were stored at 4 °C
until measurements were taken.

Amino acids were determined with the GC-MS technique according to the method described
previously (Szymczak-Cendlak et al., 2022; Winkiel et al., 2023). Briefly, amino acids were extracted
in 30 mL of dichloromethane. The solvent was removed from the samples under a gentle stream of
nitrogen. Components of extracts were silylated with 100 pL of a mixture of 99%
bis(trimethylsilyl)acetamide and 1% chlorotrimethylsilane at 100 °C for 1 h on the day of analysis.
The samples were analyzed using GC—MS on a GC/MS QP2010 SE (Shimadzu, Kyoto, Japan) equipped
with a fused silica capillary column Zebron-5, 30 m x 0.25 mm i.d. and with a 0.25 pum thick film.
Helium was used as the carrier gas. The ion source was maintained at 220 °C. The injector and
transfer line temperatures were kept at 310 °C. Electron-impact ionization (electron energy 70 eV)
was used. The column temperature was programmed at 4 °C x min-1 from 80 (held for 10 min) to
310 °C, which was held for 10 min. The amino acid level is expressed in pg per 1 mg of fresh tissue.

2.6 Quantitative analysis of gene expression

The samples for gene expression measurements were pooled from 5 individuals. Tissues (fat body
and gut) were placed into 300 pL of RNA Lysis Buffer (Zymo Research; R1060-1), homogenized for 3
min using a pestle homogenizer (Fisherbrand), and the total RNA isolation was conducted using
Quick-RNA™ MiniPrep Kit (Zymo Research; R1055), according to the manufacturer's protocols. The
residual DNA was then removed with a Turbo DNase kit (Thermo Scientific; AM1907), and the RNA
concentration was measured spectrophotometrically (DeNovix DS-11 FX+). After that, the RNA
samples were frozen in liquid nitrogen and stored at —80 °C until the next steps.

The synthesis of cDNA was conducted using LunaScript® RT SuperMix Kit (Biolabs; E3010) and T100™
Thermal Cycler (BIO-RAD). The prepared cDNA samples were stored at —20 °C. Quantitative real-time
PCR (RT-gPCR) analyses were performed with a SYBR Green Master mix (Thermo-Fisher Scientific;
4309155) on a C1000™ Thermal Cycler with the CFX96™ Real-Time System (BIO-RAD). The primers
were designed based on sequences available in public databases (NCBI) and synthesized by the
Institute of Biochemistry and Biophysics, Warsaw (Supp. Mat.). The suitability of the primers for the
gPCR was tested by analyzing the melting curves. The PCR conditions for the amplified gene and the
reference gene (ribosomal protein L13a (Rpl13a)), were determined and optimized before
amplification. The stability of Rp/13a expression was validated prior to the experiment. The
experiment was prepared in three biological replicates and three independent replicates for each
experimental variant. Negative controls were prepared to check for possible contamination of the
samples. Relative expression was calculated using the 2°2Ct method (Livak and Schmittgen, 2001). To
confirm the results, the amplicons were sequenced by the Molecular Biology Techniques Laboratory
(Faculty of Biology, Adam Mickiewicz University in Poznar) and compared with the data available in
a public database (NCBI).

2.7 Enzyme activity

The activity of PFK and CS in the gut and fat body was measured in samples pooled from a minimum
of 10 individuals. The tissues were placed in 250 uL (gut) or 500 uL (fat body) of physiological saline,
homogenized for 3 min using a pestle homogenizer (Fisherbrand) and centrifuged (10.000 RPM, 10
min, 4 °C). The supernatant was then transferred to new tubes, and the protein concentration was
measured using a Direct Detect spectrometer (Merck) (Szymczak-Cendlak et al., 2022). Total soluble
proteins concentration in the gut samples ranged between 9.7 and 18.9 mg/mL, and in fat body
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samples, they ranged between 13.2 and 29.5 mg/mL. Afterward, the samples were frozen in liquid
nitrogen and stored at —80 °C until the measurements were made.

The PFK and CS catalytic activity was measured using commercially available kits (Merck Sigma-
Aldrich; MAK093 and MAK193, respectively). The experiment was carried out according to the
manufacturer's instructions. The gut samples for the experiment were diluted 16x (PFK) or 10x (CS).
On the contrary, fat body samples were diluted to a total protein concentration of 3.0-4.2 pug/uL
with 4 mM kojic acid in PBS buffer. Then, the samples were put on the plate (PFK) or diluted again
with the kit buffer 50x (CS). Kojic acid was used as a polyphenol oxidase inhibitor to reduce the
interference of the polyphenol oxidase reaction product with the product of the reaction catalyzed
by the tested enzymes. The experiments were based on the spectrophotometric technique using
Spark Microplate Reader (Tecan, Switzerland). The absorbance was measured at wavelength A = 450
nm (PFK) and A = 412 nm (CS) at RT for 50 min (5 min intervals). Enzyme activity is expressed as mU
per pg of total soluble protein in the sample. The assays were prepared in three independent
replicates for each experimental variant.

2.8 Statistical analysis

The results were analyzed using Graphpad Prism 8.0.1. (Department of Animal Physiology and
Developmental Biology AMU license). The normality of the distribution was determined using the
Shapiro-Wilk test. Normally distributed data were analyzed with ordinary one-way ANOVA or
Brown—Forsythe and Welch ANOVA with Dunnett's multiple comparison tests. Data with a non-
normal distribution were analyzed using Kruskal-Wallis with Dunn's multiple comparison tests.

3. Results

3.1 Level of carbohydrates
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280  Fig. 1 Concentration of trehalose (A-D), glucose (E,F) and glycogen (G,H) in the fat body and

281  haemolymph of T. molitor larvae 2 (A,C,E,G) and 24 h (B,D,F,H) after injection with solanine,

282  chaconine, tomatine, extract from tomato leaves and physiological saline as a control.

283  Concentrations of the compounds 10% M (107%) and 10> M (107°) are shown on the graphs. Data are
284  expressed in pug per 1 mg of fresh fat body tissue and shown as the mean with SEM. Pooled samples
285  were used, four independent replicates were performed. The tested groups were compared with the
286  control (insects injected with physiological saline) using Brown—Forsythe and Welch ANOVA with
287  Dunnett’s multiple comparison tests, ** p <0.01, * p <0.05.
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The concentration of glucose, trehalose, and glycogen was analyzed in fresh tissue of fat body and
haemolymph after GAs injections at two concentrations 10 and 10° M. The glucose level in the fat
body tissue did not change compared to the control, neither 2 (Fig. 1E) nor 24 h (Fig. 1F) after GA
injection. The calculated glucose concentration in the samples was between 1.4 +2.12 and 5.4 +
3.45 pg per 1 mg of fresh fat body tissue. There was a slight increase in glucose content 2 h after
CHA 10° M treatment, however, the change was not significant. On the other hand, 24 h after the
GAs application, in this experimental variant, the monosaccharide concentration tended to decrease.
In haemolymph, the amount of glucose was below the detection limit.

The trehalose concentration in the haemolymph 2 h after GAs treatment ranged from 0.7 £ 0.60 to
6.8 £ 0.58 pg per 1 mg of tissue (Fig. 1A), while in 24 h variant, there was between 0.2 £ 0.33 and 1.8
+ 0.66 ug of trehalose per 1 mg (Fig. 1B). SOL at lower concentration (108 M) significantly increased
the disaccharide level in haemolymph after 2 h. On the contrary, a decrease in trehalose content
was observed 2 h after TOM 10 M, as well as after the application of EXT 10, Interestingly, in these
experimental variants, an increase in disaccharide concentration was observed 24 h after GA
treatment. In the fat body, the trehalose concentration in the 2 h variant was between 37.7 + 24.68
and 77.2 +41.01 ug per 1 mg (Fig. 1C), and 24 h after GAs application it ranged from 34.1 + 22.48 to
68.9 £ 32.14 ug per 1 mg of fresh tissue (Fig. 1D). No significant changes in the content of this
carbohydrate were reported neither 2, nor 24 hours after GA treatment.

The glycogen concentration in the fat body did not change as a result of GAs injection, compared to
the control (Fig. G,H). It ranged between 5.9+ 1.12 — 9.2 + 1.18 pg/mg in the case of 2 h variant, and
between 5.5+ 1.10 and 9.7 + 6.96 pg per 1 mg of fresh tissue 24 h after treatment. No amount of
glycogen was detected in the haemolymph samples.

3.2 Level of amino acids
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314  Fig. 2 The concentration of amino acids in the haemolymph of T. molitor larvae 2 and 24 h after

315  injection with solanine, chaconine, tomatine, extract from tomato leaves, and physiological saline as
316  a control. Concentrations of the compounds 10% M (1078) and 10~ M (10°) are shown on the graphs.
317 Data are expressed in pug per 1 mg of fresh haemolymph tissue and shown as the mean with SEM.
318  Pooled samples were used with n > 10, and the analysis was performed in triplicate. The tested

319  groups were compared with the control (insects injected with physiological saline) using Brown—

320  Forsythe and Welch ANOVA with Dunnett’s multiple comparison tests, **** p < 0.0001, *** p <

321  0.001, ** p<0.01, * p<0.05.

322

70



323

324
325
326
327
328
329
330
331

332
333
334

Fat body Valine Fatbody
A 2hours afer GAs injection B 24 hours after GAs inection
oo o

x 20

s
2 05

Control 10% 10° 0% 10% 0% 10° 10 10° Conrol 10% 10° 10%10° 10°10° 10® 00°

Salanioe Chaconine Tamatne  Exract Solanine Chaconine Tomatine  Extact
Leucine
c Fat body D Fatbody
2 hours after GAs injection 24 hours after GAs injection

»
S

3 245
é 1.1 _E, 15
E 1. E 104
% %
g 0. 'E 0.5
00 0.0-
control 10 10° 10*10° 10 10° 10* w0® Convol 10* 10° 10'w® 10'w® 10wt
Solanine Chaconine Tomatine Extract Solanine Chaconine Tomatine Extract
Fatbody Proline Fatbody
E 2 hours after GAs injection F 24 hours after GAs Injection

Control 10* 10° 10%90° 10%%0* 10* 10* Control 10% 10° 10*10° 10%10° 10* 10°
Solsnine Chaconine Tomatine Extract Solanine Chaconine Tomatine  Extract

Phenylalanine

Fat body
G 2hours after GAs injection H 24 hours after GAs injection
5 .
3
i,
3
E!
2
o
Control 10* 10° 1010 10 10® 10 10* control 10* 10° %0'w0* w0'w® w* w0
Solanine Chaconine Tomatine Extract Solanine Chaconine Tomatine Extract
Fatbody Tyrosine Fat body
| 2hours after GAs Injection 7 24 hours after GAs injection
3
H
s 2
%
_g|
o
Control 10° 10° 10°10° 10w 10 10° Control 10* 10° 10°%0° 10w 10' w0
Solanine Chaconine Tomatine Extract Solanine Chaconine Tomatine Extract

Fig. 3 The concentration of amino acids in the fat body of T. molitor larvae 2 and 24 h after injection
with solanine, chaconine, tomatine, extract from tomato leaves, and physiological saline as a control.
Concentrations of the compounds 10 M (107%) and 10> M (10™°) are shown on the graphs. Data are
expressed in pg per 1 mg of fresh fat body tissue and shown as the mean with SEM. Pooled samples
were used with n > 10, and the analysis was performed in triplicate. The tested groups were
compared with the control (insects injected with physiological saline) using Brown—Forsythe and
Welch ANOVA with Dunnett’s multiple comparison tests, **** p < 0.0001, *** p < 0.001, ** p <0.01,
* p<0.05.

The following amino acids were detected in the tested sample of haemolymph and fat body: valine,

leucine, proline, phenylalanine, alanine (only in haemolymph), and tyrosine (only in the fat body).
The valine concentration in haemolymph 2 h after GAs injection did not change (Fig. 2A). It ranged
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between 0.2 + 0.11 pg/mg and 0.3 + 0.10 pg/mg of tissue. 24 h from the GAs application (Fig. 2B),
the valine content was more differentiated (0.1 £ 0.07 — 0.7 £ 0.12 pg/mg). In this experimental
variant, only a higher EXT concentration significantly decreased valine content in that tissue. In the
fat body, all pure GAs decreased amino acid concentration during 2 h (Fig. 3A) with the greatest
change after CHA 10° M treatment (more than 7-fold). On the contrary, EXT 10”° M increased the
valine concentration 2-times (2.3 * 0.19 ug/mg) compared to the control (1.1 £ 0.28 pg/mg). 24 h
after treatment with SOL 10 M, CHA 10 M, and CHA 10° M, the amino acid content in the fat body
was still decreased compared to the control (Fig. 3B). However, TOM and EXT increased the valine
concentration in the fat body. It indicates the possibility of amino acid transfer from haemolymph to
that tissue.

Leucine concentration was decreased in the haemolymph in most of the 2 h experimental variants
compared to the control (Fig. 2C). The greatest change was reported after TOM 10° M application
(almost a 3-fold decrease). 24 h after GAs injections the lower amino acid concentration was
observed after 10 M SOL and TOM, as well as after 10° M CHA and EXT treatments (Fig. 2D). The
application of all of the tested GAs after 2 h resulted in decreased leucine concentration in the fat
body, except for EXT 10° M, which did not affect amino acid content compared to the control (Fig.
3C). Leucine concentration was decreased also 24 h after SOL and CHA application (Fig. 3D).
However, similarly to valine, TOM as well as EXT after 24 h significantly increased amino acid content
in the fat body compared to the control (even almost 7-fold).

All of the tested GAs, except for EXT 10 M, decreased proline concentration during 2 h in the
haemolymph (Fig. 2E). The lowest amino acid content was reported after SOL 10 treatment (change
from 2.5 £ 0.27 pg/mg in the control to 0.6 + 0.30 ug/mg after GA injection). On the contrary,
treatment with EXT 10° M after 2 h resulted in increased proline concentration in the haemolymph.
24 after injection, 108 M CHA, and TOM, as well as 10° M SOL and EXT, maintained a decrease in
proline concentration compared to the control (Fig. 2F). In the fat body, all pure GAs as well as EXT
10 M after 2 h caused a decrease in amino acid content (Fig. 3E). Similarly to the other amino acids,
proline concentration in the fat body was lower 24 h after treatment with SOL and (even almost 4
times), while higher compared to the control (also almost 4 times) after TOM and EXT injections (Fig.
3F).

The phenylalanine concentration in the haemolymph 2 h after the application of pure GAs and EXT
10® M was reduced compared to the control (Fig. 2G). The lowest amino acid value was noted after
CHA 10° M injection (0.1 + 0.07 pg/mg compared to the 0.3 + 0.20 pg/mg in the control).
Surprisingly, 24 h after application, EXT 10 M caused an increase in phenylalanine concentration in
the haemolymph (more than 2-times), while the treatment with EXT 10 M resulted in a decrease in
amino acid content (more than 4-times) compared to the control (Fig. 2H). Phenylalanine
concentration in the fat body was decreased 2 h after pure GAs injections, while no change was
observed after EXT application (Fig. 3G). 24 h after CHA injection, the amino acid content in the fat
body remained decreased compared to the control, while it increased after TOM and EXT treatment
(Fig. 3H). For example, the phenylalanine concentration was 0.7+0.32 pg/mg in the control, and
1.810.64 pg/mg after TOM 10 M injection (2.6-fold change).

Alanine was detected only in the haemolymph. However, any of the tested GAs affected its
concentration which ranged between 0.1 + 0.05 pg/mg and 0.4 + 0.31 pg/mg (Fig. 21). Alanine
concentration was significantly lower compared to the control only 24 h after the injection of EXT 10°
> M (Fig. 2J). In the other experimental variants, no changes were reported.

Tyrosine was reported only in the fat body. Most of the tested GAs decreased its concentration after
2 h (Fig. 31). The biggest change was calculated after TOM 10 M treatment (10-fold decrease). 24 h
after TOM 10° M and EXT injections, an increase in tyrosine concentration in the fat body was
reported (Fig. 3J), similarly to the other amino acids.

3.3 Quantitative analysis of gene expression
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Fig. 4 Expression fold change of PFK in a gut (A, B) and fat body (C, D) of T. molitor larvae 2 and 24
hours after application of 10 and 10 M solutions of solanine, chaconine, tomatine, the extract of
tomato leaves (with corresponding tomatine level), and in the control (insects injected with
physiological saline) compared to the L ribosomal proteins (RPL) expression. Data are shown as
mean with SEM. The pooled samples were used with n = 5. For each experimental variant, three
independent replicates were performed. The tested groups were compared with the control using
Kruskal-Wallis with Dunn's multiple comparison test, ¥** p <0.001, ** p <0.01, * p < 0.05.
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395 Fig. 5 Expression fold change of CS in a gut (A, B) and fat body (C, D) of T. molitor larvae 2 and 24
396 hours after application of 10 and 10 M solutions of solanine, chaconine, tomatine, the extract of
397  tomato leaves (with corresponding tomatine level), and in the control (insects injected with

398  physiological saline) compared to the L ribosomal proteins (RPL) expression. Data are shown as
399 mean with SEM. The pooled samples were used with n = 5. For each experimental variant, three
400 independent replicates were performed. The tested groups were compared with the control using
401  Kruskal-Wallis with Dunn's multiple comparison test, *** p <0.001, * p < 0.05.
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Fig. 6 Expression fold change of HADH in a gut (A, B) and fat body (C, D) of T. molitor larvae 2 and 24
hours after application of 10 and 10 M solutions of solanine, chaconine, tomatine, the extract of
tomato leaves (with corresponding tomatine level), and in the control (insects injected with
physiological saline) compared to the ribosomal proteins L13a expression. Data are shown as mean
with SEM. The pooled samples were used with n = 5. For each experimental variant, three
independent replicates were performed. The tested groups were compared with the control using
Kruskal-Wallis with Dunn's multiple comparison test, *** p <0.001, ** p <0.01, * p < 0.05.

The expression fold change of genes encoding PFK, CS, and HADH was calculated after GAs and
physiological saline (control) injections in the gut and the fat body of insects. The expression of PFK
did not change in the gut 2 h after the injection of all GAs tested (Fig. 4A). Only after 24 hours after
GAs application, TOM 10 M and EXT 108 M decreased the expression of the PFK genes in the gut
almost 4— and almost 5-folded, respectively, compared to the control (Fig. 4B). 2 h after GAs
treatment, similar to the gut, also in the fat body there were no changes of PFK expression (Fig. 4C).
However, 24 h after treatment, an increase in PFK expression was observed in this tissue after
injection of SOL 10 M (13 times), as well as after EXT 10 M (over 4-times compared to the control)
application (Fig. 4D).
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There was a tendency for the expression of the CS encoding gene to increase in the gut 2 h after
higher concentrations of SOL, TOM, and EXT injection, but the changes were not significant (Fig. 5A).
On the contrary, CHA treatment resulted in a considerable decrease in CS expression after 24 h in
this tissue (Fig. 5B). In the fat body, there was also an increase in CS expression 2 h after 10° M SOL
and EXT treatment reported (Fig. 5C). SOL at lower concentration increased the CS gene expression
24 h after injection in this tissue 53-folded (Fig. 5D). Other GAs did not affect the gene expression
compared to the control.

The expression of the genes encoding HADH increased in the gut 2 h after a lower concentration of
CHA and TOM injections more than 3 times and almost 2 times, respectively (Fig. 6A). After 24 h no
significant changes in protein gene expression were observed in this tissue with the expression fold
change ranging between 0.9 + 0.22 and 1.9 *+ 1.18 (Fig. 6B). In the fat body, HADH expression
decreased almost 5 times 2 h only after SOL 10® M treatment (Fig. 6C). On the contrary, an almost 2-
fold increase in HADH gene expression was reported 24 h after 10° M CHA as well as after 102 M
TOM application (Fig. 6D).

3.4 Enzyme activity
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Fig. 7 The activity of PFK in the gut (A,B) and fat body (C,D) of T. molitor larvae 2 and 24 h after
injection with solanine, chaconine, tomatine, extract from tomato leaves, and physiological saline as
a control. The concentrations of the compounds 108 M (1078) and 10~ M (107°) are shown on the
graphs. The activity is expressed as mU per ug of total soluble protein in the sample. Data are shown
as the mean with SEM. Samples were pooled with a minimum of 10 individuals. The assays were
prepared in three independent replicates for each experimental variant. The tested groups were
compared with the control with ordinary one-way ANOVA with Dunnett's multiple comparison test,
*¥**% p<0.0001, *** p <0.001, ** p<0.01, * p<0.05.
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Fig. 8 The activity of CS in the gut (A,B) and fat body (C,D) of T. molitor larvae 2 and 24 h after
injection with solanine, chaconine, tomatine, extract from tomato leaves, and physiological saline as
a control. The concentrations of the compounds 10% M (1078) and 10™° M (10°°) are shown on the
graphs. The activity is expressed as mU per pug of total soluble protein in the sample. Data are shown
as the mean with SEM. Samples were pooled with a minimum of 10 individuals. The assays were
prepared in three independent replicates for each experimental variant. The tested groups were
compared with the control with ordinary one-way ANOVA with Dunnett's multiple comparison test,
*¥** p<0.0001, ¥** p<0.001, ** p<0.01, * p<0.05.
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The activity of PFK and CS was also analyzed in the gut and fat body after GAs injections. The PFK
activity was not affected by the tested compounds neither 2 nor 24 h after the GAs application (Fig.
7A,B). The PFK activity 2 h after GAs injection ranged between 1.9x10+ 0.69x10° and 2.9x102 +
1.47x10° mU/pg, while 24 after GAs treatment the values between 2.1x103 + 1.05x10° and 2.7x10°3
+ 1.40x10°® mU/ug of total soluble protein in the samples were determined. On the contrary, PFK
activity decreased in the fat body 2 h after injection with the lower concentration of SOL, TOM, and
EXT (Fig. 7C). The lowest enzyme activity was observed after 10® M SOL treatment (almost a 2-fold
decrease compared to the control). A decrease in PFK activity was also reported 24 h after the
application of most GAs tested in lower concentrations: SOL, CHA, and TOM (Fig. 7D). Therefore, GAs
injection caused a decrease in PFK activity in the fat body, while it did not change protein activity in
the insect gut.

Treatment with SOL, EXT and 10 M CHA resulted in decreased CS activity in the gut after 2 h (Fig.
8A). The observed changes were also maintained 24 h after injection in that tissue (Fig. 8B).
Additionally, CHA 10 M and TOM 10 M also caused similar changes. Almost in all experimental
variants in the fat body, the CS activity was lower compared to the control (Fig. 8C). Surprisingly, the
SOL, TOM and EXT treatment resulted in increased enzyme activity 24 h after injection (Fig. 8D).
Therefore, the results indicate that the CS activity after GAs injections decreased in the gut at both
the incubation time tested and in the fat body 2 h after treatment. Interestingly, the CS activity was
increased 24 h after GAs application in the fat body, except for CHA.

4, Discussion

In the study, the effects of SOL, CHA, TOM and EXT on the energy metabolism of the larvae of T.
molitor beetle were studied. For this purpose, the level of energy metabolites in insect tissues, as
well as the level of gene expression and the activity of the key enzymes of glycolysis, the TCA cycle
and fatty acids B-oxidation were determined 2 and 24 h after GAs injection.

The main reserve of the energy substrates in insects are glycogen and TAGs. The effect of GAs on the
TAGs content in T. molitor larvae has previously been reported (Winkiel et al., 2023). The glycogen is
composed of glucose moieties, and it is stored in the fat body adipocytes. The tested GAs did not
alter neither glycogen nor glucose concentration in that tissue (Fig. 1E-H). In the haemolymph, these
carbohydrates were not detected in our study. In contrast, the increase in glycogen concentration in
the fat body of T. molitor after solamargine application, and the reduction of its content after S.
nigrum extract treatment were evidenced (Spochacz et al., 2018). The trehalose content did not
change in the fat body, as a result of GAs injection (Fig. 1C,D). However, the concentration of this
main circulating carbohydrate was reduced in the haemolymph 2 h after TOM treatment (in the
form of pure GA, and as the extract), while it increased after 24 h in these experimental variants (Fig.
1A,B). The decrease in trehalose content in haemolymph may be the result of the energy
requirement for GAs detoxification, which leads to increased nutrient catabolism. Additionally, GAs
increase oxidative stress in insects (Adamski et al., 2014). As trehalose has the ability to scavenge the
hydroxyl radical and decrease the ROS content (Felton and Summers, 1995), the later rise of this
disaccharide concentration may help alleviate the effect of increased ROS production. Moreover,
trehalose may be synthesized in insects from free fatty acids (McDougall and Steele, 1988), and, in
fact, it was previously reported, that GAs, especially after 24 h, increase the level of these
compounds in the T. molitor beetle (Winkiel et al., 2023). On the other hand, in previous studies on
G. mellonella larvae (Spochacz et al., 2021) it was observed that solasonine and S. nigrum extract did
not affect trehalose concentration in the insect haemolymph, which may indicate on the different
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mechanisms of action of the tested GAs depending on the insect species, or the structure and
concentration of the GA compound. The application of GAs is especially important because the
insects in other mentioned studies were not injected but fed with the addition of GAs, which
certainly translates into distribution and metabolism of GAs (Spochacz et al., 2021, 2018).

The synthesis of amino acids takes place mainly in the fat body. They may be derived from glucose or
acetate, which can be incorporated to the intermediates of the glycolysis or TCA cycle. Then, the
amino group is added in the transamination reaction, or by adding ammonia (Chapman, 2012).
Besides the role of amino acids in synthesis of proteins, which are involved in transport, signalling,
gene expression, membrane activities, as well as acting as enzymes, these compounds have
additional functions related to neurotransmitters synthesis, detoxification, and ATP production
(Castagna et al., 1997; Maniére et al., 2020). However, some amino acids, which are considered as
essential for larval growth (Chen, 1966; Davis, 1975), have not been detected in this research
(arginine, histidine, lysine, tryptophan, methionine, threonine, isoleucine). This intriguing finding
may be related to their trace amounts in analyzed tissues. It might also be explained by the fact that
these amino acids were present at a higher level in the tissues that were not analyzed in that
research. The following amino acids were detected in the tested tissues: valine, leucine, proline,
phenylalanine, and tyrosine in the fat body (Fig. 3), while valine, leucine, proline, phenylalanine, and
alanine in the haemolymph (Fig. 2). The obtained results indicate to the possible transport of most of
the identified amino acids from haemolymph to the fat body, especially 24 h after pure TOM and
EXT injection (Fig. 3). Their accumulation in that tissue may be the result of the protein degradation
after TOM treatment. However, it seems more reasonable that increased synthesis of non-essential
amino acids (proline, tyrosine) serves as an energy source for the severe detoxification processes
after 24 h since GAs application. On the other hand, tyrosine is the amino acid necessary for the
sclerotization of the cuticle (Andersen, 2010), usually synthesized from phenylalanine (Vavricka et
al., 2014). Therefore, the increased content of both amino acids after GAs injection may impact the
sclerotization process. The most important amino acid used for ATP production, for example, during
flight, is proline. It is also the key component of antimicrobial peptides (Yi et al., 2014) and plays an
important role in the tolerance of cold in insects (Lubawy et al., 2022; Misener et al., 2001). In the
haemolymph, the decrease in proline concentration was reported and these results are consistent
with the study that describes the decrease in proline level observed after S. nigrum extract and
solasonine in larvae of G. mellonella (Spochacz et al., 2021). Alanine is the amino acid used for
proline synthesis (Arrese and Soulages, 2010). Therefore, alanine concentration was also decreased
in the haemolymph 24 h after EXT injection. The other detected amino acids may constitute an
additional energy source with a high potential amount of ATP, which could be generated during the
oxidation (Bursell, 1981). Furthermore, the obtained results showed that the mechanisms of SOL and
CHA action are different from TOM, because after their injection no amino acid accumulation was
observed in the fat body tissue. The explanation may be the structures of GAs. SOL and CHA are
composed of solanidine and three carbohydrate molecules, while TOM contains tomatidine skeleton
and four carbohydrate moieties (Nepal and J. Stine, 2019), which may affect their properties and
mechanisms of action in insect tissues.

The energy substrates are utilized in the processes that produce ATP. Changes in the glycolysis
process have an impact on cell survival and growth, although it does not produce much energy
compared to oxidative phosphorylation (Xu et al., 2022). Therefore, this pathway might be the target
of anticancer therapy. For instance, SOL exhibited anticancer effects via the regulation of glycolysis
pathway in non-small cell lung cancer (Zou et al., 2022) as well as in human renal cancer (Wang et
al., 2021). It was reported that some plant secondary metabolites inhibit glycolysis enzymes activity
which may lead to the cell apoptosis. For example, sesquiterpenes might decrease PFK activity, the
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key regulatory enzyme of glycolysis, in animal cells (Morrissey, 2009). Furthermore, coumarin, the
secondary plant metabolite, inhibited glycolysis in the Spodoptera litura F. moth (Xia et al., 2023). On
the other hand, the GA extract of S. tuberosum activated the glycolytic pathway in Fusarium solani
(Mart.) Sacc (Zhang et al., 2023). It reduced the amount of glucose in fungus cells and the activity of
hexokinase, while increasing PFK and pyruvate kinase activity. The presented study showed that GAs
did not affect PFK activity in the insect gut (Fig. 7A,B). However, they decreased enzyme activity in
the fat body, which may indicate inhibition of glycolysis (Fig. 7C,D). The changes after GAs injections
were also found at the gene expression level, but only 24 h after treatment. TOM and EXT reduced
the expression of PFK-encoding genes in the gut (Fig. 4B). On the other hand, SOL and EXT increased
this parameter in the insect fat body (Fig. 4D), which may be the compensatory effect of decreased
enzyme activity. Increased PFK expression in the fat body may also indicate increased intensity of
glycolysis in order to intensify ATP production. Similar effects of increased PFK expression level were
also observed in Hyphantria cunea D. moth after coumarin treatment (Yuan et al., 2024). Therefore,
the PFK expression as well as the enzyme activity were affected by GAs treatment, but the analyzed
parameters may differ depending on the compound and the tested tissue. The pyruvate, the product
of glycolysis, usually enters the mitochondria where it is oxidized to acetyl-CoA in the TCA cycle.
Unfortunately, there is no literature that describes the effects of GAs on the expression level of the
genes that encode CS in insects, as well as the activity of this protein, which is the crucial enzyme of
the TCA cycle. Hovewer, coumarin was recently reported to inhibit TCA cycle pathways in S. litura
moth at the gene expression level (Xia et al., 2023). Furthermore, this plant secondary metabolite
affects energy metabolism in H. cunea moth, decreasing the larval nutrient content and the
expression of genes involved in the mentioned process (Yuan et al., 2024). This finding is consistent
with the results obtained in this work, because GAs already after 2 h decrease CS activity in the
insect gut (Fig. 8A,B), but significant changes at the gene level were visible only 24 h after CHA
treatment (Fig. 5B). Also in the fat body 2 h after GAs application a decrease in CS activity was
reported (Fig. 8C). However, later this parameter increased compared to the control in that tissue
(Fig. 8D) and these results correspond to the increased expression of genes encoding CS after SOL
and EXT application (Fig. 5C,D). It may indicate an increase in the number of mitochondria and an
increase in the oxidative capacity of cells. The explanation could also be the increased energy
demand for stress response and GAs detoxification pathways (Rand et al., 2015).

Next to pyruvate, other important energy substrates are fatty acids, which may be converted during
B-oxidation to acetyl-CoA, the substrate of the Krebs cycle. Camptothecin in the fat body of
Spodoptera frugiperda S. was recently observed to affect the expression of important genes involved
in the synthesis of fatty acids. Furthermore, changes in the expression of genes related to the lipid
biosynthesis pathway and lipid metabolites after SOL treatment were also found in the Curvularia
trifolii K. fungus (Xu et al., 2023). One of the enzymes involved in fatty acid oxidation is HADH. It was
found to play a crucial role in lipid mobilization in insects (Arédes et al., 2022). Our results showed
that the level of expression of the genes encoding HADH is higher 2 h after CHA and TOM treatment
in the gut (Fig. 6A). However, in the fat body this parameter is reduced (Fig. 6C), and this accords
with our previous observations, which showed decreased HADH activity 2 h after SOL and TOM
application (Winkiel et al., 2023). Interestingly, after 24 h, HADH activity in the fat body is reduced,
while the expression level increases (Fig. 6D). Therefore, the results indicated a possible reversed
correlation between protein expression and enzyme activity. Increased gene expression could be a
compensatory mechanism for reduced enzyme activity. Thus, GAs, as other plant secondary
metabolites, may alter the lipid metabolism also at the gene level.

5. Conclusions
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The present study was designed to determine the effect of GAs on the concentration of energy
substrates and on the energy metabolism processes in the tissues of T. molitor. The research has
shown that TOM and EXT affect the trehalose concentration in the insect haemolymph. They also
lead to the accumulation of most of the amino acids detected after 24 h in fat body tissue, reducing
their content in the haemolymph, suggesting possible transport of amino acids between tissues. This
effect was not observed after SOL and CHA treatment, which indicates the different mechanisms of
action. The observed changes may be the result of protein degradation and/or enhanced catabolism
reactions for ATP production as an energy source for detoxification processes. The tested GAs also
affect glycolysis, TCA cycle, as well as fatty acids B-oxidation pathways, regulating the activity and
gene expression of key enzymes of these processes, but the effect depends on the type of GA
compound, the type of the tested tissue, and the incubation time after treatment. Furthermore, the
study revealed possible compensatory mechanisms related to the reduced activity of the enzymes
tested after application of GAs, which resulted in an increased level of expression of PFK and HADH.
On the other hand, the inhibited TCA pathway was reported in the insect gut, while an enhanced
process was noted in the fat body. Taken together, these results suggest that GAs affect the energy
metabolism of T. molitor. The study contributes to our understanding of the mechanisms of the
activity of plant secondary metabolites in insects. As ATP production is necessary for the survival of
the organism, this knowledge may contribute to the design of new natural biopesticides against
insect pests. However, further research should be undertaken in this topic.
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Table 1. Primers sequences used in qPCR

Name Sequence Amplicon length
RPL13a-F TCGTCGTGAGATGCGAACAA 191 bp
RPL13a-R CTGCTTCCCACGTTCTGTCT

PFK-F TCTCATTCAAAGCGGTGTCA 167 bp

PFK-R GTTAATCATTGGCGGTTTCG

CS-F ATATCGAAACTTCCCGTTGC 176 bp

CS-R TGGTCAGCGTGGATCACTAA

HADH-F CTCCCGGATTCATTGTCAAC 161 bp

HADH-R GACCGACGTAATCGGACAAT
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Various factors may affect the antioxidative system in insects, including xenobiotics.
Glycoalkaloids (GAs) are plant secondary metabolites produced mainly by the Solanaceae
family (nightshades), such as the food crop tomato Solanum lycopersicum L. These
compounds exhibit a wide range of biological activities and have attracted increasing interest
in the context of potential insecticide properties. Therefore, the aim of the present study was
to analyse the effects of GAs (solanine, chaconine, tomatine, and extracts of tomato leaves)
on lipid peroxidation; the expression levels of genes encoding manganese superoxide
dismutase (MnSOD), catalase (CAT), and heat shock protein 70 (HSP70); and the enzymatic
activity of SOD and CAT in Tenebrio molitor larvae. This species is a popular model organism
for toxicological and ecophysiological studies and is also a pest of grain storage. The reported
changes depend on the GA concentration, incubation time, and type of insect tissue. We
observed that the tested GAs affected MnSOD expression levels, increased SOD activity in the
fat body, and reduced enzyme activity in the gut. The results showed that CAT expression was
upregulated in the fat body and that the enzymatic activity of CAT in the gut was greater in
the treated group than in the control group. Moreover, GAs affected HSP70 expression and
malondialdehyde levels in both tested tissues. This research contributes to our knowledge
about the effects of GAs on the antioxidative system of T. molitor beetles. As efficient
antioxidative system functioning is necessary for survival, the tested components may be
targets of potential bioinsecticides.

Keywords: superoxide dismutase; catalase; oxidative stress; insect; mealworm; insecticide

1. Introduction

Oxygen is necessary for the life of all aerobic organisms. However, it also constitutes a danger
because oxygen molecules can be reduced and form reactive oxygen species (ROS). Although
ROS are produced during normal cell metabolism, at high concentrations, they may lead to
protein oxidation, lipid peroxidation, and oxidative damage to DNA (Felton & Summers,
1995). Examples of ROS compounds include superoxide anion radical (0;""), hydrogen
peroxide (H20;), and hydroxyl radical (HO®). The superoxide anion radical is produced
predominantly in mitochondria during respiratory chain reactions and as a result of
phagocytic activity, while hydrogen peroxide is created by various oxidases in peroxisomes.
The product of the breakdown of hydrogen peroxide in the Fenton reaction is the hydroxyl
radical (Kodrik et al., 2015). The production of ROS in insects increases, for instance, during
flight and bioluminescence processes (Felton & Summers, 1995) or as a result of stress
conditions, such as exposure to ozone, heavy metal ions, pesticides, and ionizing radiation, as
well as during the immune response (Kodrik et al., 2015). A basal amount of ROS is necessary
for cell survival because it allows proper redox processes; moreover, ROS function as
important signalling molecules to maintain cellular homeostasis (Mittler, 2017). However,
with increasing ROS content, the risk of oxidative stress increases. This is a state that occurs
when there is an imbalance between ROS concentration and antioxidant system functional
efficiency (Felton & Summers, 1995).

It is believed that insects are particularly vulnerable to oxidative stress because of the
structure of the respiratory system, high oxygen requirements during flight, and a diet rich in
prooxidant compounds. Thus, ROS significantly influence insect development, growth,
fecundity, fertility, and survival (Felton & Summers, 1995). Organisms have developed various
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defence mechanisms against cytotoxic ROS, including enzymes and nonenzymatic
antioxidants. Examples of nonenzymatic antioxidants include a-tocopherol, tocotrienols, B-
carotene, lycopene, bilirubin, glutathione, ascorbic acid, and metal-binding proteins (ferritin,
transferrins) (Felton & Summers, 1995; Pardini, 1995). In turn, the main antioxidant enzymes
in insects are catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPOX),
and glutathione S-transferase (GSTPX) (Felton & Summers, 1995; Pardini, 1995).

The enzyme SOD catalyzes the dismutation of superoxide radicals to oxygen molecules and
hydrogen peroxide. Depending on the protein fold and metal cofactor (Mn/Fe, Cu/Zn or Ni),
three main families of SODs can be distinguished. In eukaryotes, MnSOD occurs
predominantly in mitochondria, as well as in the cytosol, and Cu/ZnSOD occurs in the outer
mitochondrial space. Additionally, some species have an extracellular Cu/ZnSOD (Landis &
Tower, 2005). MnSOD activity is essential because 90% of ROS in cells may be created in
mitochondria. Moreover, these organelles are vulnerable to oxidative damage due to
intensive oxygen metabolism and a lack of histones (Perry et al., 2010). Furthermore, it was
reported that the expression of SOD depends on the level of oxidative stress (Landis & Tower,
2005). Catalase catalyzes the decomposition of hydrogen peroxide to water and oxygen. This
enzyme is present mainly in peroxisomes (Pardini, 1995), and the main site of CAT expression
in insects is the fat body tissue (Zhang et al., 2016), midgut and hemocytes (Yamamoto et al.,
2005). A recent in silico study identified three isoforms of this enzyme in the Tenebrio molitor
beetle (Jang et al., 2024).

Some proteins, such as heat shock proteins (HSPs), may interact with SOD in insects (Nojima,
2021). The function of HSPs is to maintain cell homeostasis via the regulation of protein
folding, localization, and degradation. HSP synthesis in insects is affected by various stress
factors, such as extreme low and high temperatures or anoxia (King & MacRae, 2015; Lubawy
etal., 2022). There are four major HSP families reported in these organisms: small HSP, HSP60,
HSP70, and HSP90. It was previously determined that the overexpression of HSP70 increases
resistance to oxidative stress in insects by reducing of ROS level. (King & MacRae, 2015).

T. molitor beetle, a yellow mealworm, is a popular model organism in various biomedical,
physiological, and environmental studies (Adamski et al., 2019). The breeding of the beetle is
undemanding and inexpensive. Moreover, the genome of this species has recently been
sequenced (Oppert et al., 2023), which will contribute to increasing research opportunities.
Additionally, the yellow mealworm is a cosmopolitan pest of grain warehouses, thus, it may
also serve as a model organism for toxicological studies.

Various xenobiotics may affect the antioxidant system in insects (Gao et al.,, 2022).
Glycoalkaloids (GAs) are compounds produced by many Solanum plants, such as tomato,
Solanum lycopersicum L., potato, Solanum tuberosum L., and the eggplant Solanum
melongena L. GAs include solanine (SOL), chaconine (CHA), and tomatine (TOM). These plant
secondary metabolites (PSMs) exhibit a wide range of biological activities in insect tissues
(Chowanski et al., 2016). There is evidence that SOL leads to oxidative stress in these
organisms (Adamski et al., 2014; Blyukguzel et al., 2013; Hasanain et al., 2015), and lipid
peroxidation is one of the most significant oxidative stress biomarkers. Thus, the aim of our
study was to determine the effect of SOL, CHA, TOM and tomato leaf extract on
malondialdehyde (MDA) as a final product of lipid peroxidation, to measure the level of
oxidative stress generated by these GAs and analyse which antioxidative enzymes are
mainly involved in the antioxidative activity. Therefore, we checked the enzymatic activity
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of SOD, CAT and the expression levels of MnSOD, CAT and HSP70. The obtained results
allowed us to answer the question of whether the oxidative stress generated by GAs is the
result of antioxidant system disturbances at the gene and protein levels or its inefficient
activity. As many insect species are crop pests, this research will broaden our knowledge
about the antioxidant systems in these organisms, which might be useful for the design of
novel biopesticides.

2. Materials and methods
2.1 Insects

The larvae of T. molitor beetles were obtained from colonies cultured at the Department of
Animal Physiology and Developmental Biology at the Faculty of Biology of Adam Mickiewicz
University, Poznan, Poland, at constant temperature (26 + 0.5 °C), humidity (65 + 5%) and
photoperiod of 8:16 h light/dark. The food consisted of oat flakes and fresh carrots. Only
feeding larvae with a weight between 120 and 140 mg were selected for the experiments.

2.2 Compounds and Treatment Procedure

In the experiments, synthetic GAs SOL (295.0%), CHA (295.0%), and TOM (295.0%) (Sigma—
Aldrich, Merck, Darmstadt, Germany) in physiological saline (PS) were used. They were
administered to larvae by injection using a microsyringe (Hamilton) at a volume of 2 pL and
at two concentrations, 10 and 10> M, which corresponds to dosages of 0.12-0.14 pg/mg
body mass for SOL and CHA, and 0.15-0.17 pg/mg body mass for TOM. The concentrations of
GAs were chosen based on the literature and our previous research in which we observed
different developmental and metabolic disorders (Spochacz et al., 2018, 2021; Winkiel et al.,
2023). The injection was performed after 8 min of CO, anaesthesia on the abdominal side of
the larva behind the last pair of legs. The GA extract from tomato leaves (EXT) was obtained
from the research group of Prof. Sabino A. Bufo from Basilicata University in Potenza, Italy. It
has been tested previously by our group (Marciniak et al., 2019; Ventrella et al., 2015, 2016),
showing the presence of the major GAs (2.95 + 0.25%), TOM, and two other minor GAs,
namely, lycotetraose, dehydrotomatine and filotomatine (Ventrella et al., 2016). The EXT
contained the same concentration of TOM as the 1078 and 10~ M solutions of this GA, which
made it possible to compare the effects of the extract and pure GA treatment. As a control,
PS, which is isoosmotic for T. molitor, was used (NaCl 16 mg/mL, KCl 1.4 mg/mL, CaCl, 1
mg/mL).

2.3 Tissue isolation

Tissue isolation was performed 2 or 24 h after GA injection, depending on the experimental
variant. For analyses, the trophic tissues (gut and fat body) that play a key role in maintaining
metabolic balance as well as in detoxification were used. After anaesthesia, the larvae were
decapitated, and the last segment of the abdomen was removed. Next, the larvae were cut
along the dorsal side and spread on a Petri dish with pins. Afterwards, the fat body and gut
were washed with PS, isolated with microsurgical tweezers, and placed in 1.5 mL Eppendorf
tubes. Additionally, the guts were cleaned of food residues. The samples were pooled from
several individuals, depending on the experiment, which is described in detail in the following

96



163
164

165

166
167
168
169
170
171
172

173
174
175
176
177
178
179
180
181
182
183

184

185
186
187
188
189
190
191
192
193
194

195

196
197
198
199
200
201
202

sections. To avoid sample degradation, the isolation was performed on ice. The samples were
stored at -80 °C before further preparation.

2.4 Lipid peroxidation

The level of lipid peroxidation was determined in the gut and fat body samples pooled from
a minimum of 10 individuals. The tissues were placed in 250 pL (gut) or 500 pL (fat body) of
PS, homogenized for 3 min using a handheld pestle homogenizer (Fisherbrand) and
centrifuged (10,000 RPM, 10 min, 4 °C). The supernatant was then transferred to new tubes,
and the protein concentration was measured using a Direct Detect spectrometer (Merck,
Darmstadt, Germany) (Szymczak-Cendlak et al., 2022). Afterwards, the samples were frozen
in liquid nitrogen and stored at -80 °C until the measurements were conducted.

Lipid peroxidation was analysed by quantifying thiobarbituric acid reactive substances
(TBARS) using a TBARS assay kit (700870, Cayman Chemical, Tallinn, Estonia) following the
instructions provided by the manufacturer. Briefly, 50 pL of the sample was combined with
50 pL of 10% trichloroacetic acid (TCA) and 400 pL of a colour reagent (comprising
thiobarbituric acid (TBA), acetic acid, and sodium hydroxide) in a 2 mL vial. The vials were
then placed in boiling water for one hour. After that time, the vials were cooled on ice for 10
minutes to halt the reaction. After centrifugation at 1,600 RCF at 4 °C for 10 min, the
absorbance of the supernatant was measured at 530 nm using a Synergy H1 Hybrid Multi-
Mode Microplate Reader (BioTek, USA). The final results, derived from the standard curve of
MDA, are expressed as UM of MDA per ug of protein. The assay was performed in three
independent replicates for each experimental variant.

2.5 Enzyme activity

SOD and CAT catalytic activities were measured using commercially available assay kits
(Superoxide Dismutase Assay Kit 706002, Cayman Chemical and Catalase Activity Assay Kit
ab83464, Abcam, respectively). The experiments were performed according to the
manufacturer's instructions using the same samples used for determination of lipid
peroxidation levels. The gut and fat body samples for the SOD experiment were diluted 100x
with PBS. The experiments were based on spectrophotometric techniques using a Synergy H1
Hybrid MultiMode Microplate Reader (BioTek, USA). The absorbance was measured at
wavelengths of A = 450 nm (SOD) and A = 570 nm (CAT) at RT for 30 min (5 min intervals).
Enzyme activity is expressed as U per mg of total soluble protein in the sample. The assays
were prepared in three independent replicates for each experimental variant.

2.6 Quantitative analysis of gene expression

The samples for gene expression measurements were pooled from 5 individuals. Fat body and
gut tissues were placed in 300 pL of RNA lysis buffer (R1060-1, Zymo Research). Next,
homogenization with a pestle homogenizer (Fisherbrand) was conducted, followed by total
RNA isolation using a Quick-RNA™ MiniPrep Kit (R1055, Zymo Research) according to the
manufacturer's instructions. Then, the residual DNA was removed with a Turbo DNase kit
(AM1907, Thermo Scientific). The RNA concentration was measured, and the samples were
frozen in liquid nitrogen and stored at -80 °C until the next steps.
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cDNA was synthesized with a LunaScript® RT SuperMix Kit (E3010, Biolabs) and a T100™
Thermal Cycler (Bio-Rad). The prepared cDNA samples were stored at -20 °C. Quantitative
real-time PCR (RT-qPCR) analyses were performed using SYBR Green Master mix (4309155,
Thermo Fisher Scientific) and a C1000™ Thermal Cycler with a CFX96™ Real-Time System (Bio-
Rad). The primers were designed based on sequences available in public databases (NCBI) and
synthesized by the Institute of Biochemistry and Biophysics, Warsaw (Supp. Mat. 1). Melting
curve analyses were performed to assess the suitability of the primers for qPCR. The PCR
conditions for the amplified gene and reference gene (ribosomal protein L13a (RPL13A)) were
determined and optimized before amplification. The stability of RPLI3A expression was
validated before the experiment. Three biological and three independent replicates for each
experimental variant were performed. To check for potential contamination of the samples,
negative controls were prepared. The relative expression was calculated using the 248t
method (Livak & Schmittgen, 2001). To confirm the results, the amplicons were sequenced by
the Molecular Biology Techniques Laboratory (Faculty of Biology, Adam Mickiewicz University
in Poznan) and compared with data available in a public database (NCBI).

2.7 Statistical analysis

The results were analysed using GraphPad Prism 8.0.1. (Department of Animal Physiology and
Developmental Biology AMU licence). The normality of the distribution was determined using
the Shapiro-Wilk test. Normally distributed data were analysed with Brown—Forsythe and
Welch ANOVA with Dunnett's multiple comparisons test. Nonnormally distributed data were
analysed using the Kruskal-Wallis test with Dunn's multiple comparisons test.

3. Results

3.1 Lipid peroxidation
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Fig. 1 The levels of MDA in the gut (A, B) and fat body (C, D) of T. molitor larvae 2 and 24 h after
injection of solanine, chaconine, tomatine, or extract from tomato leaves at concentrations of 10 M
(107®) or 10° M (107°), and physiological saline was used as a control. The MDA level is expressed as
UM per pg of total soluble protein in the sample. The data are shown as the means + SEM. Samples
were pooled with a minimum of 10 individuals. The assays were prepared in three independent
replicates for each experimental variant. The tested groups were compared to the control group using
the Kruskal-Wallis test with Dunn’s multiple comparisons test; **** p < 0.0001, *** p <0.001, * p <
0.05.

Total soluble protein concentrations in the gut samples ranged between 9.7 and 18.9 mg/mL,
and in fat body samples, they ranged between 13.2 and 29.5 mg/mL. The tested GAs affected
the MDA levels in the gut (after 2 h: Kruskal-Wallis test, F = 17.49, p <0.05; after 24 h:
Kruskal-Wallis test, F = 25.81, p < 0.01) and fat body (after 2 h: Kruskal-Wallis test, F = 25.84,
p <£0.01; after 24 h: Kruskal-Wallis test, F = 18.17, p< 0.05). However, compared to the
control, none of the tested GAs changed the MDA level in the insect gut 2 h after injection
(Fig. 1A). Surprisingly, 24 h after GA application, the level of MDA was significantly lower than
that in the control (Fig. 1B). A decrease in the MDA concentration was reported after both
the EXT concentration and after the SOL 10 M treatment. In contrast, SOL at both tested
concentrations increased the MDA level in the fat body after 2 h (Fig. 1C). The change was
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dependent on the GA concentration. After 10° M SOL, an increase of almost 9-fold was
reported (2.5+2.27 after GA injection compared to 0.3+0.07 uM MDA per pg of total soluble
protein in the control). On the other hand, GAs did not affect the MDA level 24 h after
application in that tissue compared to that in the control (Fig. 1D).

3.2 Enzyme activity

SOD activity
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Fig. 2 The activity of SOD in the gut (A, B) and fat body (C, D) of T. molitor larvae 2 h and 24 h after
injection of solanine, chaconine, tomatine, or extract from tomato leaves at concentrations of 10 M
(107®) and 10° M (10°°) and physiological saline as a control. The activity is expressed as U per mg of
total soluble protein in the sample. The data are shown as the means + SEM. Samples were pooled
with a minimum of 10 individuals. The assays were prepared in three independent replicates for each
experimental variant. The tested groups were compared to the control group by Brown—Forsythe and
Welch ANOVA with Dunnett's multiple comparisons test; **** p < 0.0001, *** p <0.001, ** p <0.01,
* p<0.05.
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Fig. 3 The activity of CAT in the gut of T. molitor larvae 2 (A) and 24 h after injection (B) with solanine,
chaconine, tomatine, or extract from tomato leaves at concentrations of 108 M (107%) or 10° M (107°),
and physiological saline was used as a control. The activity is expressed as mU per mg of total soluble
protein in the sample. The data are shown as the means + SEM. Samples were pooled with a minimum
of 10 individuals. The assays were prepared in three independent replicates for each experimental
variant. The tested groups were compared to the control group by Brown—Forsythe and Welch ANOVA
with Dunnett's multiple comparisons test; **** p < 0.0001, *** p <0.001, ** p <0.01, * p <0.05.

Surprisingly, the SOD activity in the gut decreased 2 h after injection of 10 M SOL, 10> M
TOM or 108 M EXT (Fig. 2A), with the greatest change reported after EXT treatment (from
2550.4+199.05 U/mg of total soluble protein in the control to 2027.4+369.60 U/mg of protein
after EXT injection). This effect was also present in that tissue 24 h after the application (Fig.
2B). Additionally, a decrease in SOD activity was observed in the gut 24 h after injection of
CHA at both concentrations. However, in fat body tissue, GAs had opposite effects on enzyme
activity. SOD activity increased 2 h after treatment with 10> M SOL or 10 and 10 M TOM
(Fig. 2C), with the highest activity occurring after the injection of 10> M TOM (4644.0£473.46
U/mg of protein). After 24 h, most of the tested GAs exhibited increased enzyme activity (Fig.
2D). The greatest value was also noted after the 10°> M TOM treatment (4667.2+267.07 U/mg
of protein).

The activity of CAT in the gut 2 h after GA injection was greater in almost all the experimental
groups than in the control group (Fig. 3A). CHA and TOM at both concentrations, as well as
10> M EXT, significantly increased the enzyme activity, from 33.1+1.87 mU/mg of total soluble
protein in the control to 72.8415.80 mU/mg of protein (a more than 2-fold change). The
increase in enzyme activity was also maintained for 24 h after TOM and EXT treatment (Fig.
3B). Additionally, the CAT activity in the insect gut 24 h after the application of 10 M SOL
(46.810.70 mU/mg of protein) was greater than that in the control (40.7+4.46 mU/mg of
protein).

3.3 Quantitative analysis of gene expression
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MnSOD expression
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Fig. 4 The relative expression levels of MnSOD in the gut (A, B) and fat body (C, D) of T. molitor larvae
2 and 24 hours after the application of solanine, chaconine, tomatine, and tomato leaf extracts at
concentrations of 10 and 10° M; saline was used as a control. The RPL13A gene was used as a
reference gene. The data are shown as the mean and SEM. The pooled samples were used with n=5.
For each experimental variant, three independent replicates were performed. The tested groups were
compared to the control group using the Kruskal-Wallis test with Dunn's multiple comparisons test.
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Fig. 5 The relative expression levels of CAT in the gut (A, B) and fat body (C, D) of T. molitor larvae 2
and 24 hours after the application of solanine, chaconine, TOM, and tomato leaf extracts at
concentrations of 10® and 10° M; saline was used as a control. The RPL13A gene was used as a
reference gene. The data are shown as the mean and SEM. The pooled samples were used with n=5.
For each experimental variant, three independent replicates were performed. The tested groups were
compared to the control group using the Kruskal-Wallis test with Dunn's multiple comparisons test;
*%% < 0.001, ** p £0.01, * p < 0.05.
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HSP70 expression
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Fig. 6 The relative expression levels of HSP70 in the gut (A, B) and fat body (C, D) of T. molitor larvae 2
and 24 hours after the application of solanine, chaconine, tomatine, and tomato leaf extracts at
concentrations of 10 and 10° M; saline was used as a control. The RPL13A gene was used as a
reference gene. The data are shown as the mean and SEM. The pooled samples were used with n=5.
For each experimental variant, three independent replicates were performed. The tested groups were
compared to the control group using the Kruskal-Wallis test with Dunn's multiple comparisons test,
** p<0.01, * p < 0.05.

The results showed that the tested compounds affected MnSOD expression after 2 h in the
gut (Kruskal-Wallis, F = 17.06, p <0.05) and after 24 h in the fat body (Kruskal-Wallis, F =
32.76, p<0.0001). Depending on the time and concentration, we noticed an increase or
decrease in the level of MnSOD expression (Fig. 4). The greatest changes were observed after
the application of SOL. MnSOD expression in the gut 2 h after the injection of SOL at a
concentration of 10 M was almost 5 times greater than that in the control (Fig. 4A) but was
more than 9 times greater 24 h after the injection of 10 M SOL in the fat body than in the
control (Fig. 4D). However, the observed changes were not statistically significant. No changes
in MnSOD expression were detected in the fat body of the insects 2 h after GA application
(Fig. 4C). SOL and CHA tended to increase the expression level only 24 h after GA injection
(Fig. 4D). On the other hand, after 24 h, the expression of the genes encoding TOM and EXT
tended to decrease.
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The expression of CAT varied after the application of the tested compounds in the gut (after
2 h: Kruskal-Wallis test, F = 25.93, p<0.01; after 24 h: Kruskal-Wallis test, F = 28.74,
p £0.001), as well as in the fat body (after 2 h: Kruskal-Wallis test, F = 20.20, p < 0.01; after
24 h: Kruskal-Wallis test, F = 29.72, p <0.001). Nevertheless, we did not observe significant
changes in the gut after GA injection compared to the control (Fig. 5A, B). Only a slight
tendency for the expression to increase was reported after SOL and CHA application, and a
decreasing trend after TOM and EXT treatment was noted. For example, for the 24 h variant,
the following ranges of expression fold changes were calculated: 1.3-5.3 (for SOL and CHA)
and 0.2-2.7 (for TOM and EXT), compared to the 1.7 change in the control. However, the CAT
expression level in the fat body increased 3-fold 2 h after the 10> M EXT injection (3.0 change,
Fig. 5C). The expression level also increased by 3.5-, 2.5-, 2.1-, and 2.7-fold after treatment
with 10 M SOL, 10 M TOM and 10> M TOM, respectively, and after treatment with 108 M
EXT (Fig. 5D). Thus, GAs at lower concentrations changed gene expression compared to that
of the control.

The results showed that the tested compounds affected the expression of HSP70 in the gut
(after 2 h: Kruskal-Wallis test, F = 30.55, p <0.001; after 24 h: Kruskal-Wallis test, F = 26.59,
p <0.001) and fat body (after 2 h: Kruskal-Wallis test, F = 28.75, p < 0.001; after 24 h: Kruskal—
Wallis test, F = 18.32, p < 0.05). The expression level of the genes encoding HSP70 increased
in the gut almost 5-fold 2 h after TOM 108 M injection (4.9 change), while in the control, the
change was 1.4 (Fig. 6A). However, after 24 h, 10 M EXT reduced the expression level 0.3-
fold compared to the 1.4-fold change in the control (Fig. 6B). On the other hand, there was a
very large increase in gene expression in the fat body 2 h after the application of 108 M CHA,
10° M TOM, or 10> M EXT (an increase of almost 20 to 31-fold, Fig. 6C). During the longer
incubation time, no significant changes compared to those in the control were observed in
that tissue after GA injection (Fig. 6D).

4, Discussion

Various biotic and abiotic factors that exert negative impacts on insect fitness can lead to
oxidative stress, which is characterized by increased reactive oxygen species (ROS) levels and
low-efficiency antioxidative system functioning. An example may be xenobiotics, such as
alkaloids (Chowanski et al., 2016). For instance, SOL, an alkaloid produced by Solanum plants,
elevates the level of MDA and induces protein carbonylation, the biomarkers of oxidative
damage, and affects glutathione S-transferase activity in Galleria mellonella larvae (Adamski
et al., 2014; Buyukguzel et al., 2013). Recently, it was reported that SOL changes the
expression levels of detoxification enzymes, such as cytochrome P450 monooxygenases and
glutathione S-transferases (Yan et al., 2023). However, the impact of particular GAs on the
expression levels of MnSOD, CAT, and HSP70, as well as the enzymatic activity of SOD and CAT
in insects, has not been fully explored. Therefore, these parameters were analysed in our
research after SOL, CHA, TOM and EXT injection into the larvae of T. molitor. The following
variable conditions were used: GA concentration (1078 M and 105 M), incubation time (2 and
24 h), and type of insect tissue (gut and fat body).

Many PSMs change the activity of antioxidant enzymes in insects. Cui et al. reported that
quercetin, a plant flavonoid, increased SOD and CAT activity in the grasshopper Oedaleus
asiaticus (Cui et al., 2019). Another PSM, juglone, a quinone-based compound of walnut
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plants, changed these parameters in G. mellonella larvae (Altuntas et al., 2020). This accords
with our observations because increased SOD activity in the fat body after pure GAs was
observed 2 h after the treatment. Moreover, a higher GA concentration is usually connected
to a greater activity change. The changes in SOD activity may be explained by the elevated
level of the oxidative damage biomarker MDA in that tissue. An increase in the MDA
concentration after SOL application was also observed in studies on G. mellonella (Adamski
et al., 2014). Moreover, more injected GAs were detected in the fat body than in the gut and
hemolymph, which may indicate their accumulation in that tissue (data unpublished). Thus,
increased ROS levels result in enhanced oxidative stress, and an inefficient response of the
antioxidant system may be reached by upregulating the activity of antioxidant enzymes.

In contrast, in the insect gut, a lower MDA concentration was observed 24 h after GA
application than in the control. This result is difficult to explain, but it may be the effect of
enhanced antioxidant system activity. The concentrations of the tested compounds in the gut
may have been too low for lipid peroxidation to be induced, but at the same time, they may
have been high enough to activate cellular mechanisms combating ROS. Interestingly, an
increase in CAT but a reduction in SOD activity in the insect gut after GA injection compared
to those in the control group were reported. The product of the dismutation of superoxide
radicals catalyzed by SOD, which is hydrogen peroxide, is the substrate for the reaction
catalyzed by CAT. Thus, this intriguing finding may be related to the excessive superoxide
radical production in this tissue compared to the efficacy of SOD activity in the gut. This results
in a lower amount of hydrogen peroxide, which enables the consecutive conversion of this
ROS by CAT. Moreover, hydrogen peroxide reduction is also catalyzed by glutathione
peroxidase. Therefore, the ability of the gut to eliminate these ROS may be greater than the
efficacy of superoxide radical reduction. Additionally, SODs are oxidatively inactivated
enzymes (Pardini, 1995); thus, ROS levels might exceed the limit of physiological adaptability
and lead to damage to SOD proteins. This observation is in accordance with the results of
Altuntas (2015), who observed previously that high xenobiotic doses lead to inhibition or a
decrease in SOD activity, while CAT activity increases linearly with increasing doses of
gibberellic acid in G. mellonella (Altuntas, 2015). There are only a few studies on alkaloids,
but they indicate that in the gut of Spodoptera littoralis fed with potato, the activity of both
enzymes, SOD and CAT, increased (Krishnan & Kodrik, 2006). This finding may be explained
by lower GA doses compared to the amount of GAs injected during our study. In contrast,
another possible explanation for decreased SOD activity in the gut after GA treatment might
be greater gut resistance to oxidative stress due to faster food passage and lower GA
accumulation in the gut than in the fat body tissue (data unpublished).

There are also some reports connected to the effects of PSM on the gene expression of
antioxidant enzymes in insects. For example, the expression of different types of SOD changed
in the fat body of S. frugiperda after they were fed camptothecin alkaloids (Shu et al., 2021).
However, in our research, the expression of MnSOD did not significantly change after GA
treatment compared to that of the control in either the gut or the fat body. This discrepancy
could be attributed to many factors, such as different insect species, application methods,
compound concentration, and structure, which may be due to different properties and
mechanisms of action. On the other hand, our results showed that CAT expression was
increased in the insect fat body 2 h after EXT injection. Later, changes were observed for even
more of the tested compounds. These results corroborate the findings of Yuan et al., who
reported increased CAT1 and CAT2 expression in the larvae of Hyphantria cunea moth fed
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coumarin (Yuan et al., 2024). According to these data, we can infer that GAs increased CAT
expression in the fat body, which might be the result of enhanced ROS reduction. Moreover,
because of the important role of CAT in reducing oxidative stress, antioxidant enzymes have
become a target of insecticides (Zhao et al., 2013).

The expression of HSP70 increases in response to many stress factors, such as cold, heat,
dehydration, diapause, and insecticides, in many insect species (Tufail & Takeda, 2012). The
results revealed increased HSP70 expression after GA injection in both tested tissues;
however, this effect was noted only after 2 h, which suggests that the HSP is the first-choice
response to protect cells from GA-induced stress. The upregulation of HSP expression
increases resistance to oxidative stress (King & MacRae, 2015), which might also be an
effective mechanism of antioxidative system function after GA treatment. Interestingly,
consistent expression patterns of MnSOD and HSP60 were previously reported in Bombyx
mori (Nojima, 2021). However, in this study, no correlation was detected between MnSOD
and HSP70 expression. This might be due to the slightly different functions of HSP60 and
HSP70 in insects (King & MacRae, 2015).

According to the data above, we can infer that the changes in the expression levels of the
genes encoding the antioxidant enzymes as well as their activity reflect the increased demand
for efficient antioxidative system functioning after GA treatment to avoid oxidative stress in
insects. In these organisms, the response to oxidative stress is regulated mainly by
adipokinetic hormone (AKH), which is secreted by the neuroendocrine gland corpora
cardiaca. AKH mobilizes energy stores of carbohydrates, lipids, and amino acids to stimulate
the anti-stress response. It was noted that the exposure of the fat body to the oxidative
stressor increases the AKH level in the haemolymph (Kodrik et al., 2015). Therefore, as GAs
may increase oxidative damage in insects, AKH may be correlated with changes in metabolite
content after GA injection. Indeed, we have observed changes in energy substrate
metabolism after GA injection (Winkiel et al., 2023).

Considering all the described results obtained in this work, we can formulate the following
conclusions. If the efficiency of the antioxidative system is too low, lipid peroxidation may be
observed as a result of ROS production, which might explain the increased level of MDA that
we observed. Moreover, polyunsaturated fatty acids (PUFAs) are especially vulnerable to this
chain reaction (Pardini, 1995). It is even believed that for this reason, the concentration of
PUFAs in insect tissues is very low, and this is another evolutionary mechanism by which
insects avoid oxidative stress (Stanley & Kim, 2020). An example of a PUFA is linoleic acid. We
have previously reported elevated level of this compound (9,12-octadecadienoic acid) in the
insect fat body 24 h after GA injection (Winkiel et al., 2023) what in consequence may lead to
increased production of ROS. Reactive oxygen species as well as the products of lipid
peroxidation, may impact activity and structure of proteins (Pardini, 1995) what is consistent
with our results showing decreased activity either of the key enzymes of B-oxidation of fatty
acids (Winkiel et al., 2023) or enzymes engagaed in glycolysis and the TCA cycle (data
unpublished). . Finally, nucleic acids are susceptible to oxidative damage, which might result
in disrupted DNA replication, transcription and translation, leading to mutations, senescence
and cell death (Pardini, 1995). Indeed, we have noted the altered expression of the key genes
involved in energy metabolism in insects (data unpublished).

In summary, in this study, we found that GAs affect the antioxidative system in T. molitor
beetles. The observed effects depend on the GA compound, its concentration, the incubation
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time, and the tested tissue. This study contributes to our understanding of the mechanisms
of GA activity in insect tissues. As an efficient antioxidative system is necessary for survival
during stress conditions (Felton & Summers, 1995), its disruption may lead to a reduction in
the populations of insect pests. Therefore, the implication of the obtained results is the
possibility of using GAs as potential natural bioinsecticides, which is in agreement with
Integrated Pest Management principles. However, further research is required to check how
disturbed by GAs oxidative system affect processes of insect development and reproduction,

or determine different ways of GAs application.
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Supplementary material: Table 1. sequences of Primers used for gPCR

Table 1. sequences of Primers used for qPCR

Name Sequence Amplicon length
RPL13A-F TCGTCGTGAGATGCGAACAA 191 bp
RPL13A-R CTGCTTCCCACGTTCTGTCT
CAT-F TGTTGGGATGGTAGTTGGGC 162 bp
CAT-R TCCAAGGGCGACTCTTCAAC
SOD-F TCAAGCCGACCGTAGCAAGG 224 bp
SOD-R AGCGCCAAAGTCTCGAGGTG
HSP-F CGCTTCGGCGATTTCTTTCA 174 bp
HSP-R CGCAAGTACGACGATCCCAA
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